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Preface

Practical skills form the cornerstone of chemistry. However, the diversity of
skills required in the laboratory means that a student’s experience may be
limited. While some techniques do require specific skills, many of them are
transferable, generic skills that are required throughout the subject area.
Limited time constraints of the modern curriculum often preclude or
minimize laboratory time. It is the aim of this book to provide general
guidance for use in and outside practical sessions and also to cover a range of
techniques from the basic to the more advanced.

The book is primarily aimed at the undergraduate level (principally first
and second year), although some information is relevant to final year
undergraduates and postgraduate courses. The diversity of the book means
that recipe-like solutions are not provided for every potential problem. but
guidance on a range of topics is provided.

As the book focuses on practical aspects it is important not to apportion
‘labels’ to the areas covered. However, for the traditionalist the areas covered
are primarily focused on synthetic, physical and analytical aspects of
chemistry.

It is intended that the book will be useful in the laboratory, during
practical classes, and during project work. It is not intended to replace recipe-
like laboratory scripts but to enable students to become familiar with the
practical aspects of the subject both at the time of performing the experiment
and during the writing-up process. In addition, lecturers should find that the
text provides an effective means of supplementing the information given in
practical classes, where constraints on time and resources can lead to the
under-performance of students.

We have selected material for inclusion in Practical Skills in Chemistry
based on our own teaching experience, highlighting those areas where our
students have needed further guidance. As a result of our comprehensive
cover of practical skills, some techniques such as microscale methods and
specialized vacuum techniques have been omitted, but specific references are
provided. Instead, we have attempted to provide sufficient detail so that
students will have the skills to carry out experiments successfully and not
produce poor data as a result of poor technique.

Most students will have access to specialist textbooks giving in-depth
coverage of the theoretical principles and knowledge covered in lectures. This
book aims to supplement — rather than replace — such textbooks, and covers
the skills required in laboratory classes, together with practical advice, tips,
hints, worked examples, definitions, key points, ‘how to’ boxes and checklists
which are useful in the field of chemistry. The text provides an outline on the
underlying theoretical principles where necessary, but emphasis throughout is
on the practical applications of this information.

To students who buy this book, we hope that you will find it useful in the
laboratory, during your practical classes and in your project work — this is
not a book to be left on the bookshelf. Lecturers should find that the text
provides an effective means of supplementing the information given in
practical classes.

We would like to acknowledge the support of our families and the help
provided by colleagues who read early drafts of the material. In particular,
special thanks are due to Gary Askwith, Dave Bannister (Manchester
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Metropolitan University), Jon Bookham, Susan Carlile, Jim Creighton, Sarah
Cresswell, Martin Davies, Les Dix, Jackie Eager, Derek Holmes, Ed Ludkin,
Dave Osborne, Justin Perry, Jane Shaw, Tony Simpson, Dave Wealleans and
Ian Winship. Despite this help, the responsibility for any errors rests with us
and we would be grateful if readers could alert us to any errors or problems
so that we can make amends as soon as possible. Please write to us at the
University of Northumbria at Newcastle, or by e-mail at the following
addresses:

john.dean@unn.ac.uk (JRD);
alan.jones@unn.ac.uk (Alan M. Jones);
rob.reed @unn.ac.uk (RHR);
david.holmes{@unn.ac.uk (DH);
j.d.b.weyers@dundee.ac.uk (JDBW);
a.m.jones@dundee.ac.uk (Allan Jones).

Acknowledgements

We are grateful to the following for permission to reproduce copyright
material:

Text extracts from the following databases: Analytical Abstracts, Chemical
Business NewsBase, Chemical Safety NewsBase, Mass Spectrometry Bulletin,
Chemical Safety Data Sheets and Chromatography Abstracts in Chapter 36,
‘Internet resources for chemistry’, reproduced by kind permission of The
Royal Society of Chemistry.

Whilst every effort has been made to trace the owners of copyright material,
in a few cases this has proved impossible and we take this opportunity to
offer our apologies to any copyright holders whose rights we may have
unwittingly infringed.



For the student

This text is designed to help you in your Chemistry studies, before and
during laboratory classes, in project work, in tutorials and even in
examinations.

Chapters 1-36 cover general and specific skills for laboratory work.

These are based on the authors’ experience of questions that students often
ask and difficulties they have in performing laboratory work. They include
tips, hints, worked examples, definitions and “how to” boxes that set out
procedures for you step by step.

Chapters 37—44 explain data analysis and presentation.

This will be an important element of your course and you will find that this
section guides you through the key skills that you will need to develop, from
presenting graphs and tables to drawing chemical structures and using
statistical tests.

Chapters 4549 cover information technology and library resources.

These chapters will help you get the most from chemistry resources available
on the World Wide Web.

Chapters 50-56 deal with the vital subject of communicating information.
Designed to help you report practical and project work and give oral

presentations effectively, and to succeed in examinations.

We hope you will find this book a helpful guide throughout your course, and
beyond.

xi
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analysis of variance
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boiling point

central composit design

cubic close packed

capillary electrophoresis

capillary electrochromatography
capillary gel electrophoresis

Control of Substances Hazardous to Health
coefficient of variance

certified reference material

capillary zone electrophoresis

diode array detection
dichloromethane

deoxyribonucleic acid

differential scanning colorimetry
differential thermal analysis

electron capture detector
ethylenediaminetetraacetic acid
electron impact ionization

easily ionizable element
electromagnetic radiation
ethylenediamine

electro-osmotic flow

Faraday constant

flame atomic absorption spectrometer
flame ionization detector

Fourier transformation

Fourier transform — infrared (spectroscopy)
gas chromatography

gel filtration chromatography

gel permeation chromatography
Planck constant

Health and Safety at Work
hexachloro-1,3-butadiene
hollow-cathode lamp
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hydrophobic interaction chromatography
high-performance liquid chromatography
inductively coupled plasma
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isoelectric focusing

xiii



Abbreviations

Xiv

MDL
MEKC
MEL
MO
m.pt.
MS
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NMR
NP-HPLC
ODA
OEL
PCA
PFA
PLOT
PMT
PTFE
R
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RA
RNA
RP-HPLC
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RSC
SAX
SCOT
SCX
SDS
SE
SEM
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TMS
TRIS

URL
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uv
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WWWwW

infrared (radiation)

ion selective electrode

International Union of Pure and Applied Chemistry
acid dissociation constant

solubility product

ion product of water

potassium hydrogen phthalate

Laboratory of the Government Chemist
relative molecular mass

minimum detectable level

micellar electrokinetic chromatography
maximum exposure limit

molecular orbital

melting point

mass spectrometry

null hypothesis

National Institute of Standards and Technology
nuclear magnetic resonance

normal phase high-performance liquid chromatography
octadecylsilane

occupational exposure standard

principal component analysis
perfluoroalkoxyvinylether

porous layer open tubular (column)
photomultiplier tube

polytetrafluoroethylene

universal gas constant

relative frontal mobility

relative abundance

ribonucleic acid

reverse phase high-performance liquid chromatography
revolutions per minute

Royal Society of Chemistry

strong anion exchange

support-coated open tubular (capillary column)
strong cation exchange

sodium dodecyl sulphate

standard error (of the sample mean)

scanning electron microscopy

Systeme Internationale d’Unités

standard temperature and pressure
trichloracetic acid

thermal conductivity detector
thermogravimetry

thin-layer chromatography

tetramethylsilane
tristhydroxymethyl)aminomethane or
2-amino-2-hydroxymethyl-1,3-propanediol
uniform resource locator

United States Environmental Protection Agency
ultraviolet

wall-coated open tubular (column)

World Wide Web
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Basic principles

All knowledge and theory in science has originated from practical
observation and experimentation: this is equally true for disciplines as
diverse as analysis and synthesis. Laboratory work is an essential part of
all chemistry courses and often accounts for a significant proportion of
the assessment marks. This book aims to provide an easy-to-use reference
source dealing with basic practical techniques and information. The skills
developed in practical classes will continue to be useful throughout your
course and beyond, some within science and others in any career you
choose.

Being prepared

m You will get the most out of laboratory work if

you prepare well. Do not go into a practical session assuming that
everything will be provided, without any input on your part.

The main points to remember are:

e Read any handouts in advance: make sure you understand the purpose
of the practical and the particular skills involved. Does the practical
relate to, or expand upon, a current topic in your lectures? Is there any
additional preparatory reading that will help?

e Take along appropriate textbooks, to explain aspects in the practical.
Consider what safety hazards might be involved, and any precautions
you might need to take, before you begin (p. 7).

e Listen carefully to any instructions and note any important points:
adjust your schedule/handout, as necessary.

e During the practical session, organize your bench space — make sure
your lab book is adjacent to, but not within, your working area. You
will often find it easiest to keep clean items of glassware etc. on one side
of your working space, with used equipment on the other side.

e All chemical waste (solid or liquid) should be disposed of in the
appropriate containers provided (consult the demonstrator or lecturer-
in-charge).

e Write up your work as soon as possible, and submit it on time, or you
may lose marks.

e Catch up on any work you have missed as soon as possible — preferably
before the next practical session.

Basic requirements

Recording practical results

An A4 loose-leal ring binder offers flexibility, since you can insert
laboratory handouts, and lined and graph paper, at appropriate points. The
danger of losing one or more pages from a loose-leal system is the main
drawback. Bound books avoid this problem, although those containing
alternating lined/graph or lined/blank pages tend to be wasteful — it is often
better to paste sheets of graph paper into a bound book, as required.

Fundamental laboratory techniques 3




Basic principles
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4 Fundamental laboratory techniques

All experimental observations and data should be recorded in a notebook
in ink at the time they are made because it is easy to forget when vou are
busy.

A good-quality HB pencil or propelling pencil is recommended for
making diagrams etc. as mistakes are easily corrected with a vinyl eraser.
Buy a black, spirit-based (permanent) marker to label experimental
glassware, sample tubes, etc. Fibre-tipped fine line drawing/lettering pens
are useful for preparing final versions of graphs and diagrams for
assessment purposes. Use a clear ruler (with an undamaged edge) for graph
drawing, so that you can see data points/information below the ruler as
you draw.

Calculators

These range from basic machines with no pre-programmed functions and
only one memory, to sophisticated programmable minicomputers with
many memories. The following may be helpful when using a calculator:

e Power sources. Choose a battery-powered machine, rather than a mains-
operated or solar-powered type. You will need one with basic mathe-
matical/scientific operations including powers, logarithms (p. 262), roots
and parentheses (brackets), together with statistical functions such as
sample means and standard deviations (Chapter 40).

e Mode of operation. Calculators fall into two distinct groups. The older
system used by, for example, Hewlett Packard calculators is known as
the reverse Polish notation: to calculate the sum of two numbers, the
sequence is 2 [enter] 4 + and the answer 6 is displayed. The more usual
method of calculating this equation is as 2 4+ 4 =, which is the system
used by the majority of modern calculators. Most newcomers find the
latter approach to be more straightforward. Spend some time finding
out how a calculator operates, e.g. does it have true algebraic logic (y/
then number, rather than number then ./)? How does it deal with
scientific notation (p. 262)?

e Display. Some calculators will display an entire mathematical operation
(e.g. 24+ 4 = 6"), while others simply display the last number/operation.
The former type may offer advantages in tracing errors.

e Complexity. In the early stages, it is usually better to avoid the more
complex machines, full of impressive-looking, but often unused pre-
programmed functions — go for more memory, parentheses, or statistical
functions rather than engineering or mathematical constants. Program-
mable calculators may be worth considering for more advanced studies.
However, it is important to note that such calculators are often
unacceptable for exams.

Presenting more advanced practical work

In some practical reports and in project work, you may need to use more
sophisticated presentation equipment. Word processing may be essential
and computer-based graphics packages can be useful. Choose easily-read
fonts such as Arial or Times New Roman for project work and posters and
consider the layout and content carefully (p. 341). Alternatively, you could
use fine line drawing pens plus dry-transfer lettering and symbols, such as
those made by Letraset", although this approach is usually more time
consuming and less flexible than computer-based systems.



Basic principles

To prepare overhead transparencies for oral presentations, you can use
spirit-based markers and acetate sheets. An alternative approach is to print
directly from a computer-based package, using a laser printer and special
acetates, or directly to 35mm slides. You can also photocopy on to special
acetates. The use of Microsoft PowerPoint™ as a presentation package has
become more important in recent years. It is not uncommon to find a
computer and presenter available for student use. Advice on content and
presentation is given on p. 344.

Fundamental laboratory techniques 5




HASAW —in the UK, the Health and

Safety at Work etc. Act 1974 provides the

- main legal framewaork for health and
safety. The Control of Substances
Hazardous to Health (COSHH)
Regulations 1994 and 1996 impose
'specific legal requirements for risk
‘assessment wherever hazardous
chemicals or biological agents are used,
with Approved Codes of Practice for the
control of hazardous substances,
carcinogens and biological agents,
including pathogenic microbes.

Definitions
Hazard - the ability of a substance to
cause harm. i

Risk — the likelihood that a substance
might be harmful under specific
circumstances. '

Risk - is often associated with the
quantity of chemical to be used, e.g.
there is a much greater risk when using a
large volume of flammable solvent than
a few millilitres, even though the hazard
is the same.

inhalation

ingestion

or
absorption

_absorption
from
spillage

Fig. 2.1 Major routes of entry of harmful
substances into the body.

6 Fundamental laboratory technigues

Health and safety

Health and safety law requires institutions to provide a working environ-
ment that is safe and without risk to health. Where appropriate, training
and information on safe working practices must be provided. Students and
staff must take reasonable care to ensure the health and safety of
themselves and of others, and must not misuse any safety equipment.

@ All practical work must be carried out with safety in
mind, to minimize the risk of harm to yourself and to others - safety is
everyone’s responsibility by law.

Risk assessment

The most widespread approach to safe working practice involves the use of
risk assessment, which aims to establish:

1. The intrinsic chemical and physical hazards, together with any maximum
exposure limits (MELs) or occupational exposure standards (OESs),
where appropriate. All chemical manufacturers provide data sheets
listing the hazards associated with particular chemical compounds.

2. The risks involved, by taking into account the amount of substance to be
used, the way in which it will be used and the possible routes of entry
into the body (Fig. 2.1). In this regard, it is important to distinguish
between the intrinsic hazards of a particular substance and the risks
involved in its use in a particular exercise.

3. The persons at risk and the ways in which they might be exposed to
hazardous substances, including accidental exposure (spillage).

4. The steps required to prevent or control exposure. Ideally, a non-
hazardous or less hazardous alternative should be used. If this is not
feasible, adequate control measures must be used. e.g. a fume cupboard
or other containment system. Personal protective equipment (e.g. lab
coats, safety glasses) must continue to be used in addition to such
containment measures. A safe means of disposal will be required.

The outcome of the risk assessment process must be recorded and
appropriate safety information must be passed on to those at risk. For most
practical classes, risk assessments will have been carried out in advance by the
person in charge and the information necessary to minimize the risks to
students may be given in the practical schedule. You will be asked to carry out
risk assessments to familiarize yourself with the process and sources of
information. Make sure you know how your department provides such
information and that you have read the appropriate material before you begin
your practical work. You should also pay close attention to the person in
charge at the beginning of the practical session, as they may emphasize the
major hazards and risks. In project work, you will need to be involved in the
risk assessment process along with your supervisor, before you carry out any
laboratory work. Any new materials synthesized during the project should be
treated with the utmost respect. An example of a risk assessment is shown in
Fig.2.2.

In addition to specific risk assessments, most institutions will have a safety
handbook, giving general details of safe working practices, together with the



Health and safety

Protective clothing is worn as a first

barrier to spnlage of chemicals on to your

body:.

Lab coats are fer protection of y vou and
your clothing.

Eye protection special spectacles with
side pieces to protect you from your own
mistakes and those of your colleagues. If
you wear spectacles, eye pratectwn with
prescription lenses and side pieces is
available from your optician, an
expensive but worthwhile investment.
Otherwise goggles can be worn over
spectacles. :

Contact iem hould not be worn in the

can be removed. It is often vé'ry' ficult
to remove the contact lens from the eye
after a chemical splash.

Shaes should cover the feet: no open-
toed s_andals, for example.

Long hair should be tied back and hats
{e.g. baseball caps) should not be worn.

LABORATORY RISK ASSESSMENT

This sheet must be completed before commencing each experiment

Name:
Experiment:

Synthesis of N-phenylethanamide Date:

1. Hazard and Risk Codes Enter below the correct Hazard Code and Risk Code for each reagent, solvent,
product and by product {letter and number in the relevant boxes)

REAGENT AND HAZARD (H) and RISK (R) CODES
INSTRUMENTS Others
(insert)
A C T F W | M
H/R|H/RIH/R/HRIHRHRHRHR
Aminobenzene (aniline) 212 1212921212111 111| 1|1
Ethanoic anhydride 212(1(1]2]2|2{1]2]1|1]|1
N-phenylethanamide Tlr{rjrj2ir)111111)1)1
Ethanoic acid {dilute ag solution) e A e A N O o T
| -
| |
A = Comosivafirritant M = Microbiglogical hazard 1 = Lowino hazard/risk
€ = Carcinogemic R = Radiactive 2 = Moderate hazard/risk
T = Toxic I = Instrument hazard 3 = High hazard/risk
F = Flammable X = Explosive & = Special high category
W = Viclant reaction with water/acid/bases 0 = Dwidizing agents
2. Precautions: containment and protection
Stage of Experiment Containment Personal Additional Information
(including disposal) Code Protection
Weighing out chemicals 3 Gloves
Containment code 1=0penlab 2= Restricted Lab (no noked flames) 3 = Fume C 4 = Glove Cabinet

Personal Protection
Additional Information

Insert all requirements additional to coat and glasses (e.g. gloves, visor, safety screen, atc.]
For axample, disposal'specified waste container. sink and water, etc.

3. Signatures

Student: Supervisor: Date:

Fig. 2.2 An example of a laboratory hazard assessment form.

names and telephone numbers of safety personnel. first aiders, hospitals, etc.
Make sure you read this and abide by any instructions.

Basic rules for laboratory work

Wear appropriate protective clothing at all times — a clean lab coat
(buttoned up), eye protection, appropriate footwear and ensure your hair
does not constitute a hazard.

Never smoke, eat or drink in any laboratory, because of the risks of
contamination by inhalation or ingestion (Fig. 2.1).

Never work alone in a laboratory.

Make sure that you know what to do in case of fire, including exit routes,
how to raise the alarm, and where to gather on leaving the building.
Remember that the most important consideration is human safety: do not
attempt to fight a fire unless it is safe to do so.

Fundamental laboratory techniques 7
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°
explosive radioactive
6 .
5 =l - e .
) toxic : oxidizing &
= ;
[] ]
. L L]
=) :
e
corrosive harmful, or irritant .
@ | .
flammable biological hazard
{biohazard)

Fig. 2.3 Warning labels for specific chemical
hazards.
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All laboratories display notices telling you where to find the first aid kit
and who to contact in case of accident/emergency. Report all accidents,
even those appearing insignificant — your department will have a
reporting procedure to comply with safety legislation.

Know the warning symbols for specific chemical hazards (Fig. 2.3).

Never touch chemicals unless they are known to have minimal hazard:
use a spatula to transfer and manipulate solids, and pipettes for liquids —
see p. 9.

Never mouth pipette any liquid. Use a pipette filler (see p. 10).

Take care when handling glassware — see p. 13 for details.

Use a fume cupboard for hazardous chemicals. Make sure that it is
working and then open the front only as far as necessary: many fume
cupboards are marked with a maximum opening.

Always use the minimum quantity of any hazardous materials.

Work in a logical, tidy manner and minimize risks by thinking ahead.
Alway clear up spillages, especially around balances, infrared sample
preparation areas, etc., for the next worker.

Always clear up at the end of each session. This is an important aspect of
safety, encouraging a responsible attitude towards laboratory work.



: Headmg any. vaiumetric male makg

sure your eye is level with the bottom of

the hqund_s meniscus. and take :he

thumb and index
finger provide
prassure on bulb

middle finger

at side of pipette

barrel supporting
the pipette

Fig. 3.1 How to hold a Pasteur pipette.

Working with liquids

Measuring and dispensing liquids

The equipment you should choose to measure out liquids depends upon the
volume to be dispensed, the accuracy required and the number of times the
job must be repeated (Table 3.1).

Table 3.1 Criteria for choosing a method for measuring out a liquid

Pasteur pipette 1-5mL Low Convenient
Conical flask/beaker 25-5000mL Very low Convenient
Measuring cylinder 5-2000 mL Medium Convenient
Volumetric flask 5-2000 mL High Convenient
Burette 1-100 mL High Convenient
Glass pipette 1-100 mL High Convenient
Mechanical pipettor ~ 5-1000 L High* Convenient
Syringe 0.5-20 L Medium** Convenient
Microsyringe 0.5-50 uL High Convenient
Weighing Any (depends  Very high Inconvenient

on accuracy

of balance

*|f calibrated correctly and used properly (see p. 10}.
#*Accuracy depends on width of barrel: large volumes less accurate.

Conical flasks, beakers, measuring cylinders and volumetric flasks
measure the volume of liquid contained in them, while burettes, pipettes,
pipettors, syringes and microsyringes mostly measure the volume delivered
from them: think about the requirements of the experiment.

Certain liquids may cause problems:

e High-viscosity liquids are difficult to dispense: allow time for the liquid to
transfer.

e Organic solvents may evaporate rapidly, making measurements inac-
curate: work quickly; seal containers quickly.

e Solutions prone to frothing (e.g. surfactant solutions) are difficult to
measure and dispense: avoid forming bubbles; do not transfer quickly.

Pasteur pipettes
Hold correctly during use (Fig. 3.1) — keep the pipette vertical, with the
middle finger gripping the barrel to support the pipette while the thumb and
index finger provide controlled pressure on the bulb, and squeeze gently to
provide individual drops.

To prevent liquid being sucked into the bulb and hence cross-contamination:

e Ensure that the capacity of the bulb does not exceed that of the barrel.

e Do not remove the tip of the pipette from the liquid while drawing up the
liquid; the inrush of air may splash the liquid into the bulb. This is
particularly true when you lose patience trying to draw up viscous liquids.

e Do not lie the pipette on its side during use.

Conversely, if volatile liquids such as dichloromethane (DCM), ethanol,
propanone (acetone) or diethylether (ether), for example, are to be

Fundamental laboratory technigues 9
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25

(a) (b) e)

Fig. 3.2 Glass pipettes: (a) graduated pipette,
reading from zero to shoulder; (b) graduated
pipette, reading from maximum to tip, by
gravity; (c) bulb (volumetric) pipette, showing
volume on bulb.

Glass mpiemaas a&wavs check that the
plpetta isa ‘dram—down type. There may.
/ ipettes Iarkmg m the

'.fl_:!ack..of drawers.

= Usm 'a plpeiter ci'leek'yaurtﬂchmqua
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dispensed, the warmth of the glass pipette will cause the liquid to squirt
from the pipette without any pressure on the bulb. To prevent this, suck up
the liquid several times into the pipette so as to cool the glass and then
dispense as normal.

Conical flasks and beakers
These have approximate graduations and should only be used for
measuring volumes of solutions/liquids where accuracy is unimportant.

Measuring cylinders and volumetric flasks

These must be used on a level surface (the laboratory bench) so that the
scale is horizontal; you should first fill with solution until just below the
desired mark, then fill slowly (e.g. using a Pasteur pipette) until the bottom
of the meniscus is level with the mark. Remember to allow time for the
solution to run down the walls of the vessel and to bend down so that your
eves are level with the graduation mark(s) and the meniscus.

Burettes

These must be mounted vertically in a clamp — don’t over-tighten the clamp
(see p. 26) — or in a burette holder, on a stand. First ensure that the tap is
closed and, using a funnel, add a little of the solution to be dispensed. rinse
the burette and discard the washings through the tap: this is vital in
titrations where a little water in the burette will alter the concentration of
the solution. Refill the burette with solution, open the tap and allow the
liquid to fill the barrel below the tap, then take a meniscus reading, noting
the value in your notebook. Dispense the solution via the tap and measure
the new meniscus reading. The volume dispensed is the difference between
the two readings.

Pipettes
There are various designs, including graduated and bulb (volumetric)
pipettes (Fig. 3.2). Take care to look at the volume scale before use: some
graduated pipettes empty from full volume to zero, others from zero to full
volume; some scales refer to the shoulder of the tip, others to the tip by
gravity. Never blow out volumetric (bulb) pipettes, just touch the tip
against the inside wall of the vessel.

Rinse out pipettes with a little of the solution to be delivered before
commencing the accurate measurement. To prevent cross-contamination,
never draw the solution into the pipette filler.

@ For safety reasons, it is no longer permissible to

mouth pipette — various aids (pipette fillers) are available, such as the
rubber-bulb and Pi-Pump® (Fig. 3.3).

Pipettors (autopipettors)
There are two basic types:

I.  Air displacement pipettors. For routine work with dilute aqueous sol-
utions. One of the most widely used is the Gilson Pipetman™ (Fig. 3.4).

2. Positive displacement pipettors. For non-standard applications, including
dispensing viscous, dense or volatile liquids where an air displacement
pipettor might create aerosols leading to errors.
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evacuate
bulb

(a) {b)

Fig. 3.3 Pipette fillers: (a) rubber-bulb typs; (b)
Pi-Pump™.

pushbutton
plunger
tip ejector button
adjustment ring
volume scale
(volumeter
barrel
tip ejector

disposable tip

Fig. 3.4 A pipettor — the Gilson Pipetman™.

Air displacement and positive displacement pipettors may be:

e Fixed volume: capable of delivering a single factory-set volume.

e Adjustable: where the volume delivered is determined by the operator
across a particular range of values.

e Pre-set: movable between a limited number of values.

e Multichannel: able to deliver several replicate volumes at the same time.

Whichever type of these routine but expensive devices you use, you must
ensure that you understand the operating principles of the volume scale and
the method for changing the volume delivered — some pipettors are easily
misread.

A pipettor must be fitted with the correct disposable tip before use and
each manufacturer produces different tips to fit particular models. Special-
ized tips are available for particular applications.

If you accidentally draw liquid into the barrel, seek assistance from your
demonstrator/supervisor since the barrel will need to be cleaned before
further use (to prevent cross-contamination) and unskilled dismantling of
the device will cause irreparable damage.

Syringes

Syringes should be used by placing the tip of the needle into the solution
and slowly drawing the plunger up to the required point on the scale. Check
the barrel to make sure no air bubbles have been drawn up, and expel the
solution slowly, touching the needle tip on the side of the vessel to remove
any adhering solution. If there is air in the barrel, fill past the mark, invert
the syringe and push the plunger to the mark so that the air and a little of
the solution are expelled into a waste collection vessel. Then dispense the
solution. The use of syringes for dispensing air-sensitive reagents is
described in Chapter 18.

Microsyringes should always be cleaned before and after use by
repeatedly drawing up and expelling pure solvent. The dead space in the
needle can occupy up to 4% of the nominal syringe volume. Some micro-
syringes have a fine wire attached to the plunger, which fills the dead space.
Never pull the plunger out of the barrel.

Balances
These can be used to weigh accurately (p. 22) how much liquid you have
dispensed. Convert mass to volume using the equation:

Mass/density = volume

e.g. a liquid (9.0 g) of density (1.2gmL~!) = 7.5mL. Densities of common
solvents and common chemicals can be found in Lide (2000). You will also
need to know the liquid’s temperature, since density is temperature de-
pendent.

Holding and storing liquids

Test tubes

Both ‘normal’ and the much smaller ‘semi-micro’ test tubes are used for
small-scale reactions and tests, e.g. qualitative analysis (p. 135) or solvent
selection for recrystallization (p. 93).

Fundamental laboratory techniques 11
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Storing light-sensitive chemicals - use a
brown-glass vessel or wrap aluminium
foil around a clear vessel and its stopper.

Table 3.2 Spectral cutoff values for glass and

plastics {45y = wavelength at which

transmission of electromagnetic radiation is

reduced to 50%)

Material 4sp (nm)
Routine glassware 340
Pyrex" glassware 292
Polycarbonate 396
Acrylic 342
Polyester 318
Quartz 220
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Beakers

Beakers are used for general purposes, e.g. heating a non-volatile solvent
while the solute dissolves, ‘working up’ a reaction where liquid/solid
products need to be accessible for manipulation (stirring with a glass rod),
or titrations using electrodes where a wide opening is essential (see p. 229).
The volume graduations on the side are inaccurate and should only be used
where approximations will suffice. The lip on the beaker is specifically
designed to aid quantitative transfer of solutions (see p. 18).

Conical ( Erlenmeyer) flasks

These can be used for general purposes, but they have more specialist
applications. The narrow mouth and sloping shoulders reduce losses on
stirring/swirling and evaporation and make them easier to seal. The absence
of a lip does not favour quantitative transfer: useful in manual titrations
(p. 145) and recrystallizations (p. 96). Volume markings are approximate.

Bottles and vials

These can be used when the solution needs to be sealed for safety, storage
or to prevent evaporation or oxidation. They usually have a screwtop,
plastic cap or stopper or a ground-glass stopper and come in various styles
and sizes: from 2.5L glass bottles used for storing large volumes of
solutions to small plastic-capped vials (5mL) for saving small amounts of
reaction products.

Seal the vessels in an appropriate manner, using a stopper, cap or sealing
film such as Parafilm™ or Nescofilm™, bearing in mind the nature of the
contents — sealing film should only be used for water solutions since it
dissolves in some organic solvents and plasticizers may be extracted. Do not
use corks, they are not air-tight. Do not use rubber bungs to seal containers
containing organic solvents, they can swell even over a short period of time
making removal very difficult.

You should clearly label all stored solutions (see p. 21) including all
relevant hazard information.

Creating specialized apparatus

Glassware systems incorporating ground-glass connections, such as
Quickfit"™, are essential for setting up combinations of standard glass
components for reactions, distillation, ete. In project work you may need to
adapt standard forms of glassware for a special need. It may be necessary
to contact a glassblowing service to make special items to order.

Choosing between glass and plastic containers
Bear in mind the following points:

® Reactivity. Plastic vessels often distort at relatively low temperature, may
be inflammable, may dissolve in certain organic solvents and may be
affected by prolonged exposure to ultraviolet (UV) light.

e Opacity. Both glass and plastic absorb light in the UV range of the
electromagnetic spectrum (Table 3.2). Quartz should be used where this is
important, e.g. in cells for UV spectrophotometry (see p. 165) or
photochemistry.
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Special cleaning of glass — for an acid
wash use dilute acid, rinse with tap water
(three times) to remove the washing

solution and then rinse thoroughly at
least three times with distilled or
deionized water. To remove acidic
deposits, wash with KOH/ethanol solution
followed by fmsmg with deionized water.
Glassware, which must be exceptionally
clean, should be washed in a chromic
acid bath, but this must only be made up
and used under supervision.

RIGHT

Fig. 3.5 Handling glass tubing.

e Contamination. Some plasticizers may leach from vessels, especially with
some organic solvents, such as DCM. Glass may adsorb ions and other
molecules and then leach them into solutions, especially under acidic or
alkaline conditions. Pyrex® glass is stronger than ordinary soda glass
(rarely found except in specific items such as Pasteur pipettes and melting
point tubes, but check if you are not sure) and can withstand
temperatures up to 500°C.

e Rigidity and resilience. Plastic vessels are not recommended where
volume is critical as they may distort through time. Glass vessels are more
easily broken than plastic.

e Disposability. Plastic items may be cheap enough to make them
disposable, an advantage where there is a risk of chemical contamination.

Cleaning glass and plastic

In quantitative analytical work, beware of contamination arising from prior
use of chemicals or inadequate rinsing following washing. A thorough rinse
with distilled or deionized water immediately before use will remove dust
and other soluble deposits, but ensure that the rinsing solution is not left in
the vessel. For analyses on the “ug scale’ and below, you should clean glass
and plastic containers by immersion in nitric acid (10% v/v) overnight and
then rinsing with a large volume of distilled or deionized water. The clean
vessels should be stored either upside down or covered with Clingfilm®
prevent dust contamination.

For general work, ‘strong’ basic detergents (e.g. Decon®™ or Pyroneg")
are good for solubilizing acidic deposits and an acid wash will remove
remaining basic residues. A rinse with ethanol or propanone (acetone) will
remove many organic deposits.

Safety with glass

Many minor accidents in the laboratory are due to lack of care with
glassware. You should follow these general precautions:

e Wear eye protection at all times.

e Don’t use chipped or cracked glassware and examine the equipment for
‘star’ cracks — it may break under very slight strains and should be disposed
of in the broken glassware bin. All laboratories will have a waste bin
dedicated to broken glass. Never put broken glass into other bins.

e If heating glassware, use a ‘soft’ Bunsen flame (half-open air vent) or
‘wave’ the flame around the heating point — this avoids creating a hot
spot where cracks may start. Always use special heat-resistant gloves or
rubber ‘fingers’ (see p. 36) when handling hot glassware.

e When clamping glassware (see p. 26) ensure that the clamp has a cork,
rubber or plastic ‘cushion’ in the jaws to prevent breakages. There must
be no metal-glass contact and you must not over-tighten the clamp.

e Take care when attaching rubber or plastic tubing to glass tubes,
condensers. etc., and inserting thermometers and glass tubes into
screwcap adapters (see p. 43). Always hold the tube and the ‘hole’ close
together (Fig. 3.5) and wear thick gloves where appropriate.

e Don’t force bungs too firmly into bottles (see p. 12) they can be difficult
to remove. If you need a tight seal, use a screwtop bottle, with a rubber
or plastic seal, Parafilm™ or ground-glass jointware, such as Quickfit®
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e Never carry large bottles (>1L) by their necks — carry them in a bottle
basket.

e Dispose of broken glass thoroughly and with great care — use disposable
paper towels, tongs or dust-pan and brush and thick gloves. Always put
pieces of broken glass in the correct bin.
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The Merck Index (Budavari, 1999) and the
CRC Handbook of Chemistry and Physics
(Lide, 2000) are useful sources on the
chemical and physical properties of
elements and compounds, including
‘melting and bolling points, solubility and
toxicity, etc. Manufacturers’ catalogues
‘now include hazard data and dlsppsal
procedures.

Table 4.1 Representative risk assessment
information for a practical exercise in organic
chemistry: the synthesis of N-phenylethanamide
(acetanilide)

Substance Hazards/comments

Aminobenzene  Toxic, harmful by skin
absorption. Wear gloves,

dispense in fume cupboard

Corrosive, flammable, toxic,
reacts with water.

Wear gloves, dispense in
fume cupboard

Ethanoic
anhydride

Using chem[cals be cnnmdera’(e to
others: always return storeroom
chemicals promptly to the correct place.
‘Report when supplies are getting low to
the person responsible for looking after
the store. If you empty an aspirator or
wash bottle, fill it up from the appropriate

source,

chemists talk abou 0.1 Molar aoJuﬂons
or you may see ‘0.1 M’ as a concentration
written on flasks or in books and journals.
The term ‘Molar’ {abbreviated to M)
means number of moles per litre. Hence
an agueous solution of hydrochloric acid
(0.1M) has a concentration of 0.1 mol L~
equivalent to 3.65g of hydrogen chloride
per litre of solution.
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Using chemicals

Safety aspects

In practical classes, the person in charge has the responsibility to inform you
of any hazards associated with the use of chemicals. In project work, your
first duty when using an unfamiliar chemical is to find out about its pro-
perties, especially those relating to safety. For routine practical procedures, a
risk assessment may have been carried out by a member of staff and the
relevant safety information may be included in the practical schedule: an
example is shown in Table 4.1. If not, you will have to carry out a risk
assessment before you begin. Before you use any of the chemicals, you must
find out whether safety precautions need to be taken and complete the
appropriate forms confirming that you appreciate the risks involved. Your
department must provide the relevant information to allow you to do this. If
your supervisor has filled out the form, read it carefully before signing.

Key safety points when handling chemicals are:

Treat all chemicals as potentially dangerous.

Wear a lab coat, with the buttons fastened, at all times.

Wear eye protection at all times.

Make sure you know where safety devices such as eye bath, fire

extinguisher, first aid kit are kept before you start work in the lab.

e Wear gloves for toxic, irritant or corrosive chemicals and carry out
procedures with them in the fume cupboard.

e Use appropriate aids such as spatulae, pipette fillers, Pasteur pipettes etc.,

to minimize risk of contact.

Label all solutions, samples, etc., appropriately (see p. 22).

Extinguish all naked flames when working with flammable substances.

Never drink, eat or smoke where chemicals are being handled.

Report all spillages and clean them up appropriately.

Dispose of chemicals in the correct manner.

Selection

Chemicals are supplied in varying degrees of purity and this is always stated
on the manufacturer’s containers. Suppliers differ in the names given to the
grades and there is no conformity in purity standards. Very pure chemicals
cost more, often very much more, and should only be used when the
situation demands. If you need to order a chemical, your department will
have a defined procedure for doing this.

Preparing solutions

Solutions are usually prepared with respect to their molar concentrations (e.g.
molL™!, moldm—3, or molm™) or mass concentrations (e.g. gL', or
kegm?): both can be regarded as an amount (usually mass) per unit volume,
in accordance with the relationship:

amount
volume

@1

concentration =
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Percentage concentration —you may find
that the concentration of a solution is
expressed in percentage terms. Thus
sadium carbonate (5% w/v) — the symbol
w indicates weight of solute and vis the
volume of solution. The resulting solution
is a general-purpose dilute agueous
solution of sodium carbonate prepared
from sodium carbonate (5 g) made up to
100 mL in water and used for neutralizing
acid. -

The levels of accuracy of solution
preparation required are usually indicated
in the protocol or by the nature of the
experiment. Look for phrases such as
‘accurately weighed® which means to four
decimal places on an analytical balance,
together with quantitative transfer.
Volumes quoted as 250.00 mL, 100.00 mL,
25.00 mL imply the use of volumetric
flasks and pipettes.
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The most important aspect of egn [4.1] is to recognize clearly the units
involved, and to prepare the solution accordingly: for molar concentrations
you will need the relative molecular mass of the chemical, so that you can
calculate the mass of substance required. Further advice on concentrations
and interconversion of units is given on p. 45.

In general there are two levels of accuracy required for the preparation of
solutions:

1. General-purpose solutions — solutions of chemicals used in qualitative
and preparative procedures (p. 17) when the concentration of the
chemical need not be known to more than one or two decimal places.
For example:

(a) solutions used in extraction and washing processes, e.g. hydrochloric
acid (0.1 mol L"), sodium hydroxide (2 M), sodium carbonate (5%
w/v);

(b) solutions of chemicals used in preparative experiments where the
techniques of purification — distillation, recrystallization, filtration,
etc. — introduce intrinsic losses of substances that make accuracy to
any greater level meaningless.

2. Analytical solutions — solutions used in quantitative analytical proce-
dures when the concentration needs to be known to an accuracy of four
decimal places (e.g. 0.0001 mol L~"). For example in:

(a) volumetric procedures (titrations) and gravimetric analysis, where
the concentrations of standard solutions of reagents and compounds
to be analysed need to be accurately known;

(b) spectroscopy, e.g. quantitative UV and visible spectroscopy, atomic
absorption spectroscopy and flame photometry;

(c) electrochemical measurements: pH titrations, conductance measure-
ments and polarography;

(d) chromatographic methods.

The procedures for weighing and the glassware used in the preparation of
solutions differ according to the level of accuracy required.

Preparation of general-purpose solutions
Box 4.1 shows the steps involved in making up general-purpose aqueous
solutions.

The concentration you require is likely to be defined by the protocol you are
following and the grade of chemical and supplier may also be specified. To
avoid waste, think carefully about the volume of solution you require, though it
is always advisable to err on the high side because you may spill some, make a
mistake when dispensing or need to repeat part of the experiment. Choose one
of the standard volumes for vessels, as this will make measuring out easier.

Use distilled or deionized water to make up aqueous solutions and stir
with a clean Pyrex™ glass rod or magnetic stirrer bar (‘flea’) until all the
chemical is dissolved. Magnetic stirrers are a convenient means of stirring
solutions but precautions should be taken to prevent losses by splashing. Add
the flea to the empty beaker or conical flask, add the chemical and then some
water. Place the vessel centrally on the stirrer plate, switch on the stirrer and
gradually increase the speed of stirring. When the crystals or powder have
dissolved. switch off the stirrer and remove the flea with a magnet. Take care
not to contaminate your solution when you do this and rinse the flea into the
solution with distilled water. In general it is convenient to use glass rods with
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Box 4.1 How to make up an aqueous solution of known concentration from a solid chemical

1

Find out or decide the concentration of chemical
required and the degree of purity necessary.

Decide on the volume of solution required.

Find out the relative molecular mass of the
chemical (M,). This is the sum of the atomic
{elemental) masses of the component element(s)
and can usually be found on the container. If the
chemical is hydrated, i.e. has water molecules
associated with it, these must be included when
calculating the mass required.

Work out the mass of chemical that will give you
the concentration desired in the volume required,
bearing in mind the quoted percentage purity of
the chemical.

Example 1: Suppose your procedure requires you
to prepare 250 mL of 0.1molL~! sodium chloride
solution.

{a} Begin by expressing all volumes in the same
units, either millilitres or litres {e.g. 250 mL as
0.25 L).

Calculate the number of moles required from
eqn [4.1]: 0.1 = amount (mol) - 0.25.
By rearrangement, the required number of
moles is thus 0.1 x 0.25 = 0.025 mol.

{c) Convert from mol to g by multipiying. by
the relative molecular mass (M, for NaCl =
58.44 gmol ).

(d} Therefore, you need to make up 0.025 x
58.44 = 1.46¢g up to 250 mL of solution, using
distilled water.

Example 2: Suppose you are required to make up

100 mL of sodium carbonate (2 M).

(a) Convert 2M into mollL '; concentration re-
quired = 2mol L.

(b} Express all volumes in the same units:
therefore 100mL =0.1L.

{c) Calculate the number of moles required from
eqn [4.1]: 2 = amount {mol} = 0.1. By re-
arrangement, the required number of moles
is thus 2 x 0.1 = 0.2 mol.

(b

{d) Convert from mol to g by multiplying by the

M, but note from the container that the
compound is Na;CO03.10H,0. Therefore the

M, required must include the water of
crystallization and M, = 286.14gmol .

(e} Therefore, you need to make up 0.2 x 286.14 =
57.2g up to 100 mL of solution using distilled
water,

5. Weigh out the required mass of chemical to an

appropriate accuracy. If the mass is too small to

weigh with the desired degree of accuracy,

consider the following options:

(a) Make up a greater volume of solution,

(b} Make up a more concentrated solution, which
can be diluted at a later stage.

{c) Weigh the mass first, and calculate what
volume to make the solution up to afterwards
using egn 4.1.

Add the chemical to a beaker or conical flask and
then add a little less water than the final volume
required. If some of the chemical sticks to the
weighing receptacle, use some of the water to wash
it off. For accurate solutions, see p. 19 for accurate
weighing and guantitative transfer.

Stir and, if necessary, heat the solution to ensure
all the chemical dissolves. You can determine
visually when this has happened by observing the
disappearance of the crystals or powder. Allow
the solution to cool, if heated.

Make up the solution to the desired volume. If the

concentration needs to be accurate, use a volu-

metric flask (see p. 19 for accurate weighing and
guantitative transfer); if a high degree of accuracy is
not required, use a measuring cylinder.

(a) Pour the solution from the beaker into the
measuring vessel using a funnel to avoid
spillage, using water to rinse out the vessel.

(b} Make up the volume so that the meniscus comes
up to the appropriate measurement line. If
accuracy is not a major concern, the graduation
marks on the beaker or conical flask may be
used to establish the approximate volume.

Transfer the solution to a reagent bottle or
conical fiask and label the vessel clearly, including
hazard information, where appropriate. Do not
use water in this final transfer since you will alter
the concentration of the solution by dilution.

beakers — ease of access for stirring — and magnetic (leas with conical flasks —
lower losses through splashing — but often it is a matter of your preference
and laboratory skills.

‘Obstinate’ solutions may require heating, but only do this if you know
that the chemical will not be damaged at the temperature used. Use a stirrer—
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Fig. 4.1 Pouring a solution using a glass rod.
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heater to keep the solution mixed as you heat it. Allow the solution to cool
to room temperature before you finalize its volume.

Preparation of analytical solutions
The key features in the preparation of solutions for analytical purposes are:

e Make sure that you have the most accurate available knowledge of
masses of the chemicals used.

e Ensure that you have the most accurate available knowledge of the
volumes of solutions used.

To achieve these features exact techniques of weighing and solution transfer
must be used and the procedure is illustrated in the following example.

‘Prepare a standard solution (250.00mL) of ammonium ferrous
sulphate (approximately 0.1 M), which is to be used to determine the
concentration of a solution of potassium permanganate by titration’.

You must be aware of the following embedded information:

e This is a quantitative experiment, therefore requiring an analytical solution
to be prepared.

e You must use a 250.00mL volumetric flask, which you should note is
calibrated at 20°C,

e You must weigh accurately, to four decimal places, the mass of the
chemical.

e It is almost impossible to weigh the exact mass of chemical for a specific
concentration. For example, the mass of (NH4),FeSO4.6H,0 required to
prepare 250.00mL of 0.1 M solution is 9.8035g and you cannot weigh
out this exact mass. However, you can weigh out a known mass to four
decimal places accurately. From this you can then calculate the exact
concentration of the chemical in solution, since you will know both mass
and volume to a high degree of accuracy.

Box 4.2 shows the method for the preparation of the standard solution.
The main practical point is that you must not lose, by splashing or failure to
transfer by inadequate rinsing, any of the solution being prepared in the
beaker and you must transfer a/l of the solution, by repeated rinsing, into the
volumetric flask. Therefore it is good practice to use only a glass rod to stir
the solution gently to dissolve the solid and to use the glass rod, as shown in
Fig. 4.1, to pour the solution into the filter funnel. This technique, with
practice, prevents losses of solution down the side of the beaker via the
spout; rinsing with water can be achieved by use of a wash bottle squirted
directly into the beaker.

You should not use a flea to stir a solution in the preparation of a
standard solution, since this introduces more washing steps — washing the flea
and the ‘flea extractor’ — and you still need to use the glass rod for
quantitative transfer.

Procedure required with analytical solutions prepared from liquids
Many experiments in analytical chemistry, such as chromatography and
spectroscopy, require the preparation of a standard solution of a liquid
organic compound. Therefore you must know accurately the mass of the
liquid. The compound can be dispensed by the methods described in Chapter
3, provided that the pipette, syringe, etc., is accurate, and thus the mass =
volume x density, bearing in mind the temperature factor.
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Box 4.2 How to make up an aqueous solution of known concentration from a solid chemical for

use in quantitative analysis

Example: Suppose you are to prepare a standard 7. Add deionized or distilled water (about 100 mL) to
solution {250.00mL) of ammonium ferrous sulphate the beaker and stir the mixture gently with a clean
(approximately 0.1 M), which is to be used to deter- Pyrex™ glass rod until all the solid has dissolved.
mine the concentration of a solution of potassium Do not splash or spill any of this solution or you
permanganate. cannot calculate its concentration. Remove the
1. This is a quantitative experiment so the g::;z;gig;ﬂ;r;t;‘;[:gg:ior;nsmg v s lite
ammonium ferrous sulphate must be of the :
highest purity available to you. 8. Clamp a clean volumetric flask for support (see
2. Work out the mass of chemical that will give you P26 and place o cloan, diy filar Suoae 1c fhe tOp
the concentration desired in the volume required. :c;upported by a Ll Carefully paul the _5°|Ut_‘°n
(a) Convert 1.0M into mollL'; concentration into the volumetric flask, ensuring no spillage of
required — 1.0mol L. solution by using the technique sl!ustratefd in an.
(b) Express all volumes in the same units; there- 4.1 and pouring slowly so that no air-lock is
fore 250.00mL — 0.25L. formed and no solutlon_r.uns ‘down the side of the
(c) Calculate the number of moles required from beaker. When the addition is complete, do not
egn [4.11: 1.0= amount (mol) = 0.25. By move the beaker from its position over the funnel.
rearrangement, the required number of moles g Rinse the inside of the beaker several times with
is thus 1.0 < 0.25 = 0.025mol. a distilled water wash bottle to transfer all of the
(d) Convert from mol to g by multiplying by the M, solution into the volumetric flask, paying parti-
but note from the container that the compound cular attention to the ‘spout’ and glass rod. Then
is (NH4)2FeS0,.6H,0. Therefore the M; required place the beaker aside and lift the funnel from the
must include the water of crystallization and flask while rinsing it with distilled water. You have
M, = 392.14gmol . = now achieved a gquantitative transfer. Swirl the
(e) Therefore, you need to weigh out 0.025 x liquid in the flask to prevent density gradients.
392.14 = 9.8035 g of (NH,),FeS0,.6H,0. : o
3. Place a clean, dry weighing b?at or appropriately - ::::‘; tg:o:::ﬂto:euf?ag ;h:d mn:irxk ;i:?gug;?lt;“g:
:l;:: T,aal:;?::et?sb; o:- tozza; ?r?;pl:e:: ?t::;in’;:l_, Qentfe inversion [1_0 times} of the flask while
balance and weigh about 9.80 g of the chemical. h0\1’{:::gntz\?vsfa%ieramsgll?;?c;n (250,00 mL), which
4. Carefully transfer the sample tube plus chemical to contains (NHs),FeS04.6H,0 {9.8162.9}. -
a four-decimal-place analytical balance (see p. 23) The concentration of this solution is expressed
and record the accurate mass: say 11.9726g. as
5. Remove the sample and container from the : ;
balance and tip the contents into a clean, dry ﬁgg‘oo?;g 'fah: go!utlon Gontaine =8 e g of
beaker {400 mL), ensuring that there is no spillage alabett bl
outside the beaker. Do not aftempt to wash out Therefore:
the sar{:pfe tube w-'.th water. 1000.00 mL of solution contains
6. Immediately reweigh the sample tube on the

analytical balance: say 2.1564 g. This is the mass
of the container together with a few crystals of the
chemical which have remained in the container.
However, you now know exactly the mass of
the chemical in the beaker: 11.9726 — 2.1564 =
9.8162 g of (NH4):FeS0,4.6H,0.

(4 x9.8162) = 39.2648 g of (NH4),FeS0,;.6H,0
The concentration of the solution is

39.2648gL ' = 39.2648 = 392.14 —
0.1001molL~' = 0.1001 M

Alternatively you can use a weighing bottle as shown in Fig. 4.2. The
liquid is placed in the bottle, weighed accurately and then the approximate
amount required is added to the volumetric flask containing some solvent.
The volumetric flask is stoppered immediately, the weighing bottle reweighed
and the weight of liquid dispensed is calculated. The volumetric flask is then
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teat

Pasteur pipette

screwcap adapter

5ml Quickfit® conical flask

Fig. 4.2 A weighing bottle.
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made up to the mark and stoppered. You now know the concentration of the
standard solution to four decimal places.

Preparing dilutions

Moaking a single dilution

In analytical work, you may need to dilute a standard solution to give a
particular mass concentration or molar concentration. Use the following
procedure.

1. Transfer an appropriate volume of standard solution to a volumetric
flask, using appropriate equipment (Table 3.1).

2. Make up to the calibration mark with solvent — add the last few drops
from a Pasteur pipette until the bottom of the meniscus is level with the
calibration mark.

3. Mix thoroughly, either by repeated inversion (holding the stopper firmly)
or by prolonged stirring, using a magnetic stirrer. Make sure that you
add the magnetic flea after the volume adjustment step.

For general-purpose work using dilute aqueous solutions where the higher
degree of accuracy is not required, it may be acceptable to substitute conical
flasks, beakers or test tubes for volumetric flasks and use measuring cylinders
for volume measurements. In such cases you would calculate the volumes of
‘stock’ solutions (usually ‘bench’ reagents) and diluent required, with the
assumption that the final volume is determined by the individual volumes of
stock solution and diluent used. Thus a two-fold dilution would be prepared
by using one volume of stock solution and one volume of diluent. The dilution
factor is obtained from the initial concentration of the stock solution and the
final concentration of the diluted solution. The dilution factor can be used to
calculate the volumes and stock and diluent required in a particular instance.
For example, suppose you wanted to prepare 100 mL of a solution of NaOH
at 0.1mol L', Using the bench reagent, commonly containing 2.0 molL~!
(2.0 M), the dilution factor is 0.1 = 2.0 = 0.05 = 1/20 (a twenty-fold dilution).
Therefore the amount of stock solution required is 1/20th of 100 mL = SmL
and the amount of diluent needed is 19/20th of 100 mL = 95mL.

Preparing a dilution series

Dilution series are used in a wide range of procedures including the
preparation of standard curves for the calibration of analytical instruments
(p. 171). A variety of different approaches can be used but the most common
is a linear dilution series.

In a linear dilution series the concentrations are separated by an equal
amount, e.g. a series containing cadmium at 0, 0.2, 0.4, 0.6, 0.8, 1.0 mmol L
might be used to prepare a calibration curve for atomic absorption spectro-
scopy (p. 170) when assaying polluted soil samples. Use [C|]V; =[C5]V; to
calculate the volume of standard solution for each member of the series and
pipette or syringe the calculated volume into an appropriately sized volumetric
flask as described above. Remember to label clearly each diluted solution as you
prepare it, since it is easy to get confused. The process is outlined in Box 4.3.

m Make all the dilutions from the working stock solu-

tion to the required solution. Do not make a solution of lower dilution
from one already prepared: if you have made an error in the first dilution,
it will be repeated for the second dilution.
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Box 4.3 How to make up a linear dilution series for use in quantitative analysis

The experimental protocol states: ‘Prepare a standard
solution {250.00mlL; 0.01M)} of cadmium ions using
cadmium nitrate and use this solution to produce a linear
dilution series of solutions (100.00 mL) of accurately
known concentrations of approximately 0.0, 0.2, 0.4, 0.6,
0.8, 1.0mmol L1,

1.

Calculate the amount of cadmium nitrate required
for the standard solution: cadmium nitrate is
supplied as the tetrahydrate Cd(NOs);. 4H,0;
M, = 308.47 g mol~'. Therefore, using eqn [4.1], you
should calculate 250.00 mL of an 0.01M solution of
cadmium ions requires 0.01 x 0.25 = 0.0025
mol = 0.0025 x 308.47 = 0.07712g of Cd(NOa),.
4H,0. Remember: this solution will contain
0.0025 moles of ‘cadmium nitrate’ or 0.0025
moles of cadmium ions and 0.005 moles of nitrate
ions.

Make the standard seolution by the gquantitative
method described in Box 4.2 and calculate its

concentration to four decimal places.

5 Transfer the standard solutlon {200le to the
volumetric flask (100.00mL) and make up to the:"'_’ -
mark with distilled water. .

6. Repeat the calculation for each._ of th_e- u_t__h'.er ]

diluted solutions as required, but note that a short
cut is possible in this case! since you require stock
solution (2.00 mL) for the diluted solution of con-
centration 0.2mmol L !, you will need 4.00 mL for
the 0.4mmolL ! solution etc. Use pure distilled
water for the solution of concentration 0.0molL"'.

7. Calculate the exact 'concentrat'ions of the diluted
solutions using [G|V4 = [G]V5, since the con-
centration of the standard solution is most
wunlikely to be exactly 0.0100mol L™’ [_see. Box 4.2).
For example, if the concentration of the standard
solution [Cy] is actually 0.00987 moll ! —9.87
% 10°molL !, then for the dilute solution of
approximate concentration 0.2mmol = othe
-actual concentration [C5] is: -

(Gl = (v x[Cil} +

3. C.alcl_JIate tl‘fe \mhfme of solution required for the 02mlL x 987 % 10-2molL-"
dilution series using [Gi1V) = [GlV;, where Vq = = 100.00 ML :
volume (mlL) of standard solution required; G = : i
concentration of standard solution; V. = volume — 25987 %10 molL"! = 01974mmolL-1.
of diluted solution (100.00 mL) and G, = concen-
tration of diluted solution. ;

Note: It is much simpler to measure out whole-number

: : : volumes (2.00mL, 4.00ml, etc.) using a pipette and

4. Express the c?ncan?ratlops in the sar’na units, the produce diluted solutions of accurately known con-
most convenient in this case being molL'. antrations (but not necessarily whole numbers) rather
Therefore, C; =0.01M= 1x 10 ?molL’ and for han to try to produce whole-humber concentrations
the diluted solution of concentration 0.2mmolL"", |y measuring out non-whole-number volumes.
C: = 0.2 x 103 mol L-1. By rearrangement S Zid

Vi = {{G]Ve} = [Gi]
- 0.2x 10°molL ' x 100.00mL

- = = 2.00mL
1x10°molL

Storing chemicals and solutions

Chemicals which decompose easily (labile chemicals) may be stored in a
fridge or freezer. Take special care when using chemicals which have been
stored at low temperature: the container and its contents must be allowed to

Sealing flasks — think carefully about the warm up to room temperature before use, otherwise water will condense onto
sealing system for a flask to be stored at the chemical. This may render accurate weighing impossible and you may
low temperature. Cooling will reduce the ruin the chemical.

volume of vapour (including air) in the
flask and create a partial vacuum. Rubber
bungs can be irremovable after cooling

Chemicals and solutions to be stored at low temperatures must be in
stoppered or sealed vessels. Do not store aqueous solutions below 0°C since

(another good reason for never using freezing can occur and, with the resulting expansion of the volume, the vessel
them) and even ground-glass joints can may crack. Solutions containing flammable solvents should only be stored in
seize up. Plastic stoppers, screwtops or specialized ‘spark-proof’ fridges: consult your laboratory instructor.

lightly greased glass stoppers, as

; . You must be aware of the particular problems of storing solutions in flasks
appropriate, are recommended.

with ground-glass joints. If you are using aqueous solutions you should
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Greasmg j mnu; if ymu are usmg
solutions of NaOH or KOH you musr
grease the ground-glass joint ‘and stopper
since the surfaces are aﬁacked by strong
alkahs

Weighing — never weigh anythmg directly
onto a balance’s pan: you may
contaminate it for others. Use an
appropriate weighing container such as a
weighing boat, sample tube, weighing
paper, conical flask, beaker.

‘Weighing paper’ — It is common practice
to put a piece of paper onto the pan of
general-purpose balances. The mass of
the paper is then ‘tared off’ before the
weighing container is placed on the
balance pan. The paper protects the
balance pan from corrosion by spillages
and also allows you to discard easily any
material spilt without affecting the
weighing.
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lightly grease the joint and stopper with petroleum jelly, since the water will
not dissolve the grease as it is poured from the flask. The stopper can be
removed easily and the solution will be uncontaminated.

Conversely, if you are using solutions made up from organic solvents. vou
should not grease the joints since the organic solvent will dissolve the grease
as you pour it from the flask and contaminate the solution. Moreover, you
should not allow the solution to come in contact with the ungreased joints.
since the solvent will evaporate and leave the solute to “weld’ the stopper to
the flask. Fill the flask with solution, using a filter funnel with the stem of the
funnel positioned well below the joint. See p. 43 for use of ground-glass
jointware.

m Always label all stored chemicals clearly with the fol-
lowing information: the name (if a solution, state solute(s) and concen-

tration(s)), plus any relevant hazard warning information, the date made
up, and your name.

Balances and weighing

Electronic single-pan balances with digital readouts are now favoured over
mechanical types and are common in most laboratories. There are essentially
two types of balance:

1. General purpose balances which weigh to the nearest 0.01g with a
capacity of about 300 g. Chemicals may be dispensed for weighing, into a
suitable weighing container, directly onto these balances.

2. Analytical four-figure balances for quantitative work, which weigh to
the nearest 0.0001 g (0.1 mg) and have a maximum capacity of about
100 g. Chemicals must not be transferred onto the balance at any
time and analytical balances must only be used for weighing by
difference.

Both types are illustrated in Fig. 4.3 and you should familiarize yourself with
their operation before use.

General-purpose balances
The most useful feature of this type of balance is the electronic zero facility
(self-taring), which means the mass of the weighing container can be
subtracted automatically before weighing chemicals.

To operate a standard self-taring balance:

1. Check that it is level, using the adjustable feet to centre the bubble in the

spirit level (usually at the back of the machine). For relatively accurate

work or when using in a fume cupboard, make sure that the draught
shield is in place.

Ensure that the balance is switched on: the display should be lit.

3. Place an empty weighing container (see p. 24) centrally on the balance
pan and allow the reading to stabilize. If the object is larger than the pan,
take care that no part rests on the body of the balance or the draught
shield as this will invalidate the reading. Press the tare bar to bring the
reading to zero.

4. Place the chemical or object carefully in the weighing vessel:

(a) Solid chemicals should be dispensed with a suitably sized clean
spatula.

5]
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Fig. 4.3 Single-pan balance: (a) general
purpose, two decimal places; (b} analytical, four
decimal places.

(b) Non-volatile liquids should be dispensed using a Pasteur pipette but
take the weighing container off the balance pan before dispensing;
then reweigh the liquid plus container. Repeat until the desired
weight is obtained.

Allow the reading to stabilize and make a note of the reading.

If you have added excess chemical, take great care when removing it.

Remove the container from the balance, remove the solid (with a

spatula) or liquid (with a Pasteur pipette) and reweigh.

7. If you need to clean any deposit accidentally left on or around the

balance, switch off the balance.

Take care not to exceed the limits for the balance: while most have devices to
protect against overloading, you may damage the mechanism.

Analytical balances

These are delicate precision instruments and as such are likely to be found
away from the open laboratory in draught-free conditions on a vibration-
dampened surface. Analytical balances are maintained to the highest
specifications and should need no adjustments on your part, such as levelling
and zero adjustment. The key points for using an analytical balance are
summarized below:

e No chemicals must be transferred within the weighing compartment of
the balance.

e If it has a ‘locking’ function, the balance pan must always be ‘locked’
when placing and removing objects onto and from the balance pan.

e The doors of the balance must always be closed when taking measure-
ments.

The procedure for weighing a solid chemical for the preparation of an
analytical standard solution is shown in Box 4.4,

Weighing containers

These come in various materials, shapes and sizes: from glass weighing boats
to beakers and even special glazed paper. The weighing container to be used
depends on several factors:

e The amount of chemical to be weighed.

e The properties of the chemical to be weighed: is it solid, liquid, volatile,
corrosive, deliquescent, hygroscopic?
How and into what type of vessel it is to be transferred.

e The accuracy to which it is to be weighed.

Some of the common types of weighing container are shown in Fig. 4.4

For analytical procedures, only weighing boats, weighing bottles or glass
ot plastic sample tubes should be used. Weighing boats are used to transfer a
solid directly into a volumetric flask via the neck of the weighing boat: this
procedure is recommended when the chemical is known to be totally soluble
in the solvent and allows you to omit the solution preparation stage in a
beaker or conical flask (see Box 4.2). You must ensure that the neck of the
weighing boat will fit well inside the ground-glass joint of the neck of the
volumetric flask so that all the chemical can be washed down the sides of the
volumetric flask and does not stick to the ground-glass joint during the
quantitative transfer,
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(b}

(c)

Fig. 4.4 Weighing containers: (a) plastic
weighing dishes; (b) weighing bottles; (c)
weighing boat.

Fig. 4.5 Transferring a solid using glazed
paper.
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Box 4.4 How to weigh out a sample of a solid for use in

quantitative analysis

1. Place the clean, dry weighing boat or sample tube on a general-
purpose two-decimal-place balance and zero the balance.

2. Weigh out the calculated amount of chemical within the
accuracy of the balance.

3. Check the zero reading on the analytical balance by pressing
the bar/button with the balance doors closed.

'Relock the balance pan by pressing the bar/button.

Carefully transfer the weighing boat or sample tube to the
balance pan of the analytical balance (for very accurate work use
‘tweezers or fine tongs since the sweat from your fingers will
contribute to the weight recorded) and close the balance door.

6. Release the balance pan by pressing the bar/button, allow the
‘balance to stabilize and record the weight of the chemical and
container. If the last decimal place ‘cycles’ between two or
three numbers, determine the mid-point of the ‘cycle’ and
record this value as the weight.

7. Lock the balance pan by pressing the bar/button, remove the
sample container and transfer the solid to your volumetric
flask, beaker or conical flask by pouring, but do not wet the
weighing boat or sample tube with solvent.

8. Replace the weighing container on the analytical balance pan,
close the balance door and weigh the container. Again decide
on the mid-point weight if the last decimal place "cycles” and
record this value as the weight of the ‘empty’ weighing
container.

9. Lock the balance pan by pressing the bar/button and remove
the weighing container from the balance.

10. Subtract the weight of the ‘empty’ weighing container from
that of the weighing container plus sample and you now know
the mass of chemical, to an accuracy of four decimal places,
which has been transferred into your volumetric flask, beaker
or conical flask.

For general-purpose work, weighings can be made directly into pre-
weighed or ‘tared” conical flasks or beakers, again to avoid a transfer stage.
Much more common is the use of disposable plastic weighing dishes of the
appropriate size. The edges of these dishes can be squeezed together to form
a ‘funnel’ to prevent losses when transferring the solid. Remember that
plastic disposable dishes may dissolve in organic solvents such as propanone
(acetone), toluene, etc., and should not be used for low-melting organic solids
or liquids. Watch- and clock-glasses should be avoided if you wish to transfer
the solid into narrow-necked vessels such as conical flasks or sample tubes
since it very difficult to direct the solid into the narrow opening of the vessel
from the large ‘flat’ surface of the watch- or clock-glass. In such cases, or
when large amounts of solid are to be transferred, it is advisable to use a
wide-necked filter funnel called a “powder funne!’.
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folded glazed paper

flask

Fig. 4.6 Transferring a solid to a narrow-
necked flask.

In many preparative experiments, which are carried out on a small scale
(involving 1g to 10g of solids), the most useful weighing container is special
glazed paper, provided that the chemicals do not react with the paper. A
creased square of glazed paper is ‘tared” on the balance pan and the solid
weighed out directly onto it. The chemical can then be allowed to flow down
the crease into the vessel (Fig. 4.5). Furthermore, when attempting to transfer
small amounts of solid in vessels with narrow-bore ground-glass joints (see
p. 43) it is important not to allow the solid to contact the joint, because the
joint will not seal correctly. Use a filter funnel or roll a piece of glazed paper
into a funnel, insert the stem of the paper funnel to below the joint and then
run in the solid from the creased weighing paper (Fig. 4.6). Paper used in this
manner is much cheaper than proprietary weighing dishes and is a useful
method of recycling out-of-date manufacturers’ catalogues!
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Fig. 5.1 Clamps and supporting equipment.

Using support rings - make sure that the

three-finger clamp clamp holder

clamp metal ring

burette clamp

tap on the separating funnel will go
through the ring.
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Clamps and support stands

When carrying out experiments it is vital that all apparatus is held in place
securely during the procedure. It is essential that you know how to assemble
supporting and securing equipment to the highest possible standards of
safety. The most common types of supporting and securing equipment are
shown in Fig. 5.1.

Support stands

These are also known as ‘retort stands’ and comprise an aluminium or steel
rod screwed into a heavy metal base. Always check that the base sits level
and that the rod is tightened fully in place.

Clamp holders

These are also described as ‘clamp bosses” or ‘bosses’. Make sure that the
locking screws move freely and are not distorted. When you attach the clamp
holder to the support stand, tighten the screw firmly and ensure that the open
‘slot” to be used for the clamp is pointing upwards (Fig. 5.2).

Clamps
General-purpose clamps are used for securing glassware — therefore make
sure that the inner surfaces of the clamp ‘jaws’ and the ‘fingers’ are covered
with cork or rubber to provide a cushion for the glass: there must be no
metal to glass contact in case you overtighten the clamp and crush the glass.
Tighten the clamp firmly and ensure that the clamped glassware does not
move.

Conical flasks should be clamped at the neck and ground-glass jointware
should be clamped at the joint — this usually has the greatest thickness of
glass.

@ Take particular care when using parallel-sided separa-

tory funnels and chromatography columns (Fig. 5.3), where clamping in
the middle of the funnel can be the same as squeezing the middle of a
large-diameter glass tube. Clamp at the ground-glass joint using a ‘well-
cushioned’ clamp.

In most clamps. only one of the jaws moves when turning the screw. When
vou use the clamp in a horizontal position, make sure that the movable jaw is
at the rop (see p. 109).

Burette clamps are specially designed to hold the burette vertically. Springs
hold the burette at two points about Scm apart — again check for the
presence of a rubber or plastic ‘cushion’ at the points of contact — to prevent
slipping and lateral movement. Since the burette clamp slides down the rod
of the support stand, then provided the support stand is vertical, the burette
will be vertical.

Support rings

These metal rings come in various diameters to support filter funnels and
separatory funnels. Often these support rings are coated in plastic to provide
the cushion between metal and glass.
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RIGHT

movable jaw on TOP

fixed jaw underneath to
support, 8.9, a condenser

WRONG

Fig. 5.2 Right and wrong ways of using
support stands, clamp holders and clamps.

‘paper d%trovedr a process known as
‘ashing’. Some gravimetric analyses,
such as the determination of sulphate . as
barium sulphate, require retention of the
precipitate from gravity filtration since
BaS0; is too fine to be collected on a

vacuum ﬁl_tr_aﬂcm system. BaSO, is

thermally stable up to 600 °C, so the filter
paper can be burned away.

RIGHT

Fig. 5.3 Clamping a parallel-sided funnel.

If your support ring is metal, you can make a ‘cushion’ by finding a piece
of thin-walled rubber tubing of the same bore as the metal of the ring,
cufting it to a length equivalent to the circumference of the ring and then
cutting down the length of the rubber tubing. You can then slide the tubing
around the ring to provide the ‘cushion’.

@ When using clamps, support rings and support stands
make sure that the clamped/supported apparatus is always in position
above the base of the support stand (Fig. 5.4) to prevent the stand top-
pling over.

Cork rings

These are used to hold round-bottom flasks on flat surfaces while
manipulations are being carried out. Since they are light in weight they can
be used to hold round-bottom flasks on a general-purpose balance.

Filtration

Filtration is the physical separation of a solid from a liquid and is a process
encountered in experimental procedures such as gravimetric analysis (p. 139),
recrystallization (p. 92), and solvent drying (p. 41). In principle, the mixture
of the solid and liquid is passed through a porous material, filter paper or
sintered glass, and the solid is trapped on the porous material while the liquid
passes through,

The type of filtration equipment you select for use depends upon which of
the two components, the solid or the liquid, you are trying to isolate. In
general:

e If you wish to isolate the liquid — use gravity filtration.
e If you wish to isolate the solid — use suction (vacuum) filtration

Gravity filtration

In gravity filtration you need to pass the liquid through the porous material
and retain all the unwanted solid in the filter. In general, the best material to
use is a filter paper of the appropriate porosity to trap all the solid particles
and with the greatest surface area to allow the liquid to pass through quickly.
The apparatus required for gravity filtration is shown in Fig. 5.5. The filter
funnels are usually made of glass, but if organic solvents are not involved in
the filtration, plastic funnels can be used. Glass filter funnels with the pipe
cut off are known as ‘stemless’ filter funnels and have a specific use in hot
filtration (p. 98).

The key to successful gravity filtration is the fluted filter paper. A fluted
filter paper decreases the area of contact between the filter paper and the
funnel, thus allowing rapid filtration. If you use ‘traditional’ cone-folded filter
paper, note that all sides of the paper are touching the sides of the funnel and
on half the filter paper the liquid has to pass through three thicknesses of
paper, all of which slow the rate of filtration. Slow filtration can lead to
disaster in hot filtration during recrystallization (p. 100).

Since filter funnels and filter papers come in different sizes, choose a filter
paper of diameter just less than twice the diameter of the funnel. When
fluted, the filter paper will be just below the rim of the funnel. There are
many ways to fold (flute) a filter paper, but one of the simplest is shown in
Box 5.1.
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Box 5.1 How to flute a filter paper for gravity filtration

E .@ P—c—3 1. Fold the filter paper in half (a), open it out then fold into
i quarters (b}, open it out and then fold into eighths (c and d), all

in the same dierction.
2. Turn the paper over and fold each sector in half {(e); you are
creating sixteenths but with each fold in the opposite direction
to (a), (b). (c), and (d).
3. Finally, fold the paper into a cone (g) ensuring that all the folds
£ N \ are sharp and that the base of the cone comes to a sharp point.
RIGHT WRONG 4. The flutes ensure that the filter paper has minimum contact
with the filter funnel and the sharp point ensures that the liquid
flows rapidly out of the cone and out of the funnel. _
- 5. If your cone point is blunt it will cover the stem of the funnel
and so all the liquid must pass through this part of the filter
paper, slowing the filtration.

Fig. 5.4 Correct use of support stands.

ring clamp

supported :
o P fa) (\ q {b) q e}
524

l
Sonet H4_ e
if fe} {d}
\

Fig. 5.5 Gravity filtration.
]

To filter the mixture, swirl the suspension of the solid in the liquid so that

Filtering solids - if you allow the solid to ; i AT s e
there is a fairly even distribution of solid in the liquid, and then pour the

settle you will have difficulty pouring the

thick slurry of solid and liquid from the mixture into the filter cone, making sure that you do not pour any of the
bottom of the beaker or conical flask into mixture outside the filter paper otherwise you will need to repeat the
the filter cone and you will need to use filtration, and do not overfill the filter cone. Transfer all the mixture in this

more filtrate to complete the filtration

afoctiviiy way and finally wash the last bit of solid and liquid into the filter cone with a

small amount of filtered solution and then a little pure solvent.

Suction filtration

This technique is used for the isolation of a selid from a suspension of a solid
in a liquid and relies on producing a partial vacuum in the receiving flask.
The essential components of a suction filtration system are:

e A ceramic funnel containing a flat perforated plate: there are two types
based on size and shape called Biichner funnels or Hirsch funnels. When
you are filtering, the perforated plate is covered by a filter paper.

28 Fundamental laboratory techniques




Basic laboratory procedures |

e A receiver flask with a side arm for attachment of the vacuum source.
Biichner flasks are conical flasks made from thickened glass, and Hirsch
tubes (also known as side-arm boiling tubes or test tubes depending upon
size) are capable of withstanding weak vacuum, e.g. a water pump.

e A flexible seal between the ceramic funnel and the receiving vessel: a
Biichner collar or filter seal.

e A source of vacuum, usually a water pump (water aspirator) which is
connected to the receiving flask by thick walled rubber tubing (pressure
tubing). Sometimes there will be a trap between the water pump and the
receiving flask.

The various types of these components are shown in Fig. 5.6: typical

apparatus is shown in Fig. 5.7 and the general procedure for suction

filtration is described in Box 5.2.

Biichner funnel Hirsch funnel

Biichner collar
L side-arm
Biichner flask boiling tube
or test tube

Fig. 5.6 Equipment for suction filtration.

grav&ty‘ﬁ}traﬁon.

thick-walled tubing

flat filter paper vacuum release tap

1M\
1o vacuum
——

trap

Naoprena®
adapter

clamp

=

f

thick-walled filter flask
(Biichner flask)

Fig. 5.7 Suction filtration using a Biichner funnel.

Fundamental laboratory techniques 29




Basic laboratory procedures Il

Box 5.2 Isolation of a solid by suction filtration

30

1

Select the appropriate size of apparatus based on

the amount of solid you expect to isolate and the

volume of liquid to be collected in the receiver
flask. Consider the following points:

A. There is no point in using a large Blchner
funnel for a small amount of solid since you
will collect a layer of solid ‘one molecule thick®
and be unable to scrape it from the filter paper
cleanly. If there is too much solid for the size
of the funnel, you will have to repeat the
filtration with a second set of apparatus or the
solid may not suck dry quickly.

B. If you use a side-arm boiling tube to try to
collect 100 mL of liquid, you will overfill the tube
and liquid: (i) will flow into the pressure tubing,
contaminating it for your fellow students:
(i) may fill the intermediate trap, if there is
one, and you will need to dismantle and clean
it; {iii) may be sucked into the water pump
causing corrosion and loss of performance.

Clean and dry all the apparatus to be used.
Clamp the receiving vessel to a support stand:
pressure tubing is heavy and even large Biichner
flasks will fall over: do not think that a test tube
rack will hold a side-arm boiling tube safely.
Place the correct-sized Biichner collar in the neck
of the receiving flask: it should sit well into the
neck and fit the funnel to form a good seal.
Place the funnel into the collar/seal: note that the
funnel has a ‘point’ at the bottom of the stem. Make
sure that this ‘point’ is as far away as possible from
the vacuum attachment side arm of the receiver
flask, since the filtering liquid runs off this ‘point’
and if the point is near the vacuum inlet, the liguid
may be drawn into the side arm and then into the
trap or water pump (see 1B above).
Select a filter paper, which fits exactly over the
perforation in the base of the funnel. The filter
paper should not fold or crease up the sides of the
funnel because the solid will be sucked round the
edge of the paper into the receiver flask. If the
paper does not fit exactly, trim to size with scissors.
Place the paper into the funnel and wet it with a
few drops of liquid — the same liquid which is to
be used in the filtration.
Switch on the tap for the water pump to provide
gentle suction. If your system has a trap, don’t
forget to close the tap on the trap and connect the
rubber tubing to the side arm of the receiver. Do not
force the rubber tubing too far onto the side arm -
you may need to pull it off quickly if something goes
wrong (see 1B and 5). The filter paper will be pulled
down onto the perforated plate by the vacuum.
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Turn on the tap to the water pump to the
maximum water flow. |f you do not do this, the
water pump is not working at its maximum
efficiency and the vacuum created in your fil-
tration system may cause water to be sucked into
a trap, or receiving flask, from the water pump.
This is called ‘suck-back’.

Swirl the mixture to be filtered and then slowly
pour it into the Biichner or Hirsch funnel at such
a rate so that the filtration is rapid. Note that the
rate of filtration may slow as the ‘cake’ of solid on
the filter becomes thicker.

To transfer the last of the solid/liquid from its
beaker or conical flask into the funnel use a little
of the filtrate in the receiving flask. Release the
vacuum by opening the tap on the trap or pull off
the vacuum tubing, but do not turn off the tap on
the water pump (there is a possibility of “suck-
back’ (see 9 above)). Dismantle the apparatus,
pour a little of the filtrate into the beaker or coni-
cal flask, reassemble the apparatus and continue
the filtration. Repeat until all the material has
been filtered. Use the filtrate to wash down any of
the solid sticking to the sides of the funnel onto
the filter ‘cake’ — it will not dry quickly on the sides
of the funnel.

Release the vacuum, by pulling the vacuum
tubing from the flask or opening the tap on the
trap and turn down the water pressure on the
water pump. Transfer the filtrate to a clean
beaker or conical flask. Add a little pure, ice-cold
solvent to the filter cake and reconnect the
vacuum to provide gentle suction. This will wash
the solid. Turn up the vacuum to maximum and
suck air through the solid to dry it as much as
possible. If ‘cracks’ appear in the filter ‘cake’,
close them by pressing gently with a clean
spatula and repeat until no more filtrate appears
to be sucked out.

When drying is complete, release the vacuum,
turn off the water tap and remove the filter
funnel from the apparatus. The solid is best
removed as a complete ‘cake’ by lifting the edge
of the filter paper with spatula, inverting the
funnel over a watch-glass of clock-glass and the
cake should fall out. Peel the filter from the top of
the ‘cake’, break up the ‘cake’ using a spatula and
dry it appropriately.

Evaporate the filtrate to half volume (see p. 121)
and cool to obtain a second crop of crystals.
Wash out and clean all the apparatus and dispose
of the liquid filirate safely.
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Never use a sintered-glass funnel to
remove finely divided charcoal. It is
always absorbed into the pores of the
sinter and almost impossible to remove
easily. =

Removing charcoal from a cold solution
by suction filtration — cover the filter
paper with a “filter aid’ such as Celite™.
This absorbs the fine particles.

Safety note Never use gas burners to
heat flammable chemicals in open
containers, in particular solvents, which
are usually used in relatively large
volumes.

Instead of a filter paper on a porous plate. sintered-glass can be used as the
porous material for filtration. Sintered-glass funnels come in various types
and sizes (Fig. 5.8) with different porosity (size of holes) of the sintered glass.
Sintered glass is also used in crucibles (Fig. 5.8) in gravimetric analysis
(p. 139).

sintered-glass vacuum take-off
filter disk side-arm

sintered-glass

filter disk M=
standard
sinter for ) Sy
gravimetric Slnter-; for
analysis filtration

Fig. 5.8 Typical sintered-glass funnels.

When sintered-glass funnels are used instead of Biichner or Hirsch funnels
the solid is collected directly on the sintered glass: no filter paper is used. As
a result cleaning sintered-glass funnels is a major problem if the solid has
been drawn into the pores of the sintered-glass. Therefore if you are to use a
sintered glass funnel, check with your instructor on the appropriate method
for cleaning the funnel, before and after use, so that your product will not be
contaminated. On the other hand, if particle sizes are large enough to prevent
this problem, sintered-glass funnels are very effective in suction filtration.

Heating

In the laboratory you will be required to heat chemicals in dissolution of a
solid, promotion of reaction (reflux), distillation of pure compounds and
mixtures, extraction, coagulation of precipitates, drying solid compounds, etc.
Your choice of heat source depends upon several factors:

e First and foremost, the flammability and velatility of the chemical and
solvent.

e The operation to be carried out, e.g. simple preparation of a solution,
reflux or distillation.
The temperature required for the process.
The amount of chemical or solvent to be heated.

Bumping
Before you attempt to heat any liquid or solution you must take precautions
to prevent ‘bumping’. This is when the liquid suddenly boils without any
warning and results in hot liquid and vapour shooting uncontrollably out of
the container. ‘Bumping’ can occur during simple heating in a test tube,
conical flask or beaker or in more complex situations such as reflux and
distillation. It is necessary to provide a point in the liquid or solution where
vaporization of the liquid can occur in a controlled manner.

Before you start heating a liquid or solution you must always take one of
the following ‘anti-bumping’ precautions:

e Add one or two ‘boiling stones’ or ‘anti-bumping granules’; these can be
filtered off later in the process.
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Using a microburner — do not place the
_microburner under the flask and leave it
there: you will have no control over the
rate of heating. i

Heating a test tube — you must ‘wave’ the
test tube in the flame to prevent localized
heating, which will cause the liquid to
*bump’ out of the tube. Also use an
appropriate anti-bumping device and
make sure that the tube is not pointing at
anyone. :

\

\

Fig. 5.70 Heating an aqueous solution using a

Bunsen burner.
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hot blue flame
when air inlet open

luminous wavy flame
when air inlet closed

movable collar
; maovable collar
air inlet

air inlet

(a) (b)

Fig. 5.9 (a) Bunsen burner; (b) microburner.

e Add a Pyrex™ glass rod to the beaker or conical flask. The rod must be
longer than the container so that it can be removed and rinsed before the
solution is used further.

e Add a ‘boiling stick’: these are thin pieces of wood sold as ‘wooden
applicators’, but you must be sure that nothing will be extracted from the
wood into your solution.

e Stir the liquid or solution with a magnetic ‘flea’ (see p. 35) which should
be removed before further processing of the chemicals.

e Stir the liquid or solution with a mechanical stirrer (see p. 118).

e Usean air or inert gas (nitrogen) capillary bleed during vacuum distillation
(see p. 110).

m Make sure that you add the anti-bumping device

before you start heating since uncontrolled boiling may occur immedi-
ately. You must allow the liquid to cool back to room temperature and
then add the anti-bumping device.

Burners

Gas burners come in two common forms: large burners called Bunsen
burners and small burners known as microburners (Fig. 5.9). Bunsen burners
are commonly used for heating aqueous solutions in flat-bottomed Pyrex™
vessels supported on a tripod and wire gauze (Fig. 5.10) but for many other
heating applications Bunsen burners do not provide adequate control.
Microburners may be used for direct heating of round-bottom or pear-
shaped glassware in small-scale operations where good control of the heating
rate is required, such as distillation or determination of melting point (see
p.- 87). When using a microburner for heating make sure that you do not
create a ‘hot spot’, which may result in uneven heating of the liquid and
‘bumping’, by ‘waving’ the flame around the flask starting just below the
level of the liquid and working down to the bottom of the flask and back
again.

Microburners are also useful for heating boiling tubes and test tubes,
sealing the ends of melting point tubes (see p. 88), making micropipettes for
chromatography (see p. 217) and bending the ends of Pasteur pipettes for
special purposes (see p. 112).

To use a burner, first make sure that the gas piping, is attached
securely to both the burner and the gas tap. is of the correct type of
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Tubing for gas burners — this must be of
medium wall thickness so that it does not
kink or compress easily. With thin-walled
tubing, you could accidentally lean on the
tubing, cutting off the gas supply, which
extinguishes the burner. When you
release the constriction, gas will then
flow into the laboratory.

Safety note Before lighting a gas burner
make sure that nobody is using
flammable solvents in the laboratory.

Safety note Take particular care when
you turn off the gas supply to a Bunsen or
microburner. Usually the gas tap is
situated at the back of the laboratory

bench, so make sure you do not reach over

the flame or knock over your apparatus.

Do not confuse a water bath, which is a
general-purpose heating device, with a
constant temperature bath, which is a
precision device used to control the
temperature of the liquid in it (usually
water, but not always) to within 0.5°C.

Safety note If you need to increase or
decrease the size of the "hole’ by adding
or removing rings, do it before you start
heating or use tongs to prevent scalding
by the steam. :

Using a ‘multiple hole’ water bath — make
sure all the other ‘holes’ are covered
otherwise the steam will escape through
them and heating your flask will be very
slow. :

Safety note Steam lines are very
dangerous and you should not attempt to
use them without direct supervision from
your laboratory instructor.

Diethyl ether {ether} and hydrocarbons
(petroleum spirit) must never be heated
on a hot plate. Diethyl ether {(b.pt. 35°C)
should always be heated under reflux
using warm water and petroleum
hydrocarbons should be heated under
reflux on a water bath or oil bath.

rubber tubing, and is not damaged. Close the movable collar and light the
gas with a gas igniter: do not use a splint or a piece of burning paper in
case you cause a fire in the waste bin when disposing of the paper. Open
the collar to produce a hot blue flame and adjust the gas flow to give the
required size of flame. If your work is interrupted. close the collar a little
to produce a luminous flame. Finally, when the operations are complete,
turn off the gas and do not pick up the burner by the barrel, or put it
into a cupboard, until it has cooled.

The advantages of the burner are that the heat source can be removed
instantly from the apparatus and that the flame is visible: in contrast you
often cannot distinguish between a cold and hot metal surface. The
disadvantages are those of an open flame.

Steam baths and water baths

These are heat sources, which have a maximum temperature of 100°C; they
are safe to use even with most flammable chemicals and solvents and they
differ only in the way the steam is produced.

Water baths are the more common of the two, and the steam is
generated by heating water with an electric element — just like a kettle. The
element may have a thermostatic control, which can control the
temperature of the water to some extent. Most water baths have a constant
level device on the side of the bath, which supplies water to the bath to a
fixed level above the heating element and prevents the water bath from
boiling dry. Water baths are ‘single hole’ or ‘multiple hole” types, and the
holes are covered by concentric metal or plastic rings, which allows you to
vary the size of the hole.

When you are to use a water bath, make sure that water is flowing into
and out of the bath via the constant level device — check that water is flowing
from the pipe into the drain. Turn on the controller to the level you require —
the power can be turned down once the bath is boiling.

A steam bath looks like the ‘single hole’ water bath except that there is no
heating clement and no constant level device. Steam baths require piped
steam as their source of heat usually provided by a steam line, which is a
permanent supply in the laboratory.

Beakers and conical flasks sit firmly on the rings, while round-bottom and
pear-shaped flasks should have about half the surface of the flask immersed
in the steam (Fig. 5.11).

The main advantage of a water bath is the minimal risk of fire, while the
major disadvantages are the maximum temperature available (~100°C)
and the special precautions needed if anhydrous reaction conditions are
required: remember that steam will condense down the inside of reflux
condensers.

Hot plates and stirrer hot plates

These consist of a flat metal or ceramic plate, which is heated electrically, and
varies in size for use by an individual or by several people at the same time.
The small versions normally have a built-in magnetic stirrer, which can be
used to stir the liquid with a magnetic *flea’.

Hot plates of both types should only be used for heating flat-bottom
vessels such as beakers or conical flasks and only when the liquid being
heated is non-flammable. The vapour of a flammable liquid may ‘run’ down
the outside of the vessel and ignite on the hot metal of the heating surface.
Since the contact area between the heating surface and a round-bottom flask
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Using hot plates — ns\zer-wraé-"the power

cable round the heating plate. It may be
hot and melt the flex, exposing the wires.

Stirring in an oil bath - the stirrer
hotplate will stir both the ‘flea’ in the oil
bath and the ‘flea’ in the reaction vessel.

Using oil baths - oil baths should be used
in the fume cupboard because prolonged
heating may cause unpleasant and
possibly toxic fumes to be released from
fhedll=—1 - r T
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Fig. 5.11 (a) Heating a conical flask on a water bath; (b) heating a reflux set-up on
a water bath.

is very small, your attempts to heat these flasks effectively will require
excessive temperatures of the heating surface, which increases the dangers due
to lack of control of the heating process. Therefore round-bottom flasks
should only be heated using an oil bath (below) or a mantle (p. 35).

The flat exposed heating plate is extremely dangerous when hot: always
check that the plate is cool by passing your hand over the plate without
touching it or by placing a drop of water on the plate. If you have to pick up
a hot plate, hold it by the sides and do not touch the plate; it may burn.
Typical uses of hot plates are illustrated in Fig. 5.12a.

Oil baths
These are mostly used to heat round-bottom flasks at temperatures above
100°C. The oil bath, containing the heating fluid, is usually a non-ferrous
metal or Pyrex®™ dish and heated on a stirrer hot plate, and the temperature
of the bath is measured with a thermometer. The oil bath should never be
more than half-full, to allow a margin of safety for thermal expansion of the
oil, and stirred with a magnetic ‘flea’ to ensure even heating. The equipment
used in a typical oil bath is shown in Fig. 5.12b.

The nature of the oil used in the bath depends upon the temperature range
required and a selection of liquids is shown in Table 5.1.

You are most likely to encounter paraffin oil baths during your laboratory
work and the following safety points should be considered:

e Paraffin oil discolours rapidly with prolonged heating. If the oil is dark,
replace it with fresh oil. Dispose of the old oil in an appropriate manner
(check with laboratory staff).

Check that there is no water in the bottom of the oil bath: look for a
separate layer or globules of liquid in the bottom of the bath. If you heat
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Fig. 5.12 (a) A stirrer hot plate. (b) Using a
stirrer hot plate with an oil bath to heat a
round-bottom flask.

 Safety note Never connect an electric
heating mant iring an external

controller, directly to the mains electricity

Ll e S

Table 5.1 Qil bath liquids

Material

Paraffin oil 0-200 Flammable, cheap, produces acrid
{mineral oil) smoke above 220°C

Ethylene glycol 0-150 Flammable, cheap, low flash point
Polyethylene glycol 400  0-250 Water soluble

Silicone oil 0-250 Expensive

Glycerol 0-250 Water soluble

the bath above 100°C, the water will boil and may spatter hot oil over
vou and the apparatus. Dispose of the contaminated oil into the
appropriate waste container, clean the bath with paper towels to absorb
the water and refill with fresh oil once completely dry.

e If the oil bath is a Pyrex™ dish, check the dish carefully for cracks and
‘star’ cracks because you do not do want the dish of hot oil to break.

e Support the stirrer hot plate on a ‘labjack’ so that you can quickly
remove the heat source if the reaction goes wrong (see mantles, p. 36).

e When the heating process is finished, allow the bath to cool and raise the
flask, let the oil drain from it into the bath and then wipe the flask with a
cloth or paper towel. Otherwise your hands, gloves, apparatus, com-
pounds, etc., may become contaminated with oil.

Electric heating mantles

These are used for heating round-bottom flasks on/y and come in various sizes.
Always used a heating mantle appropriate to the size of the flask you are going
to heat, since you need to control the heating process. The flask should fit snugly
into the mantle with the top half of the flask above the case of the mantle. If the
mantle is too small, heating will be inefficient, whereas if the mantle is too big,
the flask will be overheated and decomposition of the contents may occur.

Electric heating mantles comprise an electric heating element wrapped in a
glass fibre covering, protected by an earth screen and enclosed in an
aluminium or, more commonly, a polypropylene case to allow handling at
moderate temperatures. Heating control is provided either by a regulator
built into the heating mantle (Fig. 5.13a) or by an external controller, which
is connected to the mantle by a plug.

Some mantles, ‘stirrer mantles’, have a built-in magnetic stirrer just like a
stirrer hot plate and can be used to mix the liquid using a magnetic flea or
bar (Fig. 5.13b). Stirrer mantles have two controls on the side: make sure that
you know the function of each, since one controls the extent of heating and
the other the stirrer speed.

When using mantles make the following safety checks:

e Make sure that the heating element is not damaged or worn. If in doubt
consult your instructor and get a replacement.

e Plug in and test the mantle controls ensuring that both heater and stirrer
are working. If fumes are given off from the heating elements someone
has spilt chemicals into the mantle: switch off, report the fault to your
instructor and obtain a replacement.

e Mantles are relatively slow to react to changes in the heater control
setting and it is easy to ‘overshoot’ the desired temperature. Therefore
always make small incremental changes in the heating control and if a
temperature below the boiling point of the liquid is required, make sure
that a thermometer is incorporated in the apparatus.
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heat control
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stir control

Fig. 5.13 Mantles: (a) heating mantle; (b) stirrer

mantle.
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Fig. 5.14 Heating using a stirrer mantle.
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e When using a mantle with complex apparatus such as for distillation
(p. 107), support the mantle on a ‘labjack’ so that it can be removed
quickly if overheating occurs (Fig. 5.14).

e If the mantle is not equipped with a stirrer, remember to add anti-
bumping granules (p. 31) to the liquid.

Hot-air guns

These can be used instead of Bunsen burners or microburners provided that
the temperature required is not too high. The main uses of hot-air guns are
for drying glassware and as a heat source for distillation of liquids at
relatively moderate temperatures up to about 120 °C.

Hot-air guns produce heated air, usually at two temperatures, and
cold air. As with a burner, the heat transferred to the flask being heated
can be controlled by ‘waving’ the hot air stream around the flask (see
p: 32).

Remember that the hot-air gun has a hot-wire heating element; therefore
do not use it in the presence of flammable vapours. The nozzle of the hot-
air gun will become very hot and can cause burns or even ignite some
solvents for some time after it has been switched off. You should switch the
gun to the cold-air mode for a few minutes after you have finished heating
and place it in a ‘holster’ made from a support ring before finally turning
off the gun.

Handling hot glassware
The safety precautions necessary for handling hot glassware depend upon:

e The temperature of the glassware.

e The type of glassware: test tube, beaker, conical flask, round-bottom
flask, ete.

e The size of the glassware.

e The manipulation being carried out.

Normally you do not need any hand protection to handle glassware at
temperatures up to 50°C. For general-purpose work, such as removing
glassware from the drying oven, assembling hot glassware and manoeuvring
hot beakers and conical flasks to and from a burner, steam bath or hot plate,
heat-resistant gloves are suitable and should be available in the laboratory.
Where more intricate processes are required, such as hot filtration, then
‘rubber fingers’ made from medium-wall rubber tubing (Fig. 5.15) give
adequate protection up to about 120°C and are less cumbersome than
insulated gloves. ‘Rubber fingers’ are useful for small volumes, up to 150 mL,
of liquids when the flask or beaker can be easily held by one hand. If larger
volumes are being manipulated then two hands are required and heat-
resistant gloves are essential.
The following specific techniques should be noted:

e Test tubes: should be held by a wooden test tube holder (Fig. 5.16), which
provides adequate insulation and grip. You should never use folded pieces
of paper or metal tongs.

e Conical flasks: are often clamped to a support stand during heating and
you should nrever attempt to use the clamp as a device to hold the flask
when removed from the support stand. If you place the flask on the
laboratory bench with the clamp attached it will fall over because of the
weight of the clamp. Furthermore, you will have little control over the
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Fig. 5.17 Pouring a hot solution.

pouring process. Use ‘rubber fingers’ or an insulated glove and never use
folded pieces of paper or metal tongs (Fig. 5.17).

e Beakers: these have specific problems since they have no narrow neck
which can be gripped for lifting. Small beakers of volumes up to 400 mL
capacity can easily be gripped in one hand protected by an insulated
glove or ‘rubber fingers’.

® Round-bottom flasks: small flasks of capacity up to 250 mL should be held
at the neck. gripped in one hand protected by an insulated glove or
‘rubber fingers’ and when moving and pouring from larger flasks they
should be held by the neck and supported underneath. Do not use a
clamp round the neck of the flask as a support.

Cooling

During laboratory work you will be required to carry out experiments at
temperatures below room temperature. The most common situations where
cooling is required are:

Cooling solutions during recrystallization.

e Completion of precipitation in quantitatative (gravimetric) analysis and
preparations.

e Cooling exothermic reactions.

e Carrying out reactions at low temperatures.

There are three cooling media commonly used in the laboratory: crushed
ice, solid carbon dioxide (Dry Ice®, Drikold®, Cardice™) and liquid
nitrogen. You are unlikely to use liquid nitrogen in the undergraduate
laboratory — if it 1s required you must consult your demonstrator about the
special safety protocols required for its use.

The most suitable containers for cooling baths are plastic bowls (ice
baths), Pyrex™ dishes (solid CO, baths) and Dewar flasks (solid CO, and
liquid nitrogen baths). If Pyrex™ dishes are to be used below —20°C, an
insulated container can be prepared by placing a smaller Pyrex® dish
inside a larger one and filling the space between with an insulating
material such as cotton wool, cork chips or polyurethane foam chips.
Remember that foam chips will dissolve if they come into contact with
many organic solvents.

If the temperature of the liquid or solution being cooled is critical,
do not assume that the temperature of the liquid or solution is the same
as that of the cooling bath: place a thermometer in the flask and
remember that for temperatures lower than —5°C you should use an
alcohol thermometer (red thread) or a thermocouple-type thermometer
(after checking that the probe will not react with the contents of the
flask).

Ice baths

A slurry of crushed ice and water can be used to give a cooling bath in the
range 0°C to 5°C. Pure crushed ice does not give good contact with the
glassware and inefficient cooling results.

If temperatures below 0°C are required, mixtures of crushed ice and
various inorganic salts can be used as shown in Table 5.2. Note that these
mixtures contain no liquid and therefore cooling is inefficient and the
temperatures indicated in the table are the lowest attainable under ideal
conditions.
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Table 5.2 |ce-salt mixtures

Sakt s Ratle Temperature
: ; {salt:ice) '

CaCl,.6H,0 1:25 -10°C

NH4CI 1:4 -15°C

NaCl 1:3 -20°C

CaCl;.6H,0 1:0.8 -40°C

Safety note If the cooling bath is more
than half-full of solvent, it will ‘boil’ out of

the bath as you add the first few lumps of

sﬂild COz

Using cooling baths - remember that a
cooling bath will condense water from
the atmosphere and therefore Iese ;ts
effectiveness over a period of time.
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Solid CO; baths

Solid CO,, when mixed with organic solvents, provides cooling media of
temperatures ranging from —15°C to —100°C. Some common mixtures
together with the minimum achievable temperatures are shown in Table 5.3.
The CO; and the organic solvent form a ‘slush’, which gives excellent contact
with flasks and, therefore, efficient cooling.

Table 5.3 Solid CO,- solvent mixtures

Solvent B ; Temperature Comments
Ethylene glycol —-15°C Ice/NH.Cl cheaper
Acetonitrile —-40°C Toxic, flammable
Chloroform —60°C Toxic

Ethanol —72°C Flammable
Acetone -78°C Flammable
Diethyl ether —-100°C Highly flammable

Solid CO; is supplied as large hard blocks or small quantities can be
prepared from cylinders of liquid CO; as a ‘snow’. Skin contact with solid
CO, will cause frostbite and it mus: be handled with insulated gloves. The
cooling bath must be an insulated container, which will need to be topped up
with solid CO, at regular intervals to maintain the temperature, or, if
prolonged cooling is required, a Dewar flask in which the coolant will
maintain its temperature for 12 hours or so.

To prepare a solid CO, cooling bath:

e Choose the appropriate solvent and remember to take into account the
hazards associated with its use.

e Break the solid CO> into small pieces. The CO; ‘snow’ can be broken
with a spatula, but the hard blocks should be wrapped in cloth and then
broken into pieces with a wooden or polyethylene mallet.

e Half fill the bath with the solvent and then, using an insulated glove, add
small pieces of the solid CO; until the mixture stops ‘boiling” and then
add a little more solid CO; and stir with a glass rod to give a slurry.

e Use an alcohol or thermocouple thermometer to check the temperature of
the bath.

e Top up the cooling bath with solid CO, if the temperature begins to rise.

m When using an internal thermometer to measure the
temperature of a liquid or solution which is being stirred with a mag-
netic flea or stirring bar, ensure that the thermometer bulb does not
come into contact with it.

To prevent the condensation of water into your flask, you should have an
inert gas flowing through it (see p. 126) and prepare the cold bath around the
flask and its contents so that slow cooling occurs. Sudden immersion of a
relatively ‘hot’ flask into the cold bath will cause the bath to *boil’ and air
(containing water vapour) will be sucked into the apparatus despite the inert
atmosphere. Alternatively a ‘loosely packed” CaCl, guard tube (see p. 117)
will suffice if cooling is not too rapid.

Cooling probes

These are rigid or flexible metal probes, which are connected to a
refrigeration compressor. The probe is placed in the cooling bath and covered
with a suitable solvent, which is then cooled to the temperature desired.
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glass

perforated plate
or gauze

desiccant

Fig. 5.18 Desiccators,

Cooling probes are commonly found in constant temperature baths, when a
temperature below ambient temperature is required, and probes can be used
instead of solid CO, to produce temperatures down to —100°C. Cooling
probes are expensive pieces of equipment; therefore you will find them
dedicated to a specific experiment and they are not usually available for basic
laboratory operations.

Drying

During your laboratory course it will be necessary to dry glassware, analytical
standard compounds (see p. 144), chemicals you have synthesized. crucibles
used in gravimetric analysis (see p. 139) and solvents. Drying solvents is
described on p. 127.

Drying glassware
For most general laboratory applications glassware can be dried in an electric
oven between 80°C and 90°C or by rinsing the glassware with a small
amount of water-miscible solvent, such as acetone or ethanol, and then
evaporating the solvent using a compressed-air jet. Remember to remove all
plastic components, taps and stoppers from the glassware before you put it in
the oven.

If glassware is required for anhydrous reactions, it must be heated in the
oven above 100°C, assembled while hot and allowed to cool while a stream
of inert gas is passed through it (see p. 126).

Drying solids

Here the term ‘drying’ means removal of a solvent, not specifically water,
from a solid by evaporation. The rate of evaporation and thus the rate of
drying can be increased by one (or all) of the following:

e Heating the chemical.
e Using a drying agent in a closed container to absorb the solvent.
e Reducing the atmospheric pressure.

Only chemicals which are thermally stable should be dried by heating.
Most inorganic compounds, which are salts with relatively high melting
points, can be dried in an electric oven to remove water, whereas organic
compounds, many of which have relatively low melting points, need to be
treated with more care and the oven temperature should be set between 30°C
and 50°C below the melting point of the chemical. Chemicals must be placed
in the oven on a clock-glass or watch-glass and be spread as thinly as
possible, to increase the rate of solvent evaporation.

If you cannot dry your compound in the oven, then use a desiccator.
Desiccators are made from glass or plastic and some, vacuum desiccators, are
equipped with a tap to allow evacuation as shown in Fig. 5.18. The bottom
of the desiccator is filled with a drying agent (desiccant) and the chemical, on
a watch-glass or clock-glass, is placed on the mesh shelf above and the
desiccator closed by sliding the lid onto the desiccator to provide an air-tight
seal. The desiccant absorbs the solvent from the ‘atmosphere’ in the
desiccator as it evaporates from the solid. The nature of the desiccant
depends upon the solvent to be removed (Table 5.4).

The most common drying agents for removal of water are anhydrous
CaCl, and self-indicating silica gel. The CaCl, should have the appearance of
‘chalky” lumps. Self-indicating silica gel is blue in the ‘active’ state and pink
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when its capacity for water absorption is ‘exhausted’. The water can be
removed from the pink silica gel by heating in an oven above 100°C and
restoration of the blue colour indicates reactivation.

Table 5.4 Drying agents for desiccators

Solventto be removed  Dryingagent ~ Comments
H,0 Silica gel
CaCIz
solid KOH Corrosive
: = P;05 Corrosive
s should be avoided Conc. H;S0, Corrosive liquid
ess th suitable alternative. = EtOH, MeOH CaCl,
sult your instructor for their disposal. Hydrocarbons Paraffin wax

The rate of drying can be increased by evacuating the desiccator and
vacuum desiccators are specially designed for this purpose. The principal
steps for the use of a vacuum desiccator are as follows and it is essential that
you follow the order of the operations:

e Check that the appropriate desiccant is present and active.

e Check that the desiccator seals perfectly: ensure that the ground-glass
edges to the lid are greased lightly or, if the desiccator has a rubber
gasket, carry out a trial evacuation to ensure that the vacuum seals the
desiccator by gently pressing the lid onto the gasket — listen for air being
sucked around the seal.

e Place the sample onto a watch- or clock-glass or a beaker covered with
tissue paper (secure with an elastic band) and place it on the shelf.

e Place the lid on the desiccator and open the tap and cover the desiccator
with an appropriately sized safety cage (Fig. 5.19) to prevent injury from
flying glass in the case of an implosion.

vacuum
stopcock

hole for

to vacuum
stopcock

desiccant

Fig. 5.19 Vacuum desiccator (with mesh safety cage).

e Connect the tap to an operating source of vacuum: a water pump (p. 30)
or vacuum pump (p. 110) and open the tap slowly to evacuate the
desiccator.

e When drying appears complete, close the tap on the dessicator and then
disconnect the vacuum supply.
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Using water pumps for proionged drymg
— this uses too much water: evacuate the
“desiccator, close the tap and disconnect
“and turn off the water pump. Check
periodically that the vacuum is preserved
using the filter paper technique. Re-
evacuate if necessary

Drying solvents — the drying agent used
for solutions or pure liquids is not usually
suitable for drying solvents for inert
atmosphere reactions.

Molecular sieves are synthetic calcium
and sodium aluminosilicates, which have
‘holes’ of specific sizes to allow the
absorption of molecules of similar
dimensions. Types 3A and 4A, with 0.3 nm
and 0.4 nm pores respec‘twety, are used for

drying.

Drying solutions and liquids — note that
phrases such as dryin'g over magnesium
‘sulphate’ mean that the Mgsm is added
to the solution.

e Place a small piece of filter paper on the end of the tap and open the tap
slowly. The filter paper will stick to the tap as air is drawn slowly
through it. When the air has completely filled the desiccator, the filter
paper will fall off and it is safe to open the desiccator.

If you need to heat the compound under vacuum, then you will need to use a
vacuum oven (for large quantities of solids). The principles of operation of
these pieces of equipment are similar to those of a vacuum desiccator, except
that an electric heater is incorporated. Always allow the apparatus to cool to
room temperature before releasing the vacuum.

Drying liquids

This usually means removing water from a liquid chemical or a solution of a
chemical in a water-immiscible solvent. You will always need to dry solutions
after a liquid-liquid extraction (p. 102) and you may need to dry liquids after
evaporation (p. 121) or distillation (p. 107). In both cases the liquid is placed in
direct contact with the solid drying agent, i.e. the drying agent is added to the
liquid or solution. Ideally the drying agent should be totally insoluble in the
liquid, should not react with it, absorb the water quickly and efficiently, and be
easily filtered off. A list of the common drying agents is given in Table 5.5.

Table 5.5 Drying agents for liquids and solutions

Drying agent Capacity Speed Efficiency Comments

MgS0, High Fast Good Best general use

Na; SO, High Slow Poor Useful

CaCl, High Slow Poor Reacts with O and N compounds
CaSO0, Low Fast Good Useful

K;CO3 High Fast Good Reacts with acidic compounds
Molecular sieve  Moderate Fast Good Must be activated at 300°C

Capacity: amount of water taken up.
Speed: rate of water absorption.
Efficiency: extent of drying after treatment.

You must remember that the drying agent will absorb some of the liquid
or solvent being dried as well as the water. If you wish to dry a small volume
of liquid, it is better to dissolve it in a low-boiling water-immiscible solvent
and dry the solution by the procedure described in Box 5.3.

Box 5.3 How to dry a solution over magnesium sulphate

Place the solution to be dried in a claa'rl,. drv

Gravity fllter the dried soivant Iayer through a

i 4.
_conical flask. The flask shou!d not be more than  fluted filter paper into a clean, dry flask. The'_
half-full. fluted filter paper should contain a small amount
2. Add small quantities of MgSO.; (hetween 01g - of fresh MgS0,, as a safety precau’tidn incase a
- and 1.0g depending upon the volume of soivent) few drops of water are ﬂeatmg in the surface of a
and swirl the conical flask between each addition. ~  denser solvent than wat(-:er : ' ]
At first the MgSO, will ‘stick’ to the sides and 5. Rinse the MgSO, in the conical flask wsth a fewj
bottom of the flask where it contacts with the  millilitres of pure dry solvent and filter it, to
water, but on further additions it will eventually ensure that you recover all the solute, and then. :
form a free-flowing powder in the liquid and the  rinse the MgSO, on the filter paper. :
solution will appear very clear and bright. B Remove the solvent by rotary evaporatlon {p 121)

3 Allow the mixture to stand for 10 mmutes.

'or distillation {p. 108}
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Jointed glassware

This type of glassware, commonly known as Quickfit™, comprises a complete
range of components fitted with standard-taper ground-glass joints. The
joints are fully interchangeable with those of the same size and apparatus for
a whole range of experiments can be assembled from the simple components
without the need to use rubber bungs, corks, etc. Where there is a mismatch
between the sizes of the joints of the pieces of glassware, reduction and
expansion adapters can be used. A typical range of jointed glassware is
illustrated in Fig. 5.20.

O dEgy

round-bottom flasks three-neck round-bottom flask
addition funnel saparatory funnel
condenser air condenser

{or a fractionation column)

[ s BV

guard tube stopper reduction/expension adapters
still-head splash-head Claisen adapter
distillation vacuum gas inlet thermometer
adapter distillation adapter adapter
adapter

Fig. 5.20 Glass equipment with standard-taper ground-glass joints.
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Do not attempt to use non-standard
ground-glass joints in the standard
Jjointware, it will not fit correctly. For
example, grount -glass stoppers from
volumetric flasks do not seal E!umkﬁt@
separatory funnels.

Greasing joints - you must grease all the
joints when carrying out a vacuum
drsrfﬂaﬂon

— always sep&rate i
- ground-giass joints as soon as you have
finished with the apparatus and wipe the
joints clean.

If you break a piece of jointed glassware,
do not throw the item into the broken-
glass bin. The glass blower may. be able
t& re-use it.

Using screwcap adapters - if the rubber
ring is not present in the screwcap
adapter, the thermometer will slide out of
the adapter and may smash both the
flask and the thermometer.

The ground-glass joint on the glassware is classified according to the
diameter of the joint at its widest point (internal diameter) and the length of
the ground-glass portion of the joint. Thus a 14/23 joint has a maximum
internal diameter of 14 mm and a length of 23 mm. Other common joint sizes
you will frequently encounter are 19/26, 24/29 and 35/39. The joint size is
always etched into glass on the side of or near to the joint. For obvious
reasons, joints are categorized as ‘female’ and ‘male’.

Care of jointed glassware

Jointed glassware is much more expensive than ordinary glassware because of
the precision required in fabricating the joints. If the joints “seize’ and cannot
be separated the glassware cannot be used again and you may have the
problem of a stoppered flask containing a volatile organic solvent, which
somebody has to open! If this happens, consult your instructor for help and
further advice.

There are two main causes of ‘seized’ joints:

1. Using solutions of potassium hydroxide or sodium hydroxide in water or
other solvents, which attack the glass.

2. Trapping chemicals, including solids and solutions of solids, in the
ground-glass joints.

If you are using jointed glassware with strong alkalis (NaOH, KOH), you
must grease the joints. In most cases a simple hydrocarbon-based grease, such
as petroleum jelly, will suffice, since it is easily removed from the joints by
wiping with a cloth wet with a hydrocarbon solvent (petroleum spirit, b.pt. 60—
80°C). Avoid silicone-based grease, since this is difficult to remove, soluble in
some organic solvents and may contaminate your reaction products.

To grease a joint, put a small smear of grease on the upper part of the
‘male’ joint, push it into the ‘female’ joint with a twisting movement and the
joint should become ‘clear’ from the top to about half-way down. If more
than half the joint has become ‘clear’, vou have used too much grease:
separate the joints, clean with a solvent-soaked cloth and repeat the process.

To avoid trapping chemicals in the ground-glass joints, fill flasks etc. using
a long-stemmed filter funnel or paper cone, which extends past the joint into
the flask (see p. 25).

Screwcap adapters

Screwcap or thermometer adapters allow you to place thermometers, glass
tubes or air bleeds into jointed glassware flasks. The screwcap adapter works
by using the screwcap to compress a rubber ring round the thermometer or
glass tube and thus hold it in place. The flexibility of the system allows the
height of the thermometer/glass tube to be varied. The adapters come in
different joint sizes and varying hole sizes to accommodate different-diameter
thermometers, tubes, Pasteur pipettes, etc. The component parts of a
screwcap adapter are shown in Fig. 5.21.

To use the screwcap adapter with a thermometer:

e Always disassemble the adapter to ensure that the rubber ring and the
Teflon™ seal are present. If they are missing, get replacements before use.
The Teflon™ seal is to protect the rubber ring from corrosive and solvent
vapours.

e [Ease the rubber ring onto the thermometer (see p.
Teflon™ seal on helow the ring.

13) and slide the

Fundamental laboratory technigues 43




Basic laboratory procedures Il

screwcap

=5<«——— rubberring

e Teflon® seal

joint

Fig. 5.21 The screwcap adapter.
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e Slide the screwcap over the top of the thermometer and then screw the
whole assembly onto the base of the adapter and tighten the screw
slightly, just enough to hold the thermometer.

e Trial fit the adapter and thermometer into the apparatus and adjust the
height of the thermometer by disassembling the adapter and moving the
rubber ring up or down. Reassemble the adapter.

e Check for final fit and tighten the screwcap firmly, but do not over-tighten.

Joint clips

Plastic joint clips or Keck™ clips (Fig. 5.22a) are used for holding ground-
glass joints firmly together and may be used to replace clamps and support
stands at certain points when building apparatus (see p. 109) and are essential
when using rotary evaporators (p. 122). The main weakness of these
otherwise useful devices is that they soften at about 130°C and this may
allow the joints to separate. Therefore they should never be used at the ‘hot
end” of a distillation, for example. The clip should be used to hold a
distillation adapter on the end of a water condenser, or the flasks onto a
fraction collector, but never on the distilling flask or to hold the condenser
onto the still head (Fig. 5.22b).

When using joint clips always:

e Check that you are using the appropriate size of clip for the joints being
held. The clips are often colour coded.

e Check that the clip is not cracked or split,

e Check that the wide ‘lower jaw’ of the clip fits under the rim of the
‘female’ joint and the ‘upper jaw’ fits round the male joint.

e Support the joints with your hand as you push the clip into place. If in
doubt use a protective insulated glove.

na joint clips here

joint clips here

joint clip or Keck® clip

fa)
Fig. 5.22 Joint clips and their use.



Praparmg solutms - practical advice i is
given onp. 15 :

Defimtlon

_'Electrolvta a substance that dtsscmates,
either fully or partially, in water to give
two or more ions.

Do not confuse the solubility of a
chemical with its strength as an .
electrolyte. Ethanoic acid is completely
soluble with: - in all proportions, yet

it is a weak electrolyte because it is only
partially dissociated. Barium hydroxide is
very insoluble in water, but the small
quantity which does dissolve (see K
below) is dissociated completely into
Ba®* and OH" ions; thus it is a strong
electrolyte.

Expressing solute concentrations — you
should use Sl units wherever possible.
However, you are likely to meet non-Si
concentrations and you must be able to
deal with these units too.

Example A 1.0 molar solution of NaCl
would contain 58.44 g NaCl (the
molecular mass) per litre of solution.

Principles of solution chemistry

A solution is a homogeneous liquid, formed by the addition of solutes to a
solvent. The behaviour of solutions is determined by the type of solutes
involved and by their proportions, relative to the solvent. Many laboratory
exercises involve calculation of concentrations, e.g. when preparing an
experimental solution at a particular concentration, or when expressing data
in terms of solute concentration. Make sure that you understand the basic
principles set out in this chapter before you tackle such exercises.
Solutes can affect the properties of solutions in several ways, as follows.

Electrolytic dissociation

This occurs where a substance dissociates to give charged particles (ions). For
a strong electrolyte, e.g. Na™Cl™, dissociation is essentially complete. In
contrast, a weak electrolyte, e.g. ethanoic acid, will be only partly dissociated,
depending upon the pH and temperature of the solution (p. 57).

Osmotic effects

These are the result of solute particles lowering the effective concentration of
the solvent (water). These effects are particularly relevant to biological
systems since membranes are far more permeable to water than to most
solutes. Water moves across biological membranes from the solution with the
higher effective water concentration to that with the lower effective water
concentration (0smosis).

Ideal[non-ideal behaviour

This occurs because solutions of real substances do not necessarily conform
to the theoretical relationships predicted for dilute solutions of so-called ideal
solutes. It is often necessary to take account of the non-ideal behaviour of
real solutions, especially at high solute concentrations (see Lide (2000) for
appropriate data).

Concentration

In SI units (p. 71) the concentration of a solute is expressed in mol m3,
which is essential for calculating specific parameters for substances (e.g.
p. 73). but which is inconvenient when dealing with solutions in the labora-
tory. A cubic metre (m?) of water weighs approximately 1 ton! A common
unit of volume used in chemistry is the litre (L): this is a non-SI unit and is
converted to the SI unit of volume (m*) using 1.0L = 1073 m?®. The concen-
tration of a solute is usually symbolized by square brackets, e.g. [NaCl].
Details of how to prepare solutions are given on pp. 17, 19,

A number of alternative ways of expressing the relative amounts of solute
and solvent are in general use, and you may come across these terms in your
practical work or in the literature.

Molarity

This is the term used to denote molar concentration, [C], expressed as moles
of solute per litre volume of solution (mol L~!). This non-SI term continues
to find widespread usage, in part because of the familiarity of working
scientists with the term, but also because laboratory glassware is calibrated in
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Box 6.1

Useful procedures for calculations involving molar concentrations

Preparing a solution of defined molarity. For a
solute of known relative molecular mass (M,), the
following relationship can be applied:

(C]

So, if you wanted to make up 200mL (0.2L) of an
aqueous solution of NaCl (M. =5844g) at a
concentration of 500mmolL~' (0.5molL""), you
could calculate the amount of NaCl required by
inserting these values into eqn [6.1]:

_mass of solute/M,

T = 1
volume of solution 1

mass of solute/58.44
05 = 03

which can be rearranged to
mass of solute = 0.5 x 0.2 x 58.44 = 5.844¢g

The same relationship can be used to calculate the
concentration of a solution containing a known
amount of a solute, e.g. if 21.1g of NaCl were made
up to a volume of 100 mL (0.1 L), this would give:

where [Ci] and [G] are the initial and final con-
centrations, while V4 and V4 are their respective
volumes: each pair must be expressed in the same
units. Thus, if you wanted to dilute 200mL of
05molL ' NaCl to give a final molarity of
0.1 mol L™, then, by substitution into egn [6.2];

0.5x200=0.1x% V>

Thus ¥, = 1000 mL (in other words, you would have
to add water to 200 mL of 0.5 molL ! NaCl to give a
final volume of 1000mL to obtain a 0.1molL™’
solution).

Interconversion. A simple way of interconverting
amounts and volumes of any particular solution is
to divide the amount and volume by a factor of
10% thus a molar solution of a substance contains
1mol L', which is equivalent to 1mmolmL~', or
1umolul~', or 1nmolnL-", ete. You may find this
technique useful when calculating the amount of
substance present in a small volume of solution of
known concentration, e.g. to calculate the amount

of NaCl present in 50ul of a solution with a

w concentration (molarity) of 0.5 mol L~' NaCl:

= =1
K =3.61mollL

[NaCll =
{a) this is equivalent to 0.5 gmol uL=7;
(b} therefore 50uL will contain 50 x 0.5 umol =
25 umol.
The ‘unitary method’ (p. 263) is an alternative
approach to these calculations.

2. Dilutions and concentrations. The following
relationship is very useful if you are diluting (or
concentrating) a solution:

[Gi]W =[GV [6.2]

millilitres and litres, making the preparation of molar and millimolar
solutions relatively straightforward. However, the symbols in common use
for molar (M) and millimolar (mM) solutions are at odds with the SI system
and many people now prefer to use molL™' and mmol L™! respectively, to
avoid confusion. Box 6.1 gives details of some useful approaches to calcula-
tions involving molarities.

Molality

This is used to express the concentration of solute relative to the mass of solvent,
i.e. molkg~'. Molality is a temperature-independent means of expressing solute
concentration, rarely used except when the osmotic properties of a solution are
of interest (p. 49).

Example A 0.5 molal solution of NaCl
would contain 58.44 x 0.5 = 29.22 g NaCl
per kg of water.

Per cent composition (%% wlw)

This is the solute mass (in g) per 100g solution. The advantage of this
expression is the ease with which a solution can be prepared, since it simply
requires each component to be pre-weighed (for water, a volumetric
measurement may be used, e.g. using a measuring cylinder) and then mixed
together. Similar terms are parts per thousand (%), i.e. mgg™', and parts per
million (ppm), i.e. ugg=!.

Example A 5% w/w NaOH solution
contains 5g NaOH and 95 g water
(=95 mL water, assuming a density of
1gmL~") to give 100g of solution.
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Example A 5% w/v KOH solution
contains 5g KOH in 100 mL of solution. A
5% v/v glycerol solution would contain
5mL glycerol in 100 mL of solution.

Note that when water is the solvent this
is often not specified in the expression,
e.g. a 20 mL v/v ethanol solution contains
20% ethanol made up to 100 mL of
solution using water.

Note that ppm may be a weight/weight
{w/w) expression. The origin of the term
ppm derives from a solution whose
concentration is 1 ppm if it contains 1g of
solute for each million (108) g of solvent.

Per cent concentration (% w/[v and % v/[v)

For solutes added in solid form, this is the number of grams of solute
per 100 mL solution. This is more commonly used than per cent com-
position, since solutions can be accurately prepared by weighing out the
required amount of solute and then making this up to a known volume
using a volumetric flask. The equivalent expression for liquid solutes is
% v/v.

The principal use of mass/mass or mass/volume terms (including gL~")
is for solutes whose molecular mass is unknown (e.g. polymers), or for
mixtures of certain classes of substance (e.g. total salt in sea water). You
should never use the per cent term without specifying how the solution
was prepared, i.e. by using the qualifier w/w, w/v or v/v. For mass
concentrations, it is often simpler to use mass per unit volume, e.g.
megL~!, pg uL~!, ete.

Parts per million concentration (ppm)
This is a non-SI weight per volume (w/v) concentration term commonly used
in quantitative analysis such as flame photometry, atomic absorption
spectroscopy and gas chromatography, where low concentrations of solutes
are to be analysed. The term ppm is equivalent to the expression of
concentration as pgmL™! (107°gmL~!) and a 1.0ppm solution of a
substance will have a concentration of 1.0 ugmL~"' (1.0 x 10~® gmL"1). A
typical procedure for calculations in terms of ppm is shown in Box 6.2.

Parts per billion (pph) is an extension of this concentration term as
ngmL ™' (1077 gmL~!) and is commonly used to express concentrations
of very dilute solutions. For example, the allowable concentration of

Box 6.2 How to convert ppm into mass of chemical required

Example: Suppose you are asked to prepare an
agueous solution of sodium ions (250.00 mL) of approxi-
mate, but accurately known, concentration of 10 ppm
from either sodium chloride or anhydrous sodium

carbonate.

1. Convert the ppm concentration into gL' Thus
1.0ppm = 1.0 x 10 8 gmL " and hence a solution of
10 ppm =10x10°%gmL ' = 10° x 10x10-fgL-"

=10 x103gL-".

2. Convert the concentration from gL' to molL-'. The
A, for sodium ion is 23g and for a litre of 10 ppm
solution you need 10 x 103 + 23 = 0.435 % 102 mol

of sodium ions.

(a} Sodium chloride (NaCl), M, —58.5: therefore
you need to weigh out 585 x 0.1087 x 102 =
6.359 x 10 g of sodium chloride to be made
up to 250.00mL for a 10 ppm solution of
sodium ions.

(b) Sodium carbonate {Na,CO3), M, = 106: you
must note that each ‘molecule’ of sodium
carbonate contains fwo sodium ions; thus the
number of moles of sodium carbonate required
for a 10 ppm solution of sodium ions is
0.1087 % 10~ + 2 = 0.05435 x 10 3 mol.  You
must therefore weigh out 106 x 0.05435 x 103
=57611 x 10 3g of sodium carbonate to be
made up to 250.00 mL for a 10 ppm solution of
sodium ions.

3. Convert the number of moles per litre into moles
in the volume required (250.00 mL). Since 1.0 litres
of 10 ppm solution of sodium ions requires 0.435 x
10 # mol of sodium ions, then 250.00mL (0.25L) of
solution will need 0.25 x 0.435 % 10~3mol = 0.1087
% 10-2 mol of sodium ions.

5. Decide how you are to prepare these solutions
using the procedures outlined in Boxes 4.1, 4.2
and 4.3, since the calculation shows that you will
need to weigh out small masses of chemicals,
which are at the limit of accuracy of an analytical

balance.
4. Calculate the mass of either sodium chloride or

sodium carbonate required to make up the
solution:
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arsenic in water may be 0.05 ppm, but it is more conveniently expressed
as 50 ppb.

Activity (a)
This is a term used to describe the effective concentration of a solute. In
dilute solutions, solutes can be considered to behave according to ideal
(thermodynamic) principles. i.e. they will have an effective concentration
equivalent to the actual concentration. However, in concentrated solutions
(= 0.5molL""), the behaviour of solutes is often non-ideal, and their
effective concentration (activity) will be less than the actual concentration [C].
Table 6.1 Activity coefficient of NaCl solutions ~ The ratio between the effective concentration and the actual concentration is

as a function of molality. Data from Robinson called the activity coefficient (y) where
and Stokes (1970)

y == [6.3]
Molality ~  Asctivity coefficient at 25°C (C]
0.1 0.778 Equation [6.3] can be used for SI units (molm~%), molarity (molL"") or
0.5 0.681 molality (molkg™"). In all cases, y is a dimensionless term, since @ and [C] are
;g ggg; expressed in the same units. The activity coefficient of a solute is effectively
4.0 0.783 unity in dilute solution, decreasing as the solute concentration increases
6.0 0.986 (Table 6.1). At high concentrations of certain ionic solutes, y may increase to

become greater than unity.

m Activity is often the correct expression for theoretical
relationships involving solute concentration (e.g. where a property of
the solution is dependent on concentration). However, for most practical
purposes, it is possible to use the actual concentration of a solute rather
than the activity, since the difference between the two terms can be ig-
nored for dilute solutions.

Example A solution of NaCf Wl‘th a

molality of 0.5 molkg~"' has an activity
coefficient of 0.681 at 25°C and a molal

activity of 0.5 x 0.681 = 0.340 molkg '..

Equivalent mass (equivalent weight)

Equivalence and normality are outdated terms, although you may come
across them in older texts. The magnitude of an equivalent mass (equivalent
weight) can be simply identified from the balanced equation for the reaction
being considered. Remember that the equivalent mass can change, depending
on the reaction, as the following reactions illustrate.

For:
HCI + NaOH — NaCl + H,0

I mol of HCI reacts with 1 mol of NaOH, the equivalent mass of HCI is
M, = 36.5 and the equivalent mass of NaOH is also its A, = 40.
For:
H,S04 + 2NaOH — Na»S04 + 2H-,0

since 1 mol of H,80y reacts with 2mol of NaOH, the equivalent mass of
H>S04 is M; +2 =98 + 2 =49, while the equivalent mass of NaOH is still
M, = 40.
For:
5FeS04 + KMnOy — Fes(S0,); + 2MnSO,4

since 1 mol of KMnOy reacts with Smol of FeSQOy, then the equivalent mass
of KMnOy is M, =5 = 158 + 5 = 31.6, and that of FeSQj is still M. = 152.
But, for:
H>S0, + Na,CO; — Na»SO4 + CO» + H,O

since the reaction is 1:1, the equivalent masses of H,SOs and Na,CO; are
their M, values, 98 and 106 respectively.
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As a result of this possible confusion, the concept of equivalent mass
(weight) is rarely used.

Normality
A 1 normal solution (1N) is one that contains one equivalent mass of a

AO5N solution of sulphui "'c - ; : '
- i substance per litre of solution. The general formula is:

ntaln05x4904:—~ E

-Examp'a
acid would
24529 _|.-..'1

mass of substance per litre

E [6.4]
equivalent mass

normality =

Osmolarity

This non-SI expression is used to describe the number of moles of
osmotically active solute particles per litre of solution (osmol L.=!). The need
for such a term arises because some molecules dissociate to give more than
one osmotically active particle in aqueous solution.

'Exampie Und 'deal cnnd:tmns-:l mol

Osmolality

This term describes the number of moles of osmotically active solute particles
per unit mass of solvent (osmol kg~!). For an ideal solute, the osmolality can
be determined by multiplying the molality by n, the number of solute
particles produced in solution (e.g. for NaCl, n =2). However, for real
solutes, a correction factor (the osmotic coefficient, ¢) is used:

osmolality = molality x n x ¢ [6.5]
Table 62 Osimotic coefficiants of Nati If necessary, the osmotic coefficients of a particular solute can be obtained
solutions as a function of molality. Data from from tables (e.g. Table 6.2): non-ideal behaviour means that ¢ may have
Robinson and Stokes (1970) values > 1 at high concentrations. Alternatively, the osmolality of a solution

e 2 : ; can be measured using an osmometer.

Molality =~ Osmotic coefficient at 25°C
0.1 0.832 Osmotic pressure
?g ggg; This is based on the concept of a membrane permeable to water, but not to
2.0 0.983 solute molecules. For example, if a sucrose solution is placed on one side and
g-g 1;;? pure water on the other, then a passive driving force will be created and

water will diffuse across the membrane into the sucrose solution, since the
effective water concentration in the sucrose solution will be lower. The
tendency for water to diffuse into the sucrose solution could be counteracted
by applying a hydrostatic pressure equivalent to the passive driving force.
Thus, the osmotic pressure of a solution is the excess hydrostatic pressure
required to prevent the net flow of water into a vessel containing the
solution. The SI unit of osmotic pressure is the pascal, Pa (=kgm™!s7?).
Older sources may use atmospheres, or bars, and conversion factors are given
in Box 9.1 (p. 72). Osmotic pressure and osmolality can be interconverted
using the expression 1 osmolkg™! = 2.479 MPa at 25°C.

The use of osmotic pressure has been criticized as misleading, since a
solution does not exhibit an ‘osmotic pressure’ unless it is placed on the other
side of a selectively permeable membrane from pure water!

Colligative properties and their use in osmometry

Several properties vary in direct proportion to the effective number of
osmotically active solute particles per unit mass of solvent and can be used to
determine the osmolality of a solution. These colligative properties include
freezing point, boiling point and vapour pressure.
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Using an osmometer - it is vital that the
sample holder and probe are clean,
otherwise small droplets of the previous
sample may be carried over, leading to
inaccurate measurement. =

Insolubility — no solute can be shown to
be completely insoluble in a given
solvent, but for practical purposes, a
compound which has less than 0.01% (w/
w} solubility in a solvent can be

considered to be insoluble in that solvent.

Variation of solubility — the solubility of a
chemical may vary in different solvents.
For example, NaCl is soluble in water but
insoluble in DCM whereas for
naphthalene the opposite is true.

Saturated solutions - theoretically, a
saturated solution is one in which the
solution is in dynamic equilibrium with
the undissolved solute. '

Solubility — remember to use mass =
volume x density when converting
solubilities from grams of solute per

100 g of solvent to gL-", when using

solvents other than water.
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. | o Fig. 6.1 Temperature responses of a
" cryoscopic osmometer. The response
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1. initial supercooling
i 2. initiation of crystallization
2 3. crystallization/freezing
- - 4, plateau, at the freezing point
0 time 5. slow temperature decrease

An osmometer is an instrument which measures the osmolality of a
solution, usually by determining the freezing point depression of the solution
in relation to pure water, a technique known as cryoscopic osmometry. A
small amount of sample is cooled rapidly and then brought to the freezing
point (Fig. 6.1), which is measured by a temperature-sensitive thermistor
probe calibrated in mosmol kg~!. An alternative method is used in vapour
pressure osmometry, which measures the relative decrease in the vapour
pressure produced in the gas phase when a small sample of the solution is
equilibrated within a chamber.

Solubility

The extent to which a solute will dissolve in a solvent is called its solubility.
The solubility of a chemical is conventionally expressed as the maximum
number of grams of a chemical that will dissolve in 100g of solvent but
conversion to molL~! or gL~} is simple and may be appropriate for some
applications (see below). Since solubility is temperature dependent, is always
quoted at a specific temperature. With a very few exceptions, increasing the
temperature of a solvent increases the solubility of the solute.

Saturated solutions

For practical purposes, a saturated solution is one in which no more solute will
dissolve. For example, the solubility of sodium chloride in water is 35.6 g per
100 g at 25°C and 39.1 g per 100 g at 100°C and both solutions are saturated
solutions at their respective temperatures. If the 100 °C solution is cooled to
25°C, then 3.5g of NaCl crystals will precipitate from the solution, because
the solution at 25 °C requires only 35.6 g of NaCl for saturation. This process
is the basis of purification of compounds by recrystallization (see p. 92).

Solubility product

In dilute aqueous solutions, it has been demonstrated experimentally for
poorly soluble ionic salts (solubilities less than 0.01molL~") that the
mathematical product of the total molar concentrations of the component
ions is a constant at constant temperature. This product. K is called the
solubility product. Thus for a saturated solution of a simple ionic compound
AB in water, we have the dynamic equilibrium:
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Example A 0.5 molal solution of NaCl
ould contai <05 =29.22g NaCl

AByiid == Afq) + Byg)

where AB represents the solid which has not dissolved, in equilibrium with its
ions in the aqueous saturated solution. Then:

K, =[AT]x[B]

For example, silver chloride is a solid of solubility 0.00015g per 100 mL of
water in equilibrium with silver cations and chloride ions. Then:

K =[Ag"]x [CIT]

The solubility of AgCl is 0.0015gmL~" (10 x solubility per 100 g, assuming
that the density of water is 1.0 gmL~") and therefore the solubility of AgCl is
0.0015 + 143.5 = 1.05 x 10  molL~!. Thus the saturated solution contains
1.05 x 103 mol L~! of Ag" ions and 1.05 x 10~ *molL~" of CI~ ions and
the solubility product K is

Ky =(1.05x 1079 x (1.05 x 10~y = 1.1 x 10" mol> L2

If the solid does not have a simple 1:1 ratio of its ionic components, ¢.g.
PbCl,, then the solubility product is given by:

K, =[Pb*" ] x [CI]?
In general terms, the solubility product for a compound M, N,, is given by
K;=[MT}P x[N7F

The practical effects of solubility products are demonstrated in the
detection of anions and cations by precipitation (p. 135) and in quantitative
gravimetric analysis (p. 139). For example, if dilute aqueous solutions of
silver nitrate (solubility 55.6g per 100g of water) and sodium chloride
(solubility 35.6g per 100g of water) are mixed, an immediate white
precipitate of AgCl is produced because the solubility product of AgCl has
been exceeded by the numbers of Ag™ and CI~ ions in the solution, even
though the ions come from different ‘molecules’. A saturated solution of
AgCl is formed and the excess AgCl precipitates out. The solubility product
of the other combinations of ions is not exceeded and thus sodium and
nitrate ions remain in solution. Even if the concentration of Ag™ is extremely
low, the solubility product for AgCl can be exceeded by the addition of an
excess of Cl™ ions, since it is the multiplication of these two concentrations
which defines the solubility product. Thus soluble chlorides can be used to
detect the presence of Ag™ ions and, conversely, soluble silver salts can be
used to detect CI™ ions, both quantitatively and qualitatively.

Reactions of ions in solution
There are essentially only four basic reactions of ions in solution:

1. Acid-base reactions.

2. Precipitation reactions.

3. Complexation reactions

4.  Reduction-oxidation (redox) reactions.

Acid-base, precipitation and complexation reactions are all examples of
exchange (metathesis) reactions in which ions in solution ‘exchange partners’,
for example:

AYY +BYZ = AT Z + BY"
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Metathesis reactions are really equilibria between the ionic species, which
are displaced to the right (to the reaction product) by a feature which defines
the classification of the reaction type.

Acid-base reactions

The most common acid-base reactions are exemplified by the neutralization
reaction between hydrogen ions and hydroxide ions; for example, the
reaction between dilute hydrochloric acid and dilute sodium hydroxide:

H*Cly,,, + Na*OH ,,, — H-OH 5 + Na'Cl

Since water is essentially a covalent compound (see p. 56) its formation
effectively removes H" and OH~ from the equilibrium and drives the reaction
to completion. Other examples of this general type of reaction include the
removal of a molecule as a gas, such as reactions of acids with carbonates
and bicarbonates, where unstable H,CO; decomposes to H,O and CO;.

Precipitation reactions

In these reactions between ions, one substance is removed from the ionic
equilibrium by precipitation (see solubility product, p. 50) and drives the
equilibrium to the right (see p. 51).

Complexation reactions

A complex ion is formed by the reaction of a metal cation, in particular
transition metals, with an electron donor molecule (ligand), which can be
neutral or have a negative charge. The cation can accept an electron pair and
the ligand donates an electron pair to form a covalent donor (co-ordinate)
bond between the ligand and the metal ion. The ligands are said to co-
ordinate with the metal ion to give a complex. Many ligands are more
powerful electron donors than water and thus the addition of a ligand to an
aqueous solution of a metal cation displaces the equilibrium towards the
more stable complex ion. (See p. 151 for stability constants and complexes.)
The effects of complex formation are illustrated in Box 6.3.

The overall effect of complex formation is to ‘remove’ a hydrated metal
ion from the mixture of ions in solution by displacing the equilibrium in
favour of the complex, cf. the similar process in the formation of water in
acid-base titrations and precipitation reactions.

Reduction—oxidation (redox) reactions
The concepts of oxidation and reduction are defined in terms of complete
electron transfer from one atom, ion or molecule of a chemical to another:

e Chemical oxidized — chemical loses electron(s).
e (Chemical reduced — chemical gains electron(s).

This approach is generally applicable to most reactions and avoids compli-
cations of the older definitions involving hydrogen and oxygen. You should
realize that if a chemical is oxidized during a reaction, then another must be
reduced: oxidation and reduction always occur together. Furthermore:

e Oxidizing agent — gains electron(s) and is therefore reduced.
e Reducing agent — loses electron(s) and is therefore oxidized.

The following reaction between magnesium metal and dilute acid illustrates
these concepts:

+ 24+
Mg + 2H(,,, — Mg, + Ha)

52 Fundamental laboratory techniques




Principles of solution chemistry

Box 6.3 An example of complex formation

If an aqueous solution of ammonia is added to an
aqueous solution of copper (ll} sulphate the following
changes are observed.

A

On addition of the ammonia solution to the pale-
blue copper solution a white precipitate forms.

As addition is continued, the white precipitate
dissolves and a royal-blue solution is formed,
which does not change on further addition of
ammonia solution.

These changes can be explained as follows:

1. Ammonia solution is an equilibrium mixture, which

lies well to the left. Consequently a dilute solution
of ammonia contams a little OH- and Jnts of free
NH’3‘ : !

N-H‘g + Hy0 == NHj + OH"

Copper fII} sulphate comprises the Cu{HZO)z* ion
and SO% ions in solution.

3.

As the ammonia solution is added, the solubility
product of Cu(OH), is exceeded, even by the low
concentration of OH- ions and the white solid,
Cu(OH),, precipitates from the saturated solution
(see p. 51).

As addition of the ammonia solution is continued,
the free NHz molecules displace the water mole-
cules from the pale-blue Cu(H,0)2* complex ion to
form the royal-blue Cu(NHz)2' complex, which is
more stable than the water complex {larger stability
constant). _

Since the.'insblu’ble Cu(OH)s is in éqmi_ibrium with
the Cu(H,0)3", which is being removed as the
CU{NHQ}H—” &;-dmp!r-':x, the Cu(OH), reverts to
t‘:u{Hle:l)"T _which then forms the Cu(NH3)?'
complex. Thus the white precipitate d:ssolves

leaving the royal-blue solution of the CutNH3}2+

complex.

Magnesium metal has lost two electrons in forming Mg?*t ions and has
therefore been oxidized. The two protons have each gained an electron to
form hydrogen atoms (and then one hydrogen molecule) and have been
reduced. Since magnesium metal has been oxidized, it is a reducing agent and
because H™ has gained an electron, it is an oxidizing agent.

The stoichiometry of a redox reaction is defined by the number of
electrons transferred between the oxidizing agent and the reducing agent since
the number of electrons lost by the reducing agent must equal the number of
electrons gained by the reducing agent, e.g.

gMg(s} 0 OEng —% ZMg()(SJ

So that you can work out titrations involving redox reactions, you will find
it necessary to balance redox equations, and while it is easy for simple
reactions such as those above, more complex redox reactions, such as the one
below, require more thought and work.

2KMnOy4 + 5H,0; + 3H,804 — 2MnSOy + K280y + 50, + 8H,0

Such problems can be broken down into several simple steps, each with its
own set of rules:

e Identify the atoms, ions or molecules which have been oxidized and
reduced.

e Identify the ionic half-reactions for the species being oxidized and
reduced and combine them.

e Balance the ionic half-reactions and combine them to give a balanced
equation for the reaction.

The species which are oxidized and reduced can be identified using the
concept of oxidation numbers. The rules for determining oxidation numbers
and examples are given in Box 6.4 and the application of ionic half-reactions
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to balance redox equations is shown in Box 6.5. Note that the result of the
use of partial ionic equations gives a balanced ionic equation for the redox
reaction.

m In simple acid-base, precipitation and complexation

reactions, no change of oxidation number occurs at any of the atoms

54

involved.

Box 6.4 The use of oxidation numbers to identify redox systems

The oxidation number is a hypothetical charge assigned
to atoms in molecules and ions using a set of specific
rules. Since redox reactions involve transfers of
electrons, identification of the atoms which change
oxidation number will show the atoms, ions or molecules
which are specifically involved in the redox process.

Rules for oxidation numbers

1. For an atom in its elemental form, the oxidation
number is always 0. Thus Cl in Cl; has an oxidation
number 0, as does Na metal, and carbon in charcoal,
graphite or diamond.

2. For any monatomic ion, the oxidation number is
the same as the charge on the ion. Thus Na' has
an oxidation number of +1, CI~ is —1, AP* is +3,
S% is—2 etc

3. Non-metals usually have negative values, but
there are some exceptions:

{a) The oxidation number of fluorine is always —1

in all compounds.

The oxidation number of oxygen is always —2,

except when bonded to fluorine (OF;), in

peroxides {05"‘), where each oxygen atom is

—1 and superoxides (O;), where each oxygen

atom is — 2.

The oxidation number of the other halogens is

always —1, except when bonded to atoms of

greater electronegativity, e.g. Cl in CIF; js +3,

Br in BrCl is +1, etc.

{d) The oxidation number of hydrogen is always
+1, except when bonded to electropositive
metals, when it is -1, e.g. in HCl it is +1 in NH3
itis +1 and in NaH, MgH; and AlH; itis —1.

(b)

(c)

4. The sum of the oxidation numbers of all atoms in
a neutral compound is zero, e.g. in KCIOy4, K is +1
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(rule 2), four oxygen atoms, 4 x -2 = -8 (rule 3b);
therefore Cl must be +7 {(rule 3¢).

5. The sum of the oxidation numbers of all the atoms
in a polyatomic ion is equal to the charge on the
ion, e.g. in CO%" ion, each oxygen is —2 (rule 3b);
thus 8 x —2 = —6. Since the charge on the CO%"
ion is 2—, then carbon must be +4.

6. If the oxidation number of an atom becomes more

positive during the reaction, it has lost electrons
and has been oxidized.

If the oxidation number of an atom becomes more
negative during the reaction, it has gained
electrons and has been reduced.

Example: If you consider the unbalanced equation for
the reaction shown on p. 53:

KMnQ4 +H;0; +H;804 — MnSO; +K;80; +0; +H;0

you can now calculate that the only atoms which
have changed oxidation number are manganese,
which has changed from +7 in MnO; to +2 as
Mn*" in MnSO4, and oxygen, which has changed
from —1 in H20; (rule 3b) to 0 in O,. Thus Mn has
gained electrons and been reduced and oxygen
has lost electrons and been oxidized. Furthermore,
the Mn atom has gained five electrons and the 0%
ion has lost two electrons so five molecules of
H;05 should react with two molecules of KMnOj.

The two partial ionic reactions can now be
identified:

For oxidation MnO, — Mn?*’
For oxidation H:0; — O3

and the equation balanced as shown in Box 6.5.
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Box 6.5 How to balance redox equations from partial ionic equations using the ion-electron method

Example: You are to produce a balanced equation e~ +8H' +MnO, — Mn?* + 4H,0
from the partial ionic equations deduced in Box 6.4. I-_IZOZ =01 2H +2e-

1. Balance the atom which changes oxidation 5. Balance the electrons in each equation, since num-

number in each partial ionic equation: ber of electrons gained by oxidizing agent must
equal number of electrons lost by reducing agent.
Therefore muliiply top equation by 2 and bottom
equation by 5:

MnO, — Mn?* no change necessary in
either equation since Mn
and O are balanced _

H:0, — 0O on each side of the equation 10e” + 16H" + 2MnO,; — 2Mn*" + 8H,0

= =
2. Balance the oxygen atoms on each side of each B0y 20s + I P00

equation. 6. Add the equations together:

(a) If the reaction occurs in acid or neutral 7 = :
solution, for each O atom deficient, add one iy +16|1 +5H2Qg+2|\_/ln04 ._”'2M“2++
molecule H,O to the side deficient. 50, + 10H" + 8H,0 + 10e

(b) If the reaction occurs in alkaline solution, for 7. Cancel terms on opposite sides of the new equation:
each O deficient add two OH- to the side 4 = T
deficient and one molecule of H,0 to the other. 6H™ +5H,0; + 2MnO; — 2Mn™" + 50, + 8H,0

This ionic equation is sufficient to work out the mole

ratio of the reacting species, i.e. 5 moles of H;0, will

MnO, — Mn** + 4H,0 react with 2 moles of MnO;. All the other ions, K+ and

H.0, — 0O, S0Z, remain in solution and are unchanged by the

reaction. If the fully balanced equation is required, the

ions can be added to the ionic equation at the end of
the process and the numbers adjusted:

3H2S04 + 5H20; + 2KMnOy — 2MnS0; + 505+
K250, +8H,0

Your reaction occurs in acid solution, so:

3. Balance the hydrogen by addition of H' to the side
deficient:
8H" + MnO, — Mn** + 4H,0
H205 — Oy + 2H"
4. Balance the charge on each side of the equation by

the addition of electrons, each electron having a
charge of —1:
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.Base a cnmpmmd that acts' as a proton
‘acceptor in aquaous solution.

an acid togethar w;th its

3 'may dissemate m give
a proton and a hydmxyl ion Iamhotenc
behaymur} -

cu ollows: HCl is a strnng
acid giving [H*] = [CI"] = 0.02 mol L— :
Therefore pH = —[ogmto 02)= 1.7

Example The pH of a solution is 6.4.
Therefore the [H*] = 1071, i.e.
3.98 x 10 "molL 1.
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‘Example The pH of 0.02mol L' HCI can

pH and buffer solutions

pH is a measure of the amount of hydrogen ions (H") in a solution. It is
usual to think of aqueous solutions as containing H* ions (protons), though
protons actually exist in their hydrated form, as hydronium ions (H;O™). The
proton concentration of an aqueous solution [H'] is affected by several
factors:

e lonization (dissociation) of water, which liberates protons and hydroxyl
ions in equal quantities, according to the reversible relationship:

H.O=H"+O0OH" [7.1]
e Dissociation of acids, according to the equation:
H-A=H"+A" [7.2]

where H-A represents the acid and A~ is the corresponding conjugate
base. The dissociation of an acid in water will increase the amount of
protons, reducing the amount of hydroxyl ions as water molecules are
formed (eqn [7.1]). The addition of a base (usually, as its salt) to water
will decrease the amount of H', owing to the formation of the conjugate
acid (egn [7.2]).

e Dissociation of alkalis, according to the relationship:

X*OH™ = X* +OH™ [7.3]

where X"OH™ represents the undissociated alkali. Since the dissociation
of water is reversible (eqn [7.1]), in an aqueous solution the production of
hydroxyl ions will effectively act to ‘mop up’ protons, lowering the
proton concentration.

Many compounds act as acids, bases or alkalis: those which are almost
completely ionized in solution are usually called strong acids or bases, while
weak acids or bases are only slightly ionized in solution (p. 45).

In an aqueous solution, most of the water molecules are not ionized. In
fact, the extent of ionization of pure water is constant at any given
temperature and is usually expressed in terms of the ion product (or
ionization constant) of water, K,:

= [HT] [OH™] [7.4]

where [H'] and [OH™] represent the molar concentration (strictly, the
activity) of protons and hydroxyl ions in solution, expressed as mol L~!. At
25°C, the ion product of pure water is 10~'* mol*> L2 (i.e. 10~% mol*> m~%).
This means that the concentration of protons in solution will be 10~7 mol
L~! (10~* mol m™), with an equivalent concentration of hydroxyl ions (eqn
[7.1]). Since these values are very low and involve negative powers of 10, it is
customary to use the pH scale, where:

pH = —log;, [H'] [7.3]

and [H™] is the proton activity (see p. 48).
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Table 7.1 Effects of temperature on the ion
product of water (K,), H* ion concentration
and pH at neutrality. Values calculated from

Lide (2000).
: (H*]at .
Temp. ~ neutrality pHat
(*C) Ky (mol2L-2) (nmolL~!) neutrality
0 0.11 x 10~* 339 7.47
4 0.17 x 104 40.7 7.39
10 0.29 x 10°* 53.7 7.27
20 0.68x 10°¢ 83.2 7.08
25 1.01 x 104 100.4 7.00
30 1.47 x 104 120.2 6.92
37 2.39 x 1074 154.9 6.81
45 402 x10°* 199.5 6.70

Table 7.2 Properties of some pH indicator

dyes

Acid-base Useful

~ colour pH

Dye ‘change range
Thymol blue
(acid) Red-yellow 1.2-6.8
Bromophenol
blue Yellow-blue 1.2-6.8
Methyl orange Red-yellow 2.8-4.0
Congo red Blue-red 3.0-5.2
Bromocresol
green Yellow-blue 3.8-5.4
Methyl red Red-yellow 4.3-6.1
Litmus Red-blue 4.5-8.3
Chlorophenol red Yellow-red 4.8-6.3
Bromocresol
purple Yellow—purple 5.2-6.8
Bromothymol
blue Yellow-blue 6.0-7.6
Neutral red Red-yellow 6.8-8.0
Phenol red Yellow-red 6.8-8.2
1-Naphthol-
phthalein Yellow-blue 7.2-86
Phenol-
phthalein None-red 8.3-10.0

@ While pH is strictly the negative logarithm (to the

base 10) of H* activity, in practice H" concentration in molL~! (equiva-
lent to kmolm™* in Sl terminology) is most often used in place of activ-
ity, since the two are virtually the same, given the limited dissociation of
H,0. The pH scale is not Sl: nevertheless, it continues to be used widely

in chemistry.

The value where an equal amount of H" and OH™ ions are present is
termed neutrality: at 25°C the pH of pure water at neutrality is 7.0. At this
temperature, pH values below 7.0 are acidic while values above 7.0 are
alkaline. However, the pH of a neutral solution changes with temperature
(Table 7.1), owing to the enhanced dissociation of water with increasing
temperature. This must be taken into account when measuring the pH of any
solution and when interpreting your results,

Always remember that the pH scale is a logarithmic one, not a linear one:
a solution with a pH of 3.0 is not twice as acidic as a solution of pH 6.0, but
a thousand times as acidic (i.e. contains 1000 times the amount of H" ions).
Therefore, you may need to convert pH values into proton concentrations
before you carry out mathematical manipulations (see Box 40.2). For similar
reasons, it is important that pH change is expressed in terms of the original
and final pH values, rather than simply quoting the difference between the
values: a pH change of 0.1 has little meaning unless the initial or final pH is
known.

Measuring pH

pH electrodes
Accurate pH measurements can be made using a pH electrode, coupled to
a pH meter. The pH electrode is usually a combination electrode,
comprising two separate systems: an H™-sensitive glass electrode and a
reference electrode which is unaffected by H" ion concentration (see Fig.
7.2). When this is immersed in a solution, a pH-dependent voltage
between the two electrodes can be measured using a potentiometer. In
most cases, the pH electrode assembly (containing the glass and reference
electrodes) is connected to a separate pH meter by a cable, although some
hand-held instruments (pH probes) have combination electrodes and
meter within the same assembly, often using an HT-sensitive field effect
transistor in place of a glass electrode, to improve durability and port-
ability.

Box 7.1 gives details of the steps involved in making a pH measurement
with a glass pH electrode and meter.

pH indicator dyes

These compounds (usually weak acids) change colour in a pH-dependent
manner. They may be added in small amounts to a solution, or they can be
used in paper strip form. Each indicator dye usually changes colour over a
restricted pH range (Table 7.2): universal indicator dyes/papers make use of a
combination of individual dyes to measure a wider pH range. Dyes are not
suitable for accurate pH measurement as they are affected by other
components of the solution including oxidizing and reducing agents and salts.
However, they are useful for:

e cstimating the approximate pH of a solution;

e determining a change in pH, e.g. at the end-point of a titration.
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pH or buffer capacity

buffer capacity

alkali added

Fig. 7.1 Theoretical pH titration curve for a
buffer solution. pH change is lowest and buffer
capacity is greatest at the pK; of the buffer
solution.
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Buffers

Rather than simply measuring the pH of a solution, you may wish to control
the pH, during EDTA complexation titrations (see p. 152) or preparative
experiments involving carbonyl compounds, and one of the most effective
ways to control pH is to use a buffer solution.

A buffer solution is usually a mixture of a weak acid and its conjugate
base. Added protons will be neutralized by the anionic base while a reduction
in protons, e.g. due to the addition of hydroxyl ions, will be counterbalanced
by dissociation of the acid (eqn [7.2]); thus the conjugate pair acts as a
‘buffer’ to pH change.

The British standard for the pH scale is an aqueous solution of potassium
hydrogen phthalate (0.05 M), which has a pH of 4.001 at 20°C and is often
used as a calibration solution for pH meters.

Buffer capacity and the effects of pH

The extent of resistance to pH change is called the buffer capacity of a
solution. The buffer capacity is measured experimentally at a particular pH
by titration against a strong acid or alkali: the resultant curve will be strongly
sigmoidal, with a plateau where the buffer capacity is greatest (Fig. 7.1). The
mid-point of the plateau represents the pH where equal quantities of acid and
conjugate base are present, and is given the symbol pK,, which refers to the
negative logarithm (to the base 10) of the acid dissociation constant, K,
where

_[HY[AT]
K, = [FA] [7.6]
By rearranging eqn [7.6] and taking negative logarithms, we obtain:
(A~
pH = pK, + logy [HA] [7.7]

This relationship is known as the Henderson—Hasselbalch equation and it
shows that the pH will be equal to the pK, when the ratio of conjugate base
to acid is unity, since the final term will be zero. Consequently, the pK, of a
buffer solution is an important factor in determining the buffer capacity at a
particular pH. In practical terms, this means that a buffer solution will work
most effectively at pH values about one unit either side of the pK,.

Selecting an appropriate buffer

When selecting a buffer, you should be aware of certain limitations to its use.
Citric acid and phosphate buffers readily form insoluble complexes with
divalent cations, while phosphate can also act as a substrate, activator or
inhibitor of certain enzymes. Both of these buffers contain biologically
significant quantities of cations, e.g. Na™ or K*. TRIS (Table 7.3) is often
toxic to biological systems: owing to its high lipid solubility it can penetrate
membranes, uncoupling electron transport reactions in whole cells and
isolated organelles. In addition, it is markedly affected by temperature, with a
10-fold increase in H" concentration from 4°C to 37°C. A number of
zwitterionic molecules (possessing both positive and negative groups) have been
introduced to overcome some of the disadvantages of the more traditional
buffers. These newer compounds are often referred to as ‘Good buffers’, to
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Box 7.1 Using a glass pH electrode and meter to measure the pH of a solution

The following procedure should be used whenever
you make a pH measurement: consult the manu-
facturer’s handbook for specific information, where
necessary. Do not be tempted to miss out any of the
steps detailed below, particularly those relating to the
effects of temperature, or your measurements are
likely to be inaccurate.

pH meter
(potentiometer)

silver—silver chioride
electrode
saturated
KCI
solution
[ | refersnce
porous electrode
plug
= H*-sensitive
He! b et glass electrode
solution

test solution

Fig. 7.2 Measurement of pH using a combination pH
electrode and meter. The electrical potential difference
recorded by the potentiometer is directly proportional to the
pH of the test solution.

1. Stir the test solution thoroughly before you make
any measurement: it is often best to use a mag-
netic stirrer. Leave the solution for sufficient time
to allow equilibration at lab temperature.

2. Record the temperature of every solution you use,
including all calibration standards and samples,
since this will affect K,,, neutrality and pH.

3. Set the temperature compensator on the meter to
the appropriate value. This control makes an
allowance for the effect of temperature on the
electrical potential difference recorded by the
meter: it does not allow for the other temperature-
dependent effects mentioned elsewhere. Basic in-
struments have no temperature compensator, and
should only be used at a specified temperature,
either 20°C or 25 "C, otherwise they will not give an
accurate measurement. More sophisticated systems
have automatic temperature compensation.

4. Rinse the electrode assembly with distilled water

and gently dab off the excess water onto a clean
tissue: check for visible damage or contamination
of the glass electrode (consult a member of staff if
the glass is broken or dirty). Also check that the
solution within the glass assembly is covering the
metal electrode.

Calibrate the instrument: set the meter to ‘pH’ mode,
if appropriate, and then place the electrode assembly
in a standard solution of known pH, usually pH7.00.
This solution may be supplied as a liquid, or may be
prepared by dissolving a measured amount of a
calibration standard in water; calibration standards
are often provided in tablet form, to be dissolved in
water to give a particular volume of solution. Adjust
the calibration contro! to give the correct reading.
Remember that your calibration standards will only
give the specified pH at a particular temperature,
usually either 20°C or 25°C. If you are working at a
different temperature, you must establish the actual
pH of your calibration standards, either from the
supplier, or from literature information.

Remove the electrode assembly from the calibration
solution and rinse again with distilled water: dab off
the excess water. Basic instruments have no further
calibration steps (single-point calibration}, while the
maore refined pH meters have additional calibration
procedures.

If you are using a basic instrument, you should
check that your apparatus is accurate over the
appropriate pH range by measuring the pH of
another standard whose pH is close to that expected
for the test solution. If the standard does not give
the expected reading, the instrument is not
functioning correctly: consult a member of staff.

If you are using an instrument with a slope
control function, this will allow you to correct for
any deviation in electrical potential from that pre-
dicted by the theoretical relationship (at 25°C, a
change in pH of 1.00 unit should result in a change
in electrical potential of 59.16 mV) by performing a
two-point calibration. Having calibrated the instru-
ment at pH 7.00, immerse in a second standard at
the same temperature as that of the first standard,
usually buffered to either pH 4.00 or pH 9.00,
depending upon the expected pH of your samples.
Adjust the slope control until the exact value of the
second standard is achieved (Fig. 7.3). A pH
electrode and meter calibrated using the two-point
method will give accurate readings over the pH
range from 3 to 11: laboratory pH electrodes are not
accurate outside this range, since the theoretical
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Box 7.1 (continued)

60

relationship between electrical potential and pH is
no longer valid.

electrode with abrasive material. Allow sufficient
time for the pH reading to stabilize in each solution
before taking a measurement: for unbuffered
solutions, this may take several minutes, so do not

=i 7 take inaccurate pH readings due to impatience!
+200 |- (?ff /’ 8. After use, the electrode assembly must not be
/ D) allowed to dry out. Most pH electrodes should be
+100 |- ,"' / stored in a neutral solution of KCI, either by sus-
/ ./ pending the assembly in a small beaker, or by using
P AL e an electrode cap filled with the appropriate solution
3 s b B BN (typically 1.0molL-! KCI buffered at pH7.0). How-
/ ever, many labs simply use distilled water as a
e el storage solution, leading to loss of ions from the
f interior of the electrode assemblyT In practice, this
5 / / S means that pH electrodes stored in distilled water will
/;’ take far longer to give a stable reading than those

e stored in KCI.
electrical

"U(mt}m' 9. Switch the meter to zero (where appropriate), but

Fig. 7.3 The relationship between electrical potential and pH.
The solid line shows the response of a calibrated electrode
while the other plots are for instruments requiring calibration: 1
has the correct slope but incorrect isopotential point (calibration
control adjustiment is needed); 2 has the correct isopotential
point but incorrect slope (slope control adjustment is needed).

7. Once the instrument is calibrated, measure the pH
of your solution(s}, making sure that the electrode
assembly is rinsed thoroughly between measure-
ments. You should be particularly aware of this
requirement if your solutions contain organic bio-
logical material, e.g. soil, tissue fluids, protein
solutions, etc., since these may adhere to the glass
electrode and affect the calibration of your instru-
ment. If your electrode becomes contaminated
during use, check with a member of staff before
cleaning: avoid touching the surface of the glass

do not turn off the power: pH meters give more
stable readings if they are left on during normal
working hours.

Problems (and solutions) include: inaccurate and/
or unstable pH readings caused by crossconta-
mination (rinse electrode assembly with distilled
water and blot dry between measure-ments); de-
velopment of a protein film on the surface of the
electrode {soak in 1% w/v pepsin in 0.1mol L~ HCI
for at least an hour); deposition of organic or
inorganic contaminants on the glass bulb (use an
organic solvent, such as acetone, or a solution of
0.1molL"! disodium ethylenediamine-tetraacetic
acid, respectively); drying out of the internal
reference solutions (drain, flush and refill with fresh
solution, then allow to equilibrate in 0.1 molL~" HCI
for at least an hour); cracks or chips to the surface
of the glass bulb (use a replacement electrode).
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acknowledge the early work of Dr N.E. Good and co-workers: HEPES is one
of the most useful zwitterionic buffers, with a pK, of 7.5 at 25°C.

These zwitterionic substances are usually added to water as the free
acid: the solution must then be adjusted to the correct pH with a strong
alkali, usually NaOH or KOH. Alternatively. they may be used as their
sodium or potassium salts, adjusted to the correct pH with a strong acid,
e.g. HClL. Consequently, you may need to consider what effects such
changes in ion concentration may have in a solution where zwitterions are
used as buffers.

Fig. 7.4 shows a number of traditional and zwitterionic buffers and their
effective pH ranges. When selecting one of these buffers, aim for a pK, which
is in the direction of the expected pH change (Tables 7.2, 7.3). For example,
HEPES buffer would be a better choice of buffer than PIPES for use at
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Table 7.3 pK, values at 25°C of some acids
and bases (upper section) and some large
organic zwitterions {lower section) commonly
used in buffer solutions. For polyprotic acids,
where more than one proton my dissociate,
the pK, values are given for each ionization
step. Only the trivial acronyms of the larger
molecules are provided: their full names can
be obtained from the catalogues of most

chemical suppliers

Acid or base ~ pK;valuels)
Acetic acid 4.8
Carbonic acid 6.1, 10.2
Citric acid 3.1,48,54
Glyceylglycine 3.1,8.2
Phthalic acid 29,5656
Phosphoric acid 21,7.1,123
Succinic acid 42,56
TRIS* 8.3

Boric acid 9.2

MES 6.1

PIPES 6.8

MOPS 7.2

HEPES 7.5

TRICINE 8.1

TAPS 8.4

CHES 9.3

CAPS 10.4

*Note that this compound is hygroscopic and
should be stored in a desiccator.

Table 7.4 Preparation of sodium phosphate
buffer solutions for use at 25°C. Prepare
separate stock solutions of (a) disodium
hydrogen phosphate and (b) sodium
dihydrogen phosphate, both at 0.2 molL-".
Buffer solutions (at 0.1 mol L") are then

pH 7.2 for experimental systems where a pH increase is anticipated. while
PIPES would be a better choice for where acidification is expected.

Preparation of buffer solutions
Having selected an appropriate buffer, you will need to make up your
solution to give the desired pH. You will need to consider two factors:

1. The ratio of acid and conjugate base required to give the correct pH.
2. The amount of buffering required; buffer capacity depends upon the
absolute quantities of acid and base, as well as their relative proportions.

In most instances, buffer solutions are prepared to contain between
10mmol L~! and 200 mmol L~! of the conjugate pair. While it is possible to
calculate the quantities required from first principles using the Henderson—
Hasselbalch equation, there are several sources which tabulate the amount of
substance required to give a particular volume of solution with a specific pH
value for a wide range of traditional buffers (e.g. Perrin and Dempsey, 1974).
For traditional buffers, it is customary to mix stock solutions of acidic and
basic components in the correct proportions to give the required pH (Table
7.4). For zwitterionic acids, the usual procedure is to add the compound to
water, and then bring the solution to the required pH by adding a specific
amount of strong alkali or acid (obtained from tables). Alternatively, the
required pH can be obtained by dropwise addition of alkali or acid, using a
meter to check the pH, until the correct value is reached. When preparing
solutions of zwitterionic buffers, the acid may be relatively insoluble. Do not
wait for it to dissolve fully before adding alkali to change the pH - the
addition of alkali will help bring the acid into solution (but make sure it has
all dissolved before the desired pH is reached).

Finally, when preparing a buffer solution based on tabulated information,
always confirm the pH with a pH meter before use.

prepared at the required pH by mixing together
the volume of each stock solution shown in the
table, and then diluting to a final volume of

100 mL using distilled or deionized water

~ Volume of  Volume of

o ~stock (a)  stock (b)

Required pH Na,HPO,  NaH,PO,

@25°C) - ——mb . mly
6.0 6.2 43.8
6.2 9.3 40.7
6.4 13.3 36.7
6.6 18.8 31.2
6.8 245 255
7.0 30.5 19.5
7.2 36.0 14.0
7.4 40.5 9.5
7.6 435 85
78 45.8 4.2
8.0 47.4 2.6

Fig. 7.4 Useful pH ranges of some commonly used buffers.

phosphate = & . phosphate : [
citrate . TRICINE
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Resources for fundamental laboratory techniques

Books

Anon. (1989) Safe Practices in Chemical Laboratories, Royal Society of
Chemistry, London.

Anon. (1989) COSHH in Laboratories, Royal Society of Chemistry, London.
Bennett, S.W. and O’Neale, K. (1999) Progressive Development of Practical
Skills in Chemistry. A guide to early-undergraduate experimental work, Royal
Society of Chemistry, Cambridge.

Furniss, B.A., Hannaford, A.J., Smith, P.W.G. and Tatchell, A.R. (1989)
Vogel's Textbook of Practical Organic Chemistry, 5th Edn. Longman.
Harlow, Essex.

Halpern, A.M. (1997) Experimental Physical Chemistry, Prentice Hall,
Harlow, Essex.

Harwood, L.M.,Moody. C.J. and Percy, J.M. (2000) Experimental Organic
Chemistry, 2nd Edn, Blackwell Science Ltd, Oxford.

Lehman, J.W. (1999) Operational Organic Chemistry. A problem-solving
approach to the laboratory course, 3rd Edn, Prentice Hall, Harlow, Essex.
Lenga R.E. (1988) Sigma-Aldrich Library of Chemical Safety Data, 2nd Edn,
Sigma-Aldrich Ltd, Gillingham.

Lister, T. (1996) Classic Chemistry Demonstrations, Royal Society of
Chemistry, Cambridge.

Mendham, J., Denney, R.C., Barnes, J.D. and Thomas, M.J.K. (2000)
Vogel's Textbook of Quantitative Chemical Analysis, 6th Edn, Prentice Hall,
Harlow, Essex.

Nelson, J.H. (1997) Laboratory Experiments for Chemistry, Prentice Hall,
Harlow. Essex.

Sharp, J.T., Gosney, I. and Rowley, A.G. (1989) Practical Organic
Chemistry, Chapman and Hall, London.

Suib. S.L. and Tanaka, J. (1999) Experimental Methods in Inorganic
Chemistry, Prentice Hall, Harlow, Essex.

Urben, P.G. (1999) Bretherick's Handbook of Reactive Chemical Hazards, 6"
Edn, Butterworth-Heinemann, London.

Zubrick, JW. (2001) The Organic Chem Lab Survival Manual. A student’s
guide to techniques, 5th Edn, John Wiley and Sons Inc., Chichester.

Videos
Basic laboratory skills, LGC, Royal Society of Chemistry, Cambridge (1998).

Further Laboratory Skills, LGC, Royal Society of Chemistry, Cambridge
(1998).

Software
SoftCOSHH 2000, Royal Society of Chemistry, Cambridge.
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Definition

Variable — any characteristic or property
which can take one of a range of values.

Parameter — a numerical constant or
mathematical function used to describe a
particular population (e.g. the mean
height of 18-year-old females).

Statistic — an estimate of a parameter
obtained from a sample (e.g. the height
of 18-year-old females based on those in

your class).

Examples A nominal scale for
temperature is not feasible, since the
relevant descriptive terms can be ranked
in order of magnitude. :

An ordinal scale for temperature
measurement might use descriptive
terms, ranked in ascending order, e.g.
cold = 1, cool = 2, warm = 3, hot = 4.

The Celsius scale is an interval scale for
temperature measurement, since the
arbitrary zero corresponds to the freezing
point of water (0°C).

The Kelvin scale is a ratio scale for
temperature measurement since 0K
represents a temperature of absolute zero
(for information, the freezing point of
water is 273.15K on this scale).

Making and recording measurements

The term data (singular = datum, or data value or variate) refers to
measurements of a particular characteristic, or variable, classified as:

e Quantitative: where the individual values are described on a numerical scale
which may be either (i) continuous, taking any value on the measurement
scale, or (i) discontinuous (or discrete), where only integer values are
possible. Many of the variables measured in chemistry are continuous and
quantitative, e.g. weight, temperature, time, amount of product formed in
an enzyme reaction.

e Ranked: where the data values can be listed in order of magnitude.
Where such data are given numbered ranks, they are sometimes called
‘semi-quantitative data’. Note that such ranks cannot be treated as ‘real’
numbers and they should not be added, averaged, etc.

e Qualitative: where individual values are assigned to a descriptive category,
e.g. the detection of the presence or absence of a chemical by a colour test
or precipitate.

Variables may be independent or dependent. Usually, the variable under the
control of the experimenter (e.g. time, reagent concentration, pH, ete.) is the
independent variable, while the variable being measured is the dependent
variable (p. 76). Sometimes, it is inappropriate to describe variables in this
way, and they are often referred to as interdependent. Another group of
values. often termed derived (or computed) data, are calculated from two or
more individual measurements, and these include ratios, percentages and
rates.

Measurement scales

Variables may be measured on different types of scale:

e Nominal — where classification is based on a descriptive characteristic
(e.g. colour). This 1s the only scale for qualitative data.

e Ordinal — this classifies by numerical rank, from smallest to greatest, but
with no assumption of equal spacing between ranks.

e Interval — for certain quantitative variables, where numbers on an equal
unit scale are related to an arbitrary zero, e.g. temperature in °C.

e Ratio — similar to the interval scale, except that the zero point represents
an absence of that character, i.e. it is an absolute zero.

You should aim to do quantitative measurements using a ratio scale
whenever possible, to allow you to use the broadest range of mathematical
operations and statistical procedures. For example, if you are measuring the
surface area of a sample of graphite you could give the area as 200 m? but, if
you know the mass of the sample (10 g). you should quote the surface area as
20mg .

Accuracy and precision

Accuracy is the closeness of a measured or derived data value to its true
value, while precision is the closeness of repeated measurements to each other
(Fig. 8.1). A balance with a fault in it (i.e. a bias, see below) could give
precise (i.e. very repeatable) but inaccurate (i.e. untrue) results. Unless there
is bias in a measuring system, precision will lead to accuracy and it is
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precise
but not
accurate

accurate
but not
precise

inaccurate
and
imprecise

precise
and
accurate

Fig. 8.1 ‘Target diagrams illustrating precision
and accuracy.

Minimizing errors — determine early in
your study what the dominant errors are
likely to be and concentrate your time
and effort on reducing these.

Working with derived data — special effort
should be made to reduce measurement
‘errors because their effects can be
magnified when differences, ratios,
indices or rates are calculated.

Recording primary data — never be
tempted to jot down data on scraps of
paper: you are likely to lose them, or to
forget what individual values mean.
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precision that is generally the most important practical consideration, if there
is no reason to suspect bias. You can investigate the precision of any
measuring system by repeated measurements of the same sample: the nearer
the replicate values are to each other, the more precise the measurement.
Absolute accuracy and precision are impossible to achieve, owing to the
limitations of measuring systems. It is particularly important to avoid
spurious accuracy in the presentation of results; include only those digits
which the accuracy of the measuring system implies. This type of error is
common when changing units (e.g. inches to metres) and in derived data,
especially when calculators give results to a large number of decimal places.

Bias (systematic error)

Bias is a systematic or non-random inaccuracy and is one of the most
troublesome difficulties in using numerical data. Biases may be associated
with incorrectly calibrated instruments, e.g. a faulty electrode or syringe, or
with experimental manipulations, e.g. decomposition of chemical compound
on storage. Bias in measurement can also be subjective, or personal, e.g. an
experimenter’s preconceived ideas about an ‘expected’ result.

Bias can be minimized by using a carefully standardized procedure, with
fully calibrated instruments, Investigate bias in ‘trial runs’ by measuring a
variable in several different ways, to see if the same result is obtained.

To avoid personal bias, ‘blind” measurements should be made where the
identity of each sample is unknown to the operator, e.g. use a coding system.

Measurement (random) error

All measurements are subject to error, but the dangers of misinterpretation
are reduced by recognizing and understanding the likely sources of error and
by adopting appropriate protocols and calculation procedures.

A common source of random error is carelessness, e.g. reading a scale in
the wrong direction or parallax errors. This can be reduced greatly by careful
recording and may be detected by repeating the measurement. Other errors
arise from faulty or inaccurate equipment, but even a perfectly functioning
machine has distinct limits to the accuracy and precision of its measurements,
These limits are often quoted in manufacturers’ specifications and are
applicable when an instrument is new; however, you should allow for some
deterioration with age.

One major influence virtually impossible to eliminate is the effect of the
investigation itself: even putting a thermometer in a liquid may change the
temperature of the liquid. The very act of measurement may give rise to a
confounding variable (p. 76) as discussed in Chapter 10. You should include
descriptions of the possible sources of error(s) and estimates of their
importance in any report and these should not be used as an excuse for poor
technique or inadequacies in your experimental design.

Collecting and recording primary data

When carrying out lab work or research projects, you will need to master
the important skills of recording and managing data. Individual observa-
tions (e.g. laboratory temperature) can be recorded in the text of your
notes, but tables are the most convenient way to collect large amounts of
information.
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Designing .’a:tahle'-for-data--:ca!i:eétkm-— B
make sure there is sufficient space in_
each column for the values; rf in daubt
‘err on the generous side. =
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(significant figures).

Choosing a lab notebook - a spiral-bound
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@ A good set of lab notes should:

outline the purpose of your experiment or observation;

set down all the information required to describe your experimental
section;

record all relevant information about your results or observations and
provide a visual representation of the data;

note your immediate conclusions and suggestions for further experi-
ments.

When preparing a table for data collection, you should:

S

Use a concise title or a numbered code for cross-referencing.

Decide on the number of variables to be measured and their relationship

with each other and lay out the table appropriately:

(a) The first column of your table should show wvalues of the
independent (controlled) variable, with subsequent columns for the
individual (measured) values for each replicate or sample.

(b) If several variables are measured for the same organism or sample,
each should be given a row.

(c) In time-course studies, put the replicates as columns grouped
according to treatment, with the rows relating to different times.

Make sure the arrangement reflects the order in which the values will be
collected. Your table should be designed to make the recording process
as straightforward as possible, to minimize the possibility of mistakes.
For final presentation, a different arrangement may be best (Chapter 37).
Consider whether additional columns are required for subsequent cal-
culations. Create a separate column for each mathematical manipulation,
so the step-by-step calculations are clearly visible. Use a computer spread-
sheet (p. 307) if you are manipulating lots of data.
Use a pen to record data.
Take sufficient time to record quantitative data unambiguously — use
large, clear numbers, making sure that individual numerals cannot be
confused.
Record numerical data to an appropriate number of significant figures,
reflecting the accuracy and precision of your measurement (p. 65). Do
not round off data values, as this might affect the subsequent analysis,
Record the actual observations, not your interpretation, e.g. the colour
of a particular chemical test, rather than whether the test was positive or
negative. Take care not to lose any of the information content of the
data: for instance. if you only write down means and not individual
values, this will affect your ability to carry out subsequent statistical
analyses.

Prepare duplicated recording tables/checklists for repeated experiments.

Explain any unusual results in a footnote. Don’t rely on memory.

Recording details of project work

The recommended system is one where you make a dual record.

Primary record
The primary record is made at the bench and you must concentrate on

the detail of materials,

methods and results. Include information that

would not be used elsewhere, but which might prove useful in error
tracing: for example, if you note how a solution was made up (exact
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volumes and weights used rather than concentration alone), this could
reveal whether a miscalculation had been the cause of a rogue result.
Note the origin, type and state of the chemicals used. In the experimental
section, the basic rule is to record enough information to allow a
reasonably competent scientist to repeat your work exactly. You must
tread a line between the extremes of pedantic, irrelevant detail and the
omission of information essential for proper interpretation — better
perhaps to err on the side of extra detail to begin with. An experienced
worker can tell you which subtle shifts in technique are important (e.g.
batch numbers for an important chemical, or when a new stock solution
is prepared). Many important scientific advances have been made because
of careful observation and record taking and because coincident data
were recorded that did not seem of immediate value. Make rough
diagrams to show the arrangement of replicates, equipment, etc. If forced
to use loose paper to record data, make sure each sheet is dated and
taped to your lab book, collected in a ring binder, or attached with a
treasury tag. The same applies to traces, printouts and graphs.

The basic order of the primary record should mirror that of a research
report (see p. 332), including: the title and date, brief introduction, a
comprehensive experimental section, the data and short conclusions.

Secondary record

You should make a secondary record concurrently or later in a bound
book and it ought to be neater, in both organization and presentation.
This book will be used when discussing results with your supervisor, and
when writing up a report or thesis, and may be part of your course
assessment. Writing a second, neater version forces you to consider again
details that might have been overlooked in the primary record and
provides a duplicate in case of loss or damage. While these notes should
retain the essential features of the primary record, they should be more
concise and the emphasis should move towards analysis of the experi-
ment. Don’t repeat the experimental section for a series of similar
experiments; use devices such as ‘method as for Expt B4’. A photocopy
may be sufficient if the method is derived from a text or article (check
with your supervisor). Outline the aims more carefully at the start and
link the experiment to others in a series (e.g. ‘Following the results of
Expt D24, I decided to test whether...”). You should present data in an
easily digested form, e.g. as tables of means or as summary graphs. Use
appropriate statistical tests (p. 271) to support your analysis of the
results. Always analyse and think about data immediately after collecting
them as this may influence your subsequent activities. Write down any
conclusions: sometimes those which seem obvious at the time of doing the
work are forgotten when the time comes to write up a report or thesis.
Likewise, ideas for further studies may prove valuable later. Even if your
experiment appears to be a failure, suggestions as to the likely causes
might prove useful.

Using communal records

If working with a research team, you may need to use their communal
databases. These avoid duplication of effort and ensure uniformity in
techniques. They may also form part of the legal safety requirements for lab
work. They might include:
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a shared notebook of common techniques (e.g. solutions or calibration
technique);

a set of simplified step-by-step instructions for use of equipment;

an alphabetical list of suppliers of equipment and consumables;

a list of chemicals required by the group and where they are stored;

the risk assessment sheets for dangerous procedures (p. 7);

a record of the use and disposal of chemicals and solvents.
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Dimensionless measurements — some
quantities can be expressed as
dimensionless ratios or logarithms (e.g.
absorbance and pH), and in these cases
you do not need to use a qualifying unit.

Table 9.1 The base and supplementary

Sl units

Measured quantity

Name of Sl unit Symbol

Base units
Length
Mass
Amount of
substance
Time

Electric current

Temperature

Luminous intensity

Supplementary units

Plane angle
Solid angle

metre m
kilogram kg
mole mol
second s
ampere A
kelvin K
candela cd
radian rad
steradian sr

Table 9.3 Prefixes used in the SI

Multiple Prefix Symbol Multiple Prefix Symbol

103 milli m
108 micro u
10-° nano n
1072 pico p
10°"%  femto f

107"  atto a

10° kile k
108 mega M
10° giga G
107 tera T
10%8 peta P
10'8 exa E

S| units and their use

When describing a measurement, you normally state both a number and a
unit (e.g. ‘the length is 1.85 metres’). The number expresses the ratio of
the measured guantity to a fixed standard, while the unit identifies that
standard measure or dimension. Clearly, a single unified system of units is
essential for efficient communication of such data within the scientific
community. The Systéme International d’Unités (SI) is the internationally
ratified form of the metre-kilogram—second system of measurement and
represents the accepted scientific convention for measurements of physical
quantities.

Another important reason for adopting consistent units is to simplify
complex calculations where vou may be dealing with several measured
quantities (see p. 260). Although the rules of the SI are complex and the scale
of the base units is sometimes inconvenient, to gain the full benefits of the
system yvou should observe its conventions strictly.

The description of measurements in SI involves:

e seven base units and two supplementary units, each having a specified
abbreviation or symbol (Table 9.1);

e derived units, obtained from combinations of base and supplementary
units, which may also be given special symbols (Table 9.2);

e a set of prefixes to denote multiplication factors of 10°, used for
convenience to express multiples or fractions of units (Table 9.3).

Table 8.2 Some important derived Sl units

Alternative

Definition in in derived
Measured quantity ~ Name of unit Symbol base units units
Energy joule J m?kgs 2 Nm
Force newton N mkgs? Jm?
Pressure pascal Pa kgm 's7? Nm?
Power watt W m?2kgs—3 Js!
Electric charge coulomb c As Jyv-1
Electric potential
difference volt v mikgA~'s? Je
Electric resistance ohm Y m?kgA ?s? VAT
Electric conductance siemens S sPAZkgTm? AV-1or0!
Electric capacitance  farad F s*A?kg'm? ey
Luminous flux lumen Im cdsr
lllumination lux Ix cdsrm2 Im m—2
Frequency hertz Hz g
Radioactivity becquerel Bqg s !
Enzyme activity katal kat mol substrate s~

Example 10 ug is correct, while 10ug,
10 ug. and 10u g are incorrect; 2.6 mol is
right, but 2.6 mols is wrong.
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Recommendations for describing measurements in Sl units

Basic format

e Express each measurement as a number separated from its units by a
space. If a prefix is required, no space is left between the prefix and the
unit it refers to. Symbols for units are only written in their singular form
and do not require full stops to show that they are abbreviated or that
they are being multiplied together.
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Example n stands for nano and N for
newtons.

Examples 10um is preferred to
0.00001 m or 0.010 mm. _

1mm? =1x10=3m? = 1x 10-m?* (not
one-thousandth of a square metre).
1dm? (1 litre) is more properly expressed
as 1x (107 "'mP’ =1 x 10°m®.
Avogadro’s constant is 6.022 174 x

102 mol-". :

State as MW m~2 rather than Wmm 2.

In this book, we use L and mL where you
would normally find equipment calibrated
in that way, but use Si units where this
simplifies calculations. In formal scientific
writing, constructions such as 1 x 108 m?
(=1mL) and 1mm? (= 1uL) may be used.

The other commeon non-Sl unit of volume
is the cubic centimetre, cm?, {102 m}®.
Even though they are not exactly the
same, mL, and cm® are used
interchangeably, as are cubic decimetre
dm?(10- ' m)® = 10-*m? and litre (L).

e Give symbols and prefixes appropriate upper or lower case initial letters
as this may define their meaning. Upper case symbols are named after
persons but when written out in full they are not given initial capital
letters.

e Show the decimal sign as a full point on the line. Some metric
countries continue to use the comma for this purpose and you may
come across this in the literature: commas should not therefore be used
to separate groups of thousands. In numbers that contain many
significant figures, you should separate multiples of 10° by spaces
rather than commas.

Compound expressions for devived units

e Take care to separate symbols in compound expressions by a space to
avoid the potential for confusion with prefixes. Note, for example, that
200 ms (metre seconds) is different from 200 ms (milliseconds).

e Express compound units using negative powers rather than a solidus (/):
for example, write molm™ rather than mol/m”. The solidus is reserved
for separating a descriptive label from its units (see p. 251).

e Where there is a choice, select relevant (natural) combinations of
derived and base units, e.g. you might choose units of Pam~! to
describe a hydrostatic pressure gradient rather than kem 2s!,

though these units are equivalent and the measurements are numerically

the same.

even

Use of prefixes

e Use prefixes to denote multiples of 10° (Table 9.3) so that numbers are
kept between 0.1 and 1000.

e Treat a combination of a prefix and a symbol as a single symbol. Thus,
when a modified unit is raised to a power, this refers to the whole unit
including the prefix.

e Avoid the prefixes deci (d) for 10! and centi (c) for 102 as they are not
strictly SI.

e [Express very large or small numbers as a number between 1 and 10
multiplied by a power of 10 if they are outside the range of prefixes
shown in Table 9.3.

e Do not use prefixes in the middle of derived units: they should be
attached only to a unit in the numerator (the exception is in the unit for
mass, kg).

m For the foreseeable future, you will need to make con-
versions from other units to Sl units, as much of the literature quotes
data using imperial, c.g.s. or other systems. You will need to recognize
these units and find the conversion factors required. Examples relevant
to chemistry are given in Box 9.1. Table 9.4 provides values of some im-
portant physical constants in Sl units.

Some implications of Sl in chemistry

Volume

The SI unit of volume is the cubic metre, m’, which is rather large for
practical purposes. The litre (L) and the millilitre (mL) are technically
obsolete, but are widely used and glassware is still calibrated using them.
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Table 9.4 Some physical constants in Sl terms

Physical constant Symbol Value and units
Avogadro’s constant Na 6.022174 x 102 mol '
Boltzmann’s constant k 1.380626 JK !

Charge of electron e 1.602192 x 10-9C
Gas constant R 8.31443JK "mol!
Faraday’s constant F 9.648675 % 10* Cmol’
Molar volume of ideal gas at STP Vo 0.022 414 m® mol~!
Speed of light in vacuo c 2.997924 x 108 ms™’
Planck constant h 6.626205 x 10 **Js
Acceleration due to gravity g 9.807ms™!

Atomic mass unit m, 16605402 = 107" kg
Rydberg constant R. 1.097 x 10’ m™!

Permitivity of vacuum &0 8854 x 10 "2Fm™!

Box 9.1 Conversion factors between some redundant units and the Sl

Multiply number in S|
unit by this factor for

Multiply number in old
unit by this factor for

Quantity S| unit/symbol Old unit/symbol equivalent in Sl unit* equivalent in old unit*
Area square metre/m?  acre 4.046 86 x 102 0.247 105 x 102
hectare/ha 10 % 10° 0.1 x 1073
square foot/ft® 0.092903 10.7639
square inch/in? 645.16 x 107° 1.55000 = 10°
square yardjyd?® 0.836127 1.19599
Anagle radian/rad degreef” 17.4532 x 103 57.2958
Energy joule/J erg 0.1% 108 10 x 108
kilowatt hour/kWh 3.6 x 108 0.277778 x 1078
Length metre/m Angstrom/A 0.1x10°° 10 x 10°
foot/ft 0.3048 3.28084
inch/in 25.4 x 10°? 39.3701
mile 160934 x 10% 0.621373 x 102
yard/yd 09144 1.09361
Mass kilogram/kg ounce/oz 28.3495 x 10 3 35.2740
pound/ib 0.453592 2.20462
stone 6.35029 0.157 473
hundredweight/cwt 50.8024 19.6841 x 10-3
ton (UK) 1.01605 % 10° 0.984203 x 103
Pressure pascal/Pa atmosphere/atm 101325 9.86923 x 10°©
bar/b 100000 10 x 10-8
millimetre of mercury/mmHg 133.322 7.50064 x 103
torr/Torr 133.322 7.50064 x 1072
Radioactivity becguerel/Bg curie/Ci 37 = 107 27.0270 x 10712
Temperature kelvin/K centigrade (Celsius) degree/°C C+273.15 K—273.156
Fahrenheit degree/'F {°F+459.67) x 5/9 (K x 9/5) — 459.67
Volume cubic metre/m? cubic foot/ft® 0.0283168 35.3147
cubic inch/in® 16.387 1% 10°° 61.0236 x 10°
cubic yard/yd® 0.764 555 1.307 95
UK pint/pt 0568261 % 1077 1759.75
US pintlig pt 0.473176 x 103 2113.38
UK gallon/gal 454609 x 102 219.969
US gallon/gal 3.78541 x 102 264.172

*In the case of temperature measurements, use formulae shown.
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Mass
The SI unit for mass is the kilogram (kg) rather than the gram (g): this is
unusual because the base unit has a prefix applied.

Amount of substance

You should use the mole (mol, i.e. Avogadro’s constant, see Table 9.4) to
express very large numbers. The mole gives the number of atoms in the
atomic mass, a convenient constant.

Concentration

The SI unit of concentration, molm™, is not convenient for general
laboratory work. It is equivalent to the non-SI term ‘millimolar’ (mM) while
‘molar’ (M) becomes kmolm™>. If the solvent is not specified, then it is
assumed to be water (see Chapter 6).

Time

In general, use the second (s) when reporting physical quantities having a
time element. Hours (h). days (d) and years should be used if seconds are
clearly absurd (e.g. samples were taken over a S5-year period). Note,
however, that you may have to convert these units to seconds when doing
calculations.

Temperature

The SI unit is the kelvin, K. The degree Celsius scale has units of the
same magnitude, °C, but starts at 273.15K, the melting point of ice at
STP. Temperature is similar to time in that the Celsius scale is in
widespread use, but note that conversions to K may be required for
calculations. Note also that you must not use the degree sign (°) with K
and that this symbol must be in upper case to avoid confusion with k for
kilo; however, you showld retain the degree sign with °C to avoid
confusion with the coulomb, C.

Box 9.2 How to interconvert Sl units

Look at the units and decide which are common:

Definition
STP - Standard Temperature and

Pressure = 293.15K and 101325 Pa (or
101.325kPa or 0.101325 M Pa).

Example: You are required to calculate the molecular 2.

weight of a polymer by measurements of its osmotic
pressure in solution. At infinite dilution, measured
graphically from your experiments, the equation below
applies:

since the gas constant is expressed in joules, you
should convert the osmotic pressure term into
joules. The derived unit for pressure is Nm 2 and,
since the derived units for N are Jm !, the full

o_AT derived unit of pressureis (dm ) xm 2 =Jm2.

c M 3. Substitute the units into the equation for MV
where Il = osmotic pressure at infinite dilution (Pa), 41 StEiE iy
R = gas constant (JK 'mol™"), T = temperature (K), M, = F%c _ 4k _mol x‘ii dm = kgmol ™'
¢ = concentration of solution (kgm=2 and M, = Jm .
molecular weight. 4. Substitute the appropriate numerical values into

1. Reararange the equation for M,:

_ATe

Mr i

the equation for M,: you know that the units of the
calculation will be correct since the molecular
weight is the weight of 1 mole of polymer,
expressed in kg.
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Interconversion of SI units

You will find that the use of SI units simplifies mathematical manipulations
and ensures that you obtain the correct units for the parameter being
calculated. Remember that you must convert all units into the appropriate SI
units, e.g. masses must be expressed as kg, volumes as m* and concentrations
as kgm™ or molm~3, etc., and that you may need to use alternatives in
derived units (Table 9.2). The application of these principles is shown in Box
9.2,



Definition

Hypothesis - One possible explanation
for an observed event. A mechanistic

hypothesis is one based on some

intuition about the mechanism underlying

a phenomenon.

observations and

10

thoughts

f

explanations: hypothesis
and alternative hypothesas

f
experiment ‘Qﬁ

+ several
hypaotheses
remain
+ tenable

reject hypotheses  ———

sole remaining
hypothesis

f

prediction —— contradiction

f

confirmation

f

hypathesis becomes
theory

l

theory becomes
law

Fig. 10.1 How scientific investigations proceed.

Definition
Mathematical model - an algebraic

summary of the relationship between the

variables in a system.

Scientific method and design of
experiments

Science is a systematized body of knowledge derived from observation and
experiment. Scientists carry out experiments, make observations and attempt
to explain the results; these tentative explanations are called hypotheses and
their validity is tested by systematically forming and rejecting alternative
explanations.

Some branches of chemistry are designed to provide fundamental
information, rather than to test a particular hypothesis: for example, the
purification and characterization of a newly discovered naturally occurring
molecule. In contrast, an experiment is a contrived situation designed to test
one or more hypothesis under conditions controlled by the investigator. Any
hypothesis that cannot be rejected from the results of an experiment is
provisionally accepted. This ‘sieve’ effect leaves us with a set of current
explanations for our observations. These explanations are not permanent and
may be rejected on the basis of a future investigation. A hypothesis that has
withstood many such tests and has been shown to allow predictions to be
made is known as a theory, and a theory may generate such confidence
through its predictive abilities to be known as a law (Fig. 10.1).

Observations are a prelude to experimentation, but they are preconditioned
by a framework of peripheral knowledge. While there is an element of luck in
being at the right place and time to make important observations, as Pasteur
stated, ‘chance favours only the prepared mind’. A fault in scientific method is
that the design of the experiment and choice of method may influence the
outcome — the decisions involved may not be as objective as some scientists
assume. Another flaw is that radical alternative hypotheses may be overlooked
in favour of a modification to the original hypothesis, and yet just such leaps
in thinking have frequently been required before great scientific advances.

No hypothesis can ever be rejected with certainty. Statistics allow us to
quantify as vanishingly small the probability of an erroneous conclusion, but
we are nevertheless left in the position of never being 100% certain that we
have rejected all relevant alternative hypotheses, nor 100% certain that our
decision to reject some alternative hypotheses was correct! However, despite
these problems, experimental science has yielded and continues to yield many
important findings.

@ The fallibility of scientific ‘facts’ is essential to grasp.
No explanation can ever be 100% certain as it is always possible for a
new alternative hypothesis to be generated. Our understanding of
chemistry changes all the time as new observations and methods force
old hypotheses to be retested.

Quantitative hypotheses involve a mathematical description of the system.
They can be formulated concisely by mathematical models. Models are often
useful because they force deeper thought about mechanisms and encourage
simplification of the system. A mathematical model:

is inherently testable through experiment:

identifies areas where information is lacking or uncertain;
encapsulates many observations:

allows you to predict the behaviour of the system.
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Definitions ; e
Treatment — a particular set of conditions
applied to one or more experimental
subjects.

Block — a group of replicates: a sub-division
of the entire set of experimental subjects
(the field). This terminology originates from
agﬁquhural_'gxbe'riments;

Example In an experiment using a
reagent prepared in an organic solvent,
the concentration of solvent will vary
alongside the concentration of reagent. A
control, using solvent alone (usually
called a “blank’}, will allow its effects to
be determined.

Avoiding personal bias - it may be
necessary to encode the subjects; so that
the investigator is ‘blind’ as to which
subject is in which treatment regime.
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Remember, however, that assumptions and simplifications required to
create a model may result in it being unrealistic. Further, the results obtained
from any model are only as good as the information put into it.

Experimentation and variables

In many experiments, the aim is to provide evidence for causality. If x causes
v. we expect, repeatably, to find that a change in x results in a change in y.
Hence, the ideal experiment of this kind involves measurement of y, the
dependent (measured) variable, at one or more values of x, the independent
variable, and subsequent demonstration of some relationship between them.
Experiments therefore involve comparisons of the results of treatments —
changes in the independent variable as applied to an experimental subject.
The change is engineered by the experimenter under controlled conditions.
Experimental subjects given the same treatment are known as replicates.

Interpretation of experiments is seldom clear-cut because uncontrolled
variables always change when treatments are given.

Confounding variables

These increase or decrease systematically as the independent variable in-
creases or decreases. Their effects are known as systematic variation. This
form of variation can be disentangled from that caused directly by treatments
by incorporating appropriate controls in the experiment. A control is really
just another treatment where a potentially confounding variable is adjusted
so that its effects, if any, can be taken into account. The results from a
control may therefore allow an alternative hypothesis to be rejected. There
are often many potential controls for any experiment.

The consequence of systematic variation is that you can never be certain
that the treatment, and the treatment alone, has caused an observed result.
By careful design, you can, however, ‘minimize the uncertainty’ involved in
your conclusion. Methods available include:

e Ensuring, through experimental design, that the independent variable is
the only major factor that changes in any treatment.

e Incorporating appropriate controls to show that potential confounding
variables have little or no effect.

e Selecting experimental subjects randomly to cancel out systematic
variation arising from biased selection.

e Matching or pairing individuals among treatments so that differences in
response due to their initial status are eliminated.

e Arranging subjects and treatments randomly so that responses to
systematic differences in conditions do not influence the results.

e Ensuring that experimental conditions are uniform so that responses to
systematic differences in conditions are minimized.

Nuisance variables

These are uncontrolled variables which cause differences in the value of v
independently of the value of x, resulting in random variation. Nuisance
variables are not common in chemistry except where molecules from natural
sources are used. To reduce and assess the consequences of nuisance
variables:

e incorporate replicates to allow random variation to be quantified;

e choose experimental subjects that are as similar as possible;

e control random fluctuations in environmental conditions.
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Evaluating design constraints — a good
way to do this is by processing an
individual subject through the
experimental procedures — a ‘preliminary
run’ can help to identify potential
difficulties.

Using independent replicates — remember
that the degree of independence of
replicates is important: sub-samples
cannot act as replicate samples; they tell
you about variability in the measurement
method but not in the quantity being
measured.

Box 10.1

Constraints on experimental design

Box 10.1 outlines the important stages in designing an experiment. At an
early stage. you should find out how your resources may constrain the
design. For example, limits may be set by availability of subjects, cost of
treatment, availability of a chemical or bench space. Logistics may be a
factor (e.g. time taken to record or analyse data), or your equipment and
facilities may affect design because you cannot regulate conditions as well as
you might desire. You should also consider what statistical tests you intend
to make (p. 271), as this is an important part of experimental design.

Using replicates

Replicate results show how variable the response is within treatments. They
allow you to compare the differences among treatments in the context of the
variability within treatments — you can do this via statistical tests such as
analysis of variance (Chapter 41). Larger sample sizes tend to increase the
precision of estimates of statistical parameters and increase the chances of
showing a significant difference between treatments if one exists. For
statistical reasons (weighting, ease of calculation, fitting data to certain tests),
it is best to keep the number of replicates even.

Checklist for designing and executing an experiment

1. Preliminaries

{a) Read background material and decide on a

subject area to investigate.

{b) Formulate a simple hypothesis to test. It is

3. Planning

{a) List all the materials you will need. Order any
chemicals and make up solutions; grow, collect
or prepare the experimental material you re-
quire; check equipment is available.

preferable to have a clear answer to one

question than to be uncertain about several

questions.

{¢) Decide which dependent variable you are going fe)
to measure and how: is it relevant to the
problem? Can you measure it accurately,

precisely and without bias?

(d) Think about and plan the statistical analysis of
your results. Will this affect your design?

2. Designing

{a) Find out the limitations on your resources.
(b} Choose treatments which alter the minimum g

of confounding variables.

{c) Incorporate as many effective controls as

possible.

(d} Keep the number of replicates as high as is

feasible.

{e) Ensure that the same number of replicates is
present in each treatment with random alloca-

tion to individual treatments.

[b} Organize space and/or time in which to do the
experiment.

Account for the time taken to apply treatments
and record results. Make out a timesheet if
things will be hectic.

4. Carrying out the experiment

(a}l Record the results and make careful notes of
everything you do. Make additional observa-
tions to those planned if interesting things
happen.

(b} Repeat experiment if time and resources allow.
Analysing

(a) Graph data as soon as possible (during the
experiment if you can). This will allow you to
visualize what has happened and make adjust-
ments to the design (e.g. iming of measure-
ments).

{b} Carry out any planned statistical analysis.

{c} Jot down conclusions and new hypotheses
arising from the experiment.
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3x3 4x4
Al C]|B AU 8 =D
B A c D B C A
C|B|A C|DJ|A|B
B A D c

Fig. 10.2 Examples of Latin square
arrangements for three and four treatments.
Letters indicate treatments; the number of
possible arrangements increases greatly as the
number of treatments increases.

Example If you knew that soil type
varied in a graded fashion across a field,
you might arrange blocks to be long thin
rectangles at right angles to the gradient
to ensure conditions within the block
were as even as possible.

natural water

1 2 3 4 5
[ 1 EAL EDEBIE

pH
m
o
m
()
=

Fig. 10.3 The experimenter wishes to
investigate the effect of pH A-E on the
extraction of phenols from five natural waters.
Each water sample is extracted at a different pH
and the influence of pH on the recovery of
phenols noted.

Definition
Interaction — where the effects of
treatments given together are greater or
less than the sum of their individual
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If the total number of replicates available for an experiment is limited by
resources, you may need to compromise between the number of treatments
and the number of replicates per treatment. Statistics can help here, as it is
possible to work out the minimum number of replicates you would need to
show a certain difference between pairs of means (say 10%) at a specified
level of significance (say P = 0.05). For this, you need to obtain a prior
estimate of variability within treatments (see Miller and Miller, 2000).

Randomization of treatments

For relatively simple experiments, you can adopt a completely randomized
design: here, the position and treatment assigned to any subject is defined
randomly. You can draw lots, use a random number generator on a
calculator, or use the random number tables which can be found in most
books of statistical tables.

A completely randomized layout has the advantage of simplicity but
cannot show how confounding variables alter in space or time. This
information can be obtained if you use a blocked design in which the degree
of randomization is restricted. Here, the experimental space or time is divided
into blocks, each of which accommodates the complete set of treatments.
When analysed appropriately, the results for the blocks can be compared to
test for differences in the confounding variables and these effects can be
separated out from the effects of the treatments. The size and shape (or
timing) of the block you choose is important: besides being able to
accommodate the number of replicates desired, the suspected confounding
variable should be relatively uniform within the block.

A Latin square is a method of placing treatments so that they appear in a
balanced fashion within the experimental area. Treatments appear once in
each column and row (see Fig. 10.2), so the effects of confounding variables
can be ‘cancelled out” in two directions at right angles to each other. This is
effective if there is a smooth gradient in some confounding variable over the
experimental area. It is less useful if the variable has a patchy distribution,
where a randomized design might be better.

Latin square designs are useful in serial experiments where different
treatments are given to the same subjects in a sequence (e.g. Fig. 10.3). A
disadvantage ol Latin squares is the fact that the number of columns and
rows is equal to the number of replicates, so increases in the number of
replicates can only be made by the use of further Latin squares.

Multifactorial experiments

The simplest experiments are those in which one treatment (factor) is applied
at a time to the samples. This approach is likely to give clear-cut answers, but
it could be criticized for lacking realism. In particular, it cannot take account
of interactions among two or more conditions that are likely to occur in real
life. A multifactorial experiment (Fig. 10.4) is an attempt to do this; the
interactions among treatments can be analysed by specialized forms of
analysis of variance.

Multifactorial experiments are economical on resources because of ‘hidden
replication’. This arises when two or more treatments are given to a subject
because the result acts statistically as a replicate for each treatment. Choice of
relevant treatments to combine is important in multifactorial experiments; for
instance, an interaction may be present at certain concentrations of a
chemical but not at others (perhaps because the response is saturated). It is
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Reporting results — it is good practice to
report how many times your experiments
were repeated (in the experimental
section); in the results section, you need
either a statement saying that the
illustrated experiment is representative or
one explaining the differences between
results obtained.

factor B

factor
A

+ = ] a+b+c

Fig. 10.4 Design of a simple multifactorial experiment. Factors A and B have
effects a and b when applied alone. When both are applied together, the effect is
denoted by a+ b+ ¢.

e [f ¢ =0, there is no interaction
e.g.24+2+c=4).

e [If ¢ is positive, there is a positive interaction (synergism) between A and B
(e.g.2+2+c=05).

e |If c is negative, there is a negative interaction (antagonism) between A and B
(e.g.24+2+¢c=23).

also important that the measurement scale for the response is consistent,
otherwise spurious interactions may occur. Beware when planning a
multifactorial experiment that the numbers of replicates do not get out of
hand: you may have to restrict the treatments to “plus’ or “minus’ the factor
of interest (as in Fig. 10.4).

Repetition of experiments

Even if you have taken great care to ensure that your experiment is well
designed and statistically analysed, you are limited in the conclusions that can
be made. Firstly, what you can say is valid for a particular place and time,
with a particular investigator, experimental subject and method of applying
treatments. Secondly, if your results were significant at the 5% level of
probability, there is still an approximately 1 in 20 chance that the results did
arisc by chance. To guard against these possibilities, it is important that
experiments are repeated. Ideally, this would be done by an independent
scientist with independent materials. However, it makes sense to repeat work
yourself so that you can have full confidence in your conclusions. Many
scientists recommend that all experiments are carried out three times in total.
This may not be possible in undergraduate practical classes or project work!
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The Internet as an information source -
since many university departments have
home pages on the World Wide Web,
searches using relevant key words may
indicate where research in your area is
currently being carried out. Academics
usually respond positively to e-mailed
questions about their area of expertise.

Asking around — one of the best sources
of information about supervisors,
laboratories and projects is past students.
Some of the postgraduates in your
‘department may be products of your own
system and they could provide an
alternative source of advice.

Liaising with your supervisor(s) - this is
essential if your work is to proceed
efficiently. Specific meetings may be
timetabled, e.g. to discuss a term’s
progress, review your work plan or
consider a draft introduction. Most
supervisors also have an ‘open-door’
policy, allowing you to air current
problems. Prepare well for all meetings:
have a list of questions ready before the
meeting; provide results in an easily
digestible form (but take your lab
notebook along); be clear about your
future plans for work.
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Project work

Research projects are an important component of the final-year syllabus for
most degree programmes in chemistry, while shorter projects may also be
carried out during courses in earlier years. Project work presents difficulties
at many stages but can be extremely rewarding. The assessment of your
project is likely to contribute significantly to your degree grade, so all aspects
of this work should be approached in a thorough manner.

Deciding on a topic to study

Assuming you have a choice, this important decision should be researched
carefully. Make appointments to visit possible supervisors and ask them for
advice on topics that you find interesting. Use library texts and research
papers to obtain further background information. Perhaps the most
important criterion is whether the topic will sustain your interest over the
whole period of the project. Other things to look for include:

e Opportunities to learn new skills. Ideally, you should attempt to gain
experience and skills that you might be able to ‘sell’ to a potential
employer.

e Ease of obtaining valid results. An ideal project provides a means to
obtain ‘guaranteed’ data for your report, but also the chance to extend
knowledge by doing genuinely novel research.

e Assistance. What help will be available to you during the project? A busy
lab with many research students might provide a supportive environment
should your potential supervisor be too busy to meet you often; on the
other hand, a smaller lab may provide the opportunity for more personal
interaction with your supervisor.

e Impact. It is not outside the bounds of possibility for undergraduate
work to contribute to research papers. Your prospective supervisor can
alert you to such opportunities.

e Success. You are doing a research project and it may not always provide
a positive result. Negative results are just as useful.

Planning your work

As with any lengthy exercise, planning is required to make the best use of the
time allocated. This is true on a daily basis as well as over the entire period
of the project. It is especially important not to underestimate the time it will
take to write and produce your thesis (see below). If you wish to benefit from
feedback given by your supervisor, you should aim to have drafts in his/her
hands in good time. Since a large proportion of marks will be allocated to
the report, you should not rush its production.

If your department requires you to write an interim report, look on this
as an opportunity to clarify your thoughts and get some of the time-
consuming preparative work out of the way. If not, you should set vour
own deadlines for producing drafts of the introduction, materials and
methods section, etc.

Project work can be very time consuming at times. Try not to neglect other
aspects of your course — make sure your lecture notes are up to date and
collect relevant supporting information as you go along.
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Choose project subject area
Read around subject
Create hypotheses and design
axperiments
Consider safety
aspects of work
including risk
assessment.
(see Chapter 2]
+ A i
Start Start writing;
experimental = introduction
waork; keep = materials and
detailed methads
records; ~— wideas for new
analyse and experiments
graph data as and
~ you proceed discussion

= reference list

| |
f

Wirite final report.

Fig. 11.1 Flowchart showing a recommended
sequence of events in carrying out an
undergraduate research project.

Getting started

Fig. 11.1 is a flowchart illustrating how a project might proceed; at the start,
don’t spend too long reading the literature and working out a lengthy
programme of research. Get stuck in and do an experiment. There’s no
substitute for “getting your hands dirty’ for stimulating new ideas:

e ecven a ‘failed’ experiment will provide some useful information which
may allow you to create a new or modified hypothesis;

e pilot experiments may point out deficiencies in experimental technique
that will need to be rectified:;

e the experience will help you create a realistic plan of work.

Designing experiments or sampling procedures

Design of experiments is covered in Chapter 10. Avoid being too ambitious
at the start of your work! It is generally best to work with a simple
hypothesis and design your experiments or sampling around this. A small
pilot experiment or test sample will highlight potential stumbling blocks
including resource limitations, whether in materials or time or both.

Working in a laboratory environment

During your time as a project student, you are effectively a guest in your
supervisor’s laboratory.

e Be considerate — keep your ‘area’ tidy and offer to do your share of lab
duties such as calibrating the pH meter, replenishing stock solutions,
distilled water, cleaning used glassware, etc.

e Use instruments carefully — they could be worth more than you'd think.
Careless use may invalidate calibration settings and ruin other people’s
work as well as your own.

e Do your homework on techniques you intend to use — there’s less chance
of making costly mistakes if you have a good background understanding
of the methods you will be using.

® Always seek advice if you are unsure of what you are doing.

@ It is essential that you follow all the safety rules ap-

plying to the laboratory or field site. Make sure you are acquainted with
all relevant procedures — normally there will be prominent warnings
about these. If in doubt, ask!

Keeping notes and analysing your results

Tidy record keeping is often associated with good research. and you should
follow the advice and hints given in Chapter 8. Try to keep copies of all files
relating to your project. As you obtain results, you should always calculate,
analyse and graph data as soon as you can (see Fig. 11.1). This can reveal
aspects that may not be obvious in numerical or readout form. Don’t be
worried by negative results — these can sometimes be as useful as positive
results if they allow you to eliminate hypotheses — and don’t be dispirited if
things do not work first time. Thomas Edison’s maxim ‘Genius is one per
cent inspiration and ninety-nine per cent perspiration’ certainly applies to
research work!
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Brushing up on IT skills — word
processors and spreadsheets are
extremely useful when producing a
thesis. Chapters 48 and 49 detail key
features of these programs. You might
benefit from attending courses on the
relevant programs or studying manuals
or texts so that you can use them more
efficiently.

Using drawings or photographs - these
‘can provide valuable records of sampling
sites or experimental set-ups and could
be useful in your report. Plan ahead and
do the relevant work at the time of
carrying out your research rather than
afterwards.
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Writing the report

The structure of scientific reports is dealt with in Chapter 52. The following
advice concerns methods of accumulating relevant information.

Introduction This is a big piece of writing that can be very time-
consuming. Therefore, the more work you can do on it early on, the better.
You should allocate some time at the start for library work (without
neglecting benchwork), so that you can build up a database of references (p.
319). While photocopying can be expensive, you will find it valuable to have
copies of key reviews and references handy when writing away from the
library. Discuss proposals for content and structure with your supervisor to
make sure your effort is relevant. Leave space at the end for a section on
aims and objectives. This is important to orientate readers (including
assessors), but you may prefer to finalize the content after the results have
been analysed!

Experimental You should note as many details as possible when doing the
experiment or making observations. Don’t rely on your memory or hope that
the information will still be available when you come to write up. Even if it
is, chasing these details might waste valuable time.

Results Show your supervisor graphed and tabulated versions of your data
promptly. These can easily be produced using a spreadsheet (p. 307), but you
should seek your supervisor’s advice on whether the design and print quality
is appropriate to be included in your thesis. You may wish to access a
specialist graphics program to produce publishable-quality graphs and charts:
allow some time for learning its idiosyncrasies! If you are producing a poster
for assessment (Chapter 54), be sure to mock up the design well in advance.
Similarly, think ahead about your needs for any seminar or poster you will
present.

Discussion Because this comes at the end of your thesis, and some parts can
only be written after vou have all the results in place, the temptation is to leave
the discussion to last. This means that it can be rushed — not a good idea
because of the weight attached by assessors to your analysis of data and
thoughts about future experiments. It will help greatly if you keep notes of
aims, conclusions and ideas for future work as vou go along (Fig. 11.1).
Another useful tip is to make notes of comparable data and conclusions from
the literature as you read papers and reviews.

Acknowledgements Make a special place in your notebook for noting all
those who have helped you carry out the work, for use when writing this
section of the report.

References Because of the complex formats involved (p. 319), these can be
tricky to type. To save time, process them in batches as you go along.

@ Make sure you are absolutely certain about the dead-

line for submitting your report and try to submit a few days before it. If
you leave things until the last moment, you may find access to printers,
photocopiers and binding machines is difficult.
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Purity of solids — melting points do not
vary significantly with changes in
atmospheric pressure, whereas the
boiling points of pure liquids are not
constant: they vary with changes in
atmospheric pressure and cannot be
used as a measure of purity.

Melting point depression — only
impurities, which will dissolve in the
compound, will lower its melting point,
e.g. reactants, by-products, solvents.
Insoluble impurities, e.g. salts, charcoal,
filter paper, grit, etc., will not dissolve in
the melted compound.

When you synthesize compounds in the
laboratory, you will always be asked to

determine their melting points so that
your practical expertise can be assessed.

Thermometers — make sure that you use
a partial-immersion thermometer not a
total-immersion thermometer. The type is
written on the back of the thermomster.

Melting points

Melting points are measured (determined) for four reasons:

1. The melting range and upper limit are an indication of the purity of the
sample.

2. Comparison of the melting point with the literature may indicate the
identity of the compound or confirm that it is not the compound required.
3. If the compound is new, other scientists will need the information.

4. The compound can be identified with reasonable certainty by taking a
mixed melting point (p. 90).

Criterion of purity

Pure solid covalent organic compounds and many inorganic complexes
incorporaling organic ligands have definite melting points. The pure solid will
melt reproducibly over a narrow temperature range, usually less than 1°C, and
this melting range is known as the melting point. If the compound is not pure,
the melting range will increase significantly and the upper end of the melting
range will be lowered. Thus the melting point (m.pt.) of a compound is a
measure of its purity (p. 90). Other methods are used routinely to estimate
purity of solid compounds, such as NMR (p. 190), and the presence of a single
‘spot” or a single peak on a chromatogram from thin-layer (p. 216), gas-liquid
(p. 211) or high-performance liquid (p. 218) chromatography, but melting point
remains the standard measure of purity.

m The term melting point really means the melting

range of a chemical and in your laboratory report you should always
quote the measured melting range under the heading ‘melting point’.

Melting point apparatus

The equipment for measuring the melting point of a solid varies in
complexity from a simple oil bath heated with a microburner to a microscope
with a heated stage as shown in Fig. 12.1. The essential components of a
melting point apparatus are:

e A sample holder: usually a glass capillary tube sealed at one end in the
case of the oil bath and heated block systems, or a pair of microscope
slides on an electrically heated plate in the Kofler block.

A temperature recording device, placed as near to the sample as possible.
Usually this is a thermometer but it can be a thermocouple probe with
digital readout.

® A heat source with fine control to allow a gradual increase in tempera-

ture. These sources vary with the sophistication of the equipment.

In the undergraduate laboratory you are likely to use only the simpler
systems such as the oil bath or heated block apparatus.

Capillary tubes

Capillary tubes for melting point measurement are available commercially
and are supplied open at both ends or closed at one end or closed at both
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Breaking capillary tubes — if the capillary
tube is sealed at both ends, you can
break it into two half-sized single-end-
sealed melting point tubes by scoring the
mid-point of the tube with a glass file and
then snapping the tube at the score mark.
If you don’t score the glass, the edges of
the break will be uneven and the tube will
be difficult to fill.
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thermometer

capillary
tube

capillary tube

L] (d)

Fig. 12.1 Melting point apparatus: (a) oil bath; (b) heated block — thermometer
readout; (c) heated block — digital readout; (d) Kofler hot-stage microscope.

ends. To seal one end of an open capillary tube, just touch the end of the
capillary tube onto the outer “layer’ of the hot flame of a microburner (see
Fig. 12.2). The end of the tube will collapse in and seal the tube. Make sure
that the tube is sealed, i.e. there is not a fine line in the sealed end, and that
there is no large globule of glass on the end of the tube, otherwise it may not
fit into the hole in the heating block of the melting point apparatus.
Similarly, if you push the tube too far into the flame, the tube will bend and
therefore not fit into the heating block.

To put the compound into the capillary tube, place a little of the dry
compound in a small heap on a watch-glass and press the open end of the tube
into the heap, trapping a plug of chemical in the opening. The chemical can be
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WRONG!
Tube has been
overheated

oo—

stages for
correct sealing

tube tilted to
prevent water
condensation inside

Fig. 12.2 Sealing a melting point capillary
tube.

‘Safety note The ‘notch’ in the cork is

essential: it allows the thermometer to be

read over all its length, it allows the
thermame’(er to be gripped by the cork
and most importantly, it allows the
heated air to escape from the apparatus.
Never use a cark w:thcut the ‘notch’.

If the rubber band comes into contact
with the oil it will expand - the capillary
tube will drop off into the oil bath and it i
will discolour the oil so that you will not
be able to see when your sample melts.

thermometer

split for
viewing
thermometer

@— microburner

Fig. 12.3 Components of an oil bath melting
point apparatus.

‘Safety note Mercury vapouris a severe
cumulative and chronic hazard and the
normal vapour pressure of mercury, at
room temperature, is many times above
the control limit (CL) of 0.05 mg m 3 If
you break a thermometer or findor
suspect the presence of mercury, |nfarm
your. mstruﬁt@r immediately.

moved to the sealed end by turning the tube over and tapping it on the bench,
or by vibrating it by rubbing it against the thread of the screw on a clamp, or
dropping it down a long glass tube onto the laboratory bench. Remember: you
only need 2-3 mm of sample in the bottom of the capillary tube.

Oil bath apparatus
The component parts of a typical oil bath melting point apparatus are shown
in Fig. 12.3.

e Check that the mineral oil is clean and contains no water (p. 34) and that
the bulb is only two-thirds full, to allow for expansion. Clamp the oil
bath to a support stand (p. 26).

e Check that your thermometer is of the appropriate range, that the mercury
thread is intact and the glass, in particular the bulb, is not cracked.

e Attach the capillary to the thermometer with a rubber ring, making sure
that the compound is next to the thermometer bulb and remember to
hold the thermometer near the bulb while attaching the capillary tube
(p. 13).

e Press the thermometer into the ‘notched’ cork, making sure that you can
see the thermometer scale, and trial fit the thermometer, sample and cork
into the oil bath making sure that the thermometer bulb and sample are
in the centre of the oil bath and that the rubber band is not in the oil,
and will not be covered by oil, when the oil expands on heating,.

e If adjustment is needed, carefully slide the cork up or down the thermo-
meter (p. 13).

e You can attach a melting point capillary to both sides of the thermometer
bulb to carry out two separate melting point determinations simul-
taneously.

Electric heated block apparatus
The heating block usually has three holes, to permit three simultaneous
measurements of melting points. Always ensure that:

e The heating block is at room temperature at the outset.
The light in the heating block works.

e The thermometer is undamaged (as above) and fits snugly into its hole in
the heating block.

e All heating controls are set at zero.

® The capillary tubes slide easily into their holes in the heating block.

The usual problems encountered with this equipment are broken capillary
tubes or broken thermometer bulbs in the heating block. Consult your
instructor in these cases.

Melting point determination

The general procedure is to heat the oil bath with the microburner using
the technique described on p. 32, or to use the heating control to give a
temperature rise of about 10°C per minute. When the temperature is
about 20°C below the melting point, the rate of heating must be reduced
to about 2°C per minute and continued at this rate until the compound
has melted. The melting point is the temperature range from where the
first drop of liquid appears to where the last crystal dissolves into the
liquid.
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Heating too fast - if you record a melting
point which is higher than the literature
value, you are implying that your
compound has a purity >100%, which is
impossible. Therefore it must be a
different compound to the one expected.

It is normal practice to make at least two
measurements of the melting point, one
approximate and at least one accurate
reading.

Calibrated thermometers - if your
compound is only slightly impure and
has a melting point 2 °C lower than the
literature value, a thermometer reading
10 °C low will give you an error of 12°C,
indicating a low level of purity and hence
a low grade or false information to fellow
scientists.

Table 12.1 A typical series of standards for
thermometer calibration

Compound Literature m.pt.
Naphthalene 79-80°C
Benzoic acid 121°C
4-Nitroaniline 147°C

4-Toluic acid 180-182°C
Anthracene 216-218°C
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The following points of technique should be considered:

e The most common error is heating the sample too quickly. There is often
a lag between slowing the heating rate and the reduction in temperature
increase, resulting in a reading of the melting point which is ree high.

e If you do not know what the compound is, you will not know its
expected melting point. Therefore, you should determine an approximate
value and then repeat the procedure to give an accurate measurement, by
reducing the heating rate, particularly for the final stage near the melting
point. The boost heater on the electrical apparatus can be used for
finding the approximate melting point but nor for accurate determination.

e If you are carrying out several melting point measurements, it is common
sense to measure the melting point of the lowest melting compound first —
less time for the apparatus to cool to room temperature.

e If you miss the melting point, do not allow the sample to solidify and
then retake the melting point with the same sample: some decomposition
may have occurred on melting.

Thermometer calibration

Your thermometer may be a major source of error in melting point
measurement. Occasionally thermometers for routine laboratory use may not
be accurate and may read up to 10°C high or low. To avoid this problem
you should always calibrate your thermometer to determine any error and be
able to correct for it.

To calibrate your thermometer you must measure the melting points of a
series of very pure compounds, available commercially, having a range of
melting points similar to the range over which you will use the thermometer;
a general-purpose series is shown in Table 12.1. Having measured the melting
points of each of the pure compounds, take the mid-point of each value for
the thermometer reading of melting point for each compound and the mid-
point of the literature melting point of each compound and plot them
graphically using literature temperature as the y-axis and the thermometer
reading as the x-axis. The straight-line plot will obey the equation
v = mx+ ¢, where y = real temperature (literature m.pt.), x = thermometer
reading, m = slope and ¢ = intercept. If you use a computer and suitable
program, the values of m and ¢ will be calculated and you then solve the
equation for using the thermometer reading (x-axis values) to find the real
temperature of melting (y-axis values) to find the true melting range.

Of course, if you break or lose your thermometer, you must calibrate
another,

Mixed melting point determination

You can confirm the identity of a compound by determining a mixed melting
point. If you prepare a mixture of your unknown chemical and the one you
suspect it may be and measure the melting point of the mixture then there are
two possible results:

1. The melting point of the mixture is the same as the pure compound,
which means that the unknown compound and the known compound
are the same.
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2. The melting point of the mixture is lower than either of the two pure
components and the melting range is large. This is because the two
compounds are different with the result that one is an impurity in the"
other.

For example, both benzoic acid and mandelic acid are white crystalline
solids which melt at 121 °C. However a 1:1 mixture of the two compounds
begins to melt at about 80°C.

The usefulness of mixed melting points is limited in that you must have
some idea of the chemical nature of your unknown compound and a sample
of the suspected compound must be available.
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Recrystallization involves allowing a hot
solution of the required compound to
cool. Crystallization implies allowing the
solvent to evaporate from a solution of
the compound. Crystallization will not
remove solvent-soluble impurities since
they will be deposited as the solvent
evaporates. :

Limits of purification - crude solids
containing only up to 10-15% impurities
can be purified by recrystallization.
Otherwise chemical purification or
chromatography (p. 217} will be required
to produce a compound, which can then
be further purified by recrystallization.

Practice in the technique of
recrystallization is important, since the
aim of the procedure is to produce the
maximum quantity of the highest quality
product. Poor technique often results in
low recovery of high-quality product or
high recovery of low-quality product.
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Recrystallization

The products from many synthetic preparations are seldom pure and the
technique of recrystallization, which involves dissolving the impure material
in a hot solvent and then cooling the solution to produce crystals, is routinely
used to purify covalent organic and inorganic solids.

In general there are three types of impurities, which are removed by the
recrystallization process:

1. Insoluble material: anti-bumping granules, pieces of filter paper, traces of

drying agents, grit, hair and other materials which may have been

present in the starting chemicals.

Small quantities of unreacted starting chemicals and/or by-products from

side reactions or other isomers.

3. Very small amounts of coloured by-products resulting from oxidation or
polymerization of the chemicals used.

(3]

Recrystallization is designed to remove all these types of impurity and
provide a pure product suitable for melting point measurement. Purification
by recrystallization is based on the theory of saturated solutions (p. 50) and a
suitable recrystallization solvent is one in which the chemical to be purified is
insoluble in the cold solvent and soluble in the hot solvent.

When the crude reaction product is dissolved in the hot solvent the insoluble
impurities (type 1 above) can be removed by hot filtration (p. 98). When the hot
solution is allowed to cool, the solution becomes saturated with the desired
compound and it precipitates from the cold solution. The cold solution does
not become saturated with the lower concentration of the contaminants of type
2. which therefore remain in solution. Coloured impurities (type 3) can be
removed by absorption using charcoal as described on p. 96.

The recrystallization process can be divided into three separate steps:

Selection of a suitable solvent.
Recrystallization of the crude compound.
Drying the purified solid.

el o

Solvents for recrystallization
You can decide on a suitable solvent for recrystallization of your crude
chemical product in several ways:

e The experimental protocol may tell you which solvent to use.

e If you know the identity of the compound you have made, reference texts
may indicate a suitable solvent (e.g. Lide. 2000; Buckingham and
Macdonald, 1995).

e If you are not sure of the identity of the compound you have prepared or
if it is a new compound. you must carry out a ‘solvent selection’ to find
out which solvent is the most appropriate (p. 93).

When selecting a suitable solvent for recrystallization, chemists work to the
general rule ‘like dissolves like” when considering the polarity of the chemical to
be recrystallized and the polarity of the solvent. In general solvents for
recrystallization are classified in terms of polarity and miscibility. Solvent
polarity depends upon the overall distortion of the electron clouds in the
covalent bonds within the solvent molecules, resulting in a dipole. The greater
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the dipole, the greater the polarity of the solvent, e.g. trichloromethane has
three polarized C—Cl bonds, giving an overall dipole to the molecule and
producing a good solvent for many molecules, but in tetrachloromethane all of
the C—CI dipoles cancel out, giving a non-polar solvent with different solvent
properties in comparison. An additional feature that adds solvating power is
hydrogen bonding. Thus water, a polarized molecule, can form hydrogen bonds
with oxygen and nitrogen atoms in solutes, dissolving them efficiently.

When you are choosing a solvent for recrystallization, look for the
following general characteristics:

e A high dissolving power for the solute at high temperature and a low
dissolving power at room temperature or below, so that a high recovery
of purified compound can be achieved.

e A high or negligible dissolving power for the impurities, so that they will

2! either be filtered off or remain in solution.

Eima n e e A relatively low boiling point, to facilitate drying the purified compound.

\ recrystallization - sc

The miscibility of solvents with each other must be taken into account
when attempting mixed-solvent recrystallizations (see p. 95); the properties of
some common recrystallization solvents, which you are likely to encounter in
your laboratory work, are shown in Table 13.1. Remember that this is only a
general list of solvents; further information on solvent properties can be
found in standard textbooks such as Harwood er al. (2000, p. 133),
Loewenthal (1990, p. 146) and Furniss et al. (1989, p. 137).

Table 13.1 Selected solvent properties

Solvent

Water 100 V. high Yes Always use when suitable:
salts, aromatic acids

Ethanol 78 High Yes Flammable: alcohols, acids,
amides

Propanone 56 High Yes Flammable: carbonyl
compounds

Ethyl ethanoate 78 Medium No Flammable: esters

Dichloromethane 41 Medium No Toxic: halogen compounds,
ethers

Toluene 110 Low No Flammable: hydrocarbons

Light petroleumm  40-60 V. low No Flammable: hydrocarbons

Solvent selection

To find a suitable solvent for recrystallization you must carry out a series of
tests measuring the solubility of your crude compound in a series of solvents
(cold and hot) of varying solvent polarity. This series of tests is called ‘solvent
selection’ and is carried out on a test tube scale but, as your technique
improves, you can carry out the tests using semi-micro scale since you will
use less of your compound during the process. The procedure for solvent
selection at the test tube scale is described in Box 13.1 and modification of
the procedure to semi-micro scale requires only a corresponding reduction of
the quantities of solvent and solute used.

@ When carrying out the solvent selection experiments

you must always cool the solution after heating. Do not assume that if
the compound is insoluble in the cold solvent and dissolves when
heated, it will always precipitate on cooling.
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Box 13.1 How to carry out a solvent selection for recrystallization of an unknown compound

A suitable range of solvents for general use, in order
of decreasing polarity, is: water, ethanol, propanone,
ethyl ethanoate, dichloromethane, toluene and light
petroleum (b.pt. 40-60°C).

1.

Clean and dry six Pyrex™ test tubes to ensure that
you will have no problems with contaminated sol-
vents when carrying out the solubility tests.

Add a small sample of the compound under test to
each tube, using just enough compound to cover
the bottom of the test tube.

Add about 2.0mL of a pure solvent to the first
tube and observe the effect. You should look for
the following features, which may help in the next
recrystallization stage:

{a) The solid does not dissolve, but it is ‘wetted’
by the solvent. This implies that the solvent
may be suitable for use in recrystallization.

(b) The compound dissolves easily. Therefore the
solvent is unsuitable for recrystallization and
there is no need to continue tests with this
solvent.

{c) Most of the compound dissolves but leaves a
small amount of insoluble residue. This means
that there are solvent-insoluble impurities pre-
sent in your compound, but the solvent itself is
unsuitable for use in recrystallization.
Some colour is released into the solvent and the
compound becomes lighter in colour. This means
that there could be a coloured impurity present in
your compound and it will be necessary to de-
colorize the product in the recrystallization
experiment.

(d

—

Heat the mixture in the test tube by an appropriate

means, bearing in mind the flammability and toxicity

of the solvent, to see if the solid disselves in the hot
solvent. For non-flammable solvents, remember to
hold the test tube with a holder (see p. 37} and to

‘wave’ the test tube over the heat source to prevent

‘bumping’ (p. 31). Flammable solvents should be

heated using a steam bath in a fume cupboard: do

not lower the test tube into the steam bath and leave
it there. Instead you must ‘wave' the test tube in the
steam escaping from the bath to achieve controlled
heating. This is particularly important with low-
boiling-point flammable or toxic sclvents such as
propanone, dichloromethane and light petroleum

(b.pt. 40-60°C). You should look for the following

results:

{a) The solid does not dissolve in the hot solvent,
which is therefore unsuitable for recrystallization
and there is no need to continue tests with this
solvent.
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(b) The solid dissolves and thus the solvent may
be useful for recrystallization.

{c) Most of the compound dissolves but leaves a
small amount of insoluble residue. This means
that there are solvent-insoluble impurities pre-
sent in your compound and the solvent may be
suitable for use in recrystallization.

{(d) The solid melts and floats on the meniscus at the
top of the soivent giving the appearance of
having dissolved. This is a common feature of
low-melting-point hydrocarbons such as naph-
thalene and other non-polar aromatic com-
pounds: shake the test tube to see if oily globules
are released from the meniscus. If this occurs, the
solvent is unsuitable for recrystallization.

Cool the test tube in an ice-water bath or under a
cold stream of water ensuring that no water gets into
the test tube. There are several possible results:

(a) The compound recrystallizes in high yield on
cooling: often there will appear to be more
solid than you started with because of the fine
crystals produced. This solvent is suitable.

{b) The compound recrystallizes in low yield on
cooling: the solvent is unsuitable unless no
better alternative can be found.

{c) The compound remains in solution after
cooling: the solvent is wnsuitable or a
supersaturated solution has been formed. To
check if the formation of a supersaturated
solution has occurred, gently scratch the inside
of the test tube at the surface of the solution
with a Pyrex" rod. The scratches provide points
of nucleation for crystal growth and crystals
should form rapidly if the solution is super-
saturated. Take care when scratching the test
tube with the glass rod (see p. 100). If a super-
saturated solution is formed, then the solvent is
suitable for recrystallization.

Repeat the test using the other solvents and
record your results in tabular form to include your
experimental observations and conclusions.

If you have found several suitable solvents, then
select one after considering factors such as flamm-
ability, toxicity and boiling point, since you will need
to use much larger volumes of solvent in the
recrystallization process, with consequent compli-
cations in the equipment to be used (see Table 13.2).

If you have not found a suitable solvent, then you
will need to carry out a mixed-solvent recrystalli-
zation and you must find out which combination of
solvents will be suitable (see Box 13.2).
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Mixed solvents

When no single solvent is found to be suitable for recrystallization, then a
mixed solvent system must be used. There are three essential properties
required for a pair of solvents to be used in a mixed-solvent system:

1. The two solvents
temperature range to be used.

The solute must be insoluble in one of the solvents.
The solute must be soluble in the other solvent.

must be miscible in all proportions over the
Using mixed solvents for recrystallization
— never assume that a mixed solvent
system is a mixture of equal volumes of
the two solvents. The ratio of the two
solvents is established practically during

the recrystallization experiment.

(R

It is an advantage if the two solvents have similar boiling points within 20—
30°C.

Suitable common solvent pairs from the solvents given in Table 13.1 are
water/ethanol and dichloromethane/light petroleum (b.pt. 40-60°C), but
many other combinations are possible. One of the most frequently
encountered mixed solvent systems is ‘aqueous ethanol’ (water/ethanol) in
which the compound to be recrystallized is insoluble in water and very
soluble in ethanol.

You can identify the solubility characteristics of your compound using the
solvent selection procedure shown in Box 13.1 and modifications for mixed
solvent selection are given in Box 13.2.

The recrystallization process

Having chosen a suitable solvent system, the process to be used to purify the
bulk of your impure compound can be separated into several distinct steps:

Box 13.2 How to carry out a mixed-solvent selection for recrystallization of an unknown compound

From your solvent selection tests (Box 3.1) you will
have discovered the individual solvents in which your
compound is soluble {good solvents) and in which it is
insoluble (poor solvents}, when the solvents are cold.
Proceed as follows:

6.

Repeat the heating and solvent addition process
until the point is reached when the precipitate just
dissolves when the solution is heated. You now
have a hot solution of your compound with the
correct ratio of the two solvents.

1. Choose a miscible solvent pair, in which the 7. If you have added too much poor solvent and the

solubility of your compound is appropriate. precipitate will not redissolve on heating, add

_ enough good solvent to dissolve the precipitate

2 fHes A Sl amonn {aboﬂut D-2g)-of The com- and then continue to add poor solvent and heat as
pound in a clean dry Pyrex" test tube and add a before
good solvent (about 2.0 mb) in which it is soluble. i

3 Hodt the test tibe by-an sppropnate motliod 8. Cool the test tube in an ice-water bath, to ensure

dependent on the solvent used, until the solid has
dissolved. Remember that your original solvent
selection may have shown that solvent-insoluble
impurities are present.

. Add a few drops of the poor solvent from a Pasteur

pipette. A slight ‘cloudiness’ or precipitate should
form, since the solubilizing power of the good
solvent has been decreased by the poor solvent and
the solution will have been cooled slightly.

. Reheat the solution until the cloudiness or

precipitate disappears and then add a few more
drops of the poor solvent to produce a precipitate.

-

10.

that crystals are formed.

If an oil is formed on cooling, which may happen if
the melting point of the solid is below the boiling
points of the solvents used, you should use slightly
more of the good solvent (or less of the poor
solvent) or try a different combination of solvents.

If crystals do not form on cooling, you may have
formed a supersaturated solution and you should
‘scratch’ with a Pyrex™ glass rod, as described for
single solvent selection (Box 13.1).

Laboratory techniques
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e Dissolution of the solid using a single-solvent or a mixed-solvent system.

e Decolorization using charcoal: even if your compound is white,
decolorization will improve its appearance significantly.

e Hot filtration (p. 98) to remove solvent-insoluble impurities and
charcoal.

e Cooling, to produce the crystals.

e Collection of the crystals by suction filtration (p. 28).

e Drying (p. 39).

It is important to remember that for a successful recrystallization, you need
to use equipment of a size appropriate to the amount of solid and the volume
of solvent you are likely to use. You can estimate the volume of solvent to be
used by extrapolation of the data from your solvent selection tests. In general
terms, conical flasks, beakers and round-bottom flasks should never be more
than half-full of solution but, on the other hand, using small volumes of
solutions in large flasks will result in losses of the compound on the sides of
the vessels.

Dissolution

To carry out a single-solvent recrystallization (Box 13.3) you must get the
compound into solution and this is achieved by suspending it in the
appropriate cold solvent, found in the solvent selection process, and then
heating the mixture to dissolve the solid. The equipment used will depend on
the boiling point of the solvent, its flammability and toxicity. Some general
systems are shown in Table 13.2.

Table 13.2 Solvents for recrystallization

Water 100 Conical flasks, Burner, hot plate None
beakers

Ethanol 78 Conical flasks ~ Water bath Fume cupboard
Propanone 56 Conical flasks ~ Water bath Fume cupboard
Ethyl ethanoate 78 Conical flasks Water bath Fume cupboard
Dichloromethane 41 Reflux Water bath Fume cupboard
Toluene 110 Reflux Hot plate, mantle Fume cupboard
Light petroleum  40-60  Reflux Water bath Fume cupboard

When heating solvents in conical flasks and beakers you should cover the
top of the flask with a clock-glass or watch-glass to prevent excessive
evaporation of the solvent, resulting in the formation of crystals on the sides
of the flask above the surface of the solution. Do not forget to take the
appropriate ‘anti-bumping’ precautions (p. 31), because you may need to boil
the mixture for several minutes to achieve complete dissolution of the
chemical(s). You should use a glass rod, a wooden ‘boiling stick’ or anti-
bumping chips in conical flasks of volume up to 500 mL; magnetic ‘fleas’ or
anti-bumping granules in round-bottom flasks in reflux apparatus (p. 116);
magnetic ‘fleas’ or stirring bars in large-volume glassware (> 500 mL).

Decolourization

Small amounts of coloured impurities can be removed from your product by
absorption on finely divided charcoal, which is then removed in the hot
filtration process (p. 98). In general, you should use charcoal in every
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Box 13.3 How to carry out a single-solvent recrystallization

Examples: Suppose that you have prepared a crude
sample (about 4.0 g) of N-phenylethanamide (acetanilide)
and you are to purify if by recrystallization from water.
The melting point of pure N-phenylethanamide is 114°C
(Lide, 2000).

1.

Weigh the crude sample and retain a few crystals
in case seeding is required.

. Transfer the solid, using glazed paper or a solids

funnel (p. 25}, into a clean, dry conical flask (250 mL).

. Add cold water (about 100 mL} and a glass rod as

an anti-bumping device to the flask and then heat
the mixture on a hot plate until the compound has
dissolved completely. Then add more water (about
10 mL), to ensure that precipitation of the solute
does not occur during the following stages.

Remove the flask from the heat and allow it to
cool for 2 minutes.

. Add a small amount of decolorizing charcoal

(about 0.01 g) to the solution, place a watch-glass
on top of the conical flask and heat the mixture
gently for 5 minutes.

. Prepare another clean, dry conical flask (250 mL)

and add water (about 20mL) and a glass rod and
then heat to boiling on the hot plate with a stemless
funnel and fluted filter paper just above the neck
(Fig. 13.1), so that the steam heats the funnel and
filter paper.

. Filter the recrystallization solution through the

filter paper using hand protection {rubber fingers
or an insulated glove) and keep the filter topped up
with solution to prevent cooling. At the same time,

©

10.

S5

12

13.

14.

15.

keep the recrystallization solution hot during the
filtration by putting it back onto the hot plate.

. When filtration is complete, remove the collection

flask from the heat, take out the glass rod and
clamp the flask in an ice—water bath, covering the
top of the flask with a watch-glass.

When the solution is cold (about 5°C), collect the
solid by suction filtration (Box 5.2), using the filtrate,
not fresh water, to transfer the solid completely from
the collection flask. If crystals do not form, either add
a few crystals of the crude solid to ‘seed’ the
supersaturated solution or ‘scratch’ with a Pyrex®
glass rod to induce recrystallization.

Rinse the compound on the filter using a little
{about 5mL) ice-cold water and continue suction,
to make the crystals as dry as possible.

Transfer the crystals to a clock-glass using a
spatula and spread them in a thin layer.

Dry the pure compound in the oven at 70°C for
about 30 minutes and test them with a spatula to
check their dryness: they should not stick together.

Allow the crystals to cool, covering them with
another clock-glass to prevent contamination.

Transfer the purified crystals to a ‘tared’ watch-
glass on a balance to determine their weight and
then transfer them to a labelled sample tube using
folded glazed paper (p. 24).

Calculate the efficiency of the process:

weight of pure compound
weight of crude compound

% recovery = x 100

recrystallization since the colour of white and coloured compounds is
mmproved by “decolorization’.

The amount of charcoal used should be about 2% by weight of the sample
to be recrystallized. Note the following important points:

e Add the charcoal only when the solution has been formed. If you add
charcoal to the cold solution, you will not be able to see when all of the
compound has dissolved.

Do not add charcoal to a boiling or a very hot solution otherwise the

solution will boil extremely vigorously, usually boiling out of the flask or

reflux apparatus.

e To add charcoal to a hot solution, remove the flask from the heat source
and then let it cool a little (not enough to cause precipitation). Add the
charcoal either from a spatula (into a conical flask or beaker), a paper
funnel (p. 25) or powder funnel (into a round-bottom flask with a
ground-glass joint in reflux apparatus), and then reheat the solution.

Coloured compounds - you should know
something about the colour of the

compound you are trying to purify. There
is no point in trying to remove the colour ®
from a coloured compound. However,
charcoal will improve significantly the
appearance of a coloured compound.
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Solvent-insoluble impurities — remember

that if you have found solvent-insoluble
impurities, not all your ‘compound’ will
dissolve in the hot solvent. You can
confirm the presence of these by adding
an excess of hot ‘selected’ solventto a
small sample of the crude compound. If it
does not dissolve completely, solvent-
insoluble impurities are present.

hand protection
essential
5
B

4 n.
stemless funnel
. ) hotplate
filtrate refluxing {or water bath)

gently

ole)

Fig. 13.1 Filtration of a hot solution.
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Hot filtration

This is a modification of gravity filtration (p. 28), designed to remove
solvent-insoluble impurities, charcoal, anti-bumping granules or magnetic
‘fleas’ from the hot solution before cooling the solution to form the crystals
of purified product.

@ Hot filtration is used to prevent cooling of the solu-

tion during the filtration process, which would result in the formation of
crystals in the filter paper.

For a successtul hot filtration the solution must pass through the filter paper
and filter funnel into the collection flask as quickly as possible so that cooling
and crystallization do not occur. The following points should be noted:

o Abvays use a fluted filter paper (p. 28).

e Always use a ‘stemless’ glass filter funnel because cooling and thus
crystallization may occur in the funnel stem causing a blockage.

e Abhvays heat the filter funnel and filter paper, either by pre-heating them
in an oven or by using boiling solvent in the collecting flask (Fig. 13.1).

e If filtration is rapid, keep the filter cone ‘topped up’ with the hot solution
being filtered. since this keeps the filter cone and filter funnel hot. If you
allow the filter cone to empty of liquid, cooling and crystallization may
occur.

e When attempting a hot filtration with a mixed-solvent system, always
ensure that the ‘ideal’ solvent ratio has not been reached, i.e. there is not
enough of the poor solvent to cause immediate precipitation as a result of
slight cooling during the hot filtration. The solvent ratio can be adjusted
to the ‘ideal’ ratio for maximum recovery, after filtration and before
cooling (Box 13.4).

Cooling

Rapid cooling in an ice-water bath (‘crash-crystallization’) usually produces
small crystals occluded with mother-liquor, whereas slow cooling by allowing
the collection flask to stand on the laboratory bench often produces large
well-defined crystals. Remember to:

e cover the top of the collection flask with a watch- or clock-glass to
prevent solvent evaporation and entry of dust into the flask: do not use
rubber bungs or corks since they may be pulled into the flask as it cools
(p. 21);

e clamp the flask in place, if you use an ice-water bath, otherwise it may
fall over as the ice melts and the volume of water increases;

e make sure that the solution is cold, even after slow cooling, so that
maximum precipitation of the solid occurs.

If no crystals appear on cooling, you will have formed a supersaturated
solution and, to induce precipitation of the solute. you must provide sites for
nucleation and crystal growth. This can be achieved by either seeding the
solution by adding a few crystals (‘dust’) of the crude compound or
seratching the inside of the flask at the surface of the liquid. using a Pyrex®™
glass rod (Fig. 13.2).

Collection of the crystals
You should collect the purified crystals by suction filtration by the procedure
described in Box 5.2 (p. 30). Remember to transfer the crystals from the
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Box 13.4 How to carry out a mixed-solvent recrystallization

Examples: Suppose that you have prepared a crude
sample (e.g. ~4.0g) of N-phenylbenzamide (benzani-
lide). Your solvent selection tests have shown that it is

the neck (Fig. 13.1) so that the ethanol vapour
heats the funnel and filter paper.

insoluble in water and fairly soluble in cold ethanol. The G Hiltar it recl"ystallzgtlo_n so"ﬁ‘t'o" ‘h"’“g!‘ the
- : e e filter paper using hand protection (rubber fingers

melting point of pure N-phenylbenzamide is 158 °C (Lide, : :
5000). Frocesd as follows: or an msu_lated- glove) and kelep the filter toppe1‘3 up
with solution to prevent cooling. At the same time,

1. Weigh the crude sample and retain a few crystals keep the recrystallization solution hot during the
in case seeding is required. filtration by putting it back onto the hot plate.

2. Transfer the solid, using glazed paper or a solids 9. When filtration is complete, remove the filter
funnel (p. 25), into a clean, dry conical flask funnel and restart the water addition and reheating
{250 mL}. process until the ideal solvent ratio is reached once

3. Add cold ethanol (about 25 mL) and a glass rod as e
an anti-bumping device to the flask and then heat 10. Remove the collecting flask from the heat, take out
the mixture on a water bath until the compound the glass rod and clamp the flask in an ice—water
has dissolved completely. bath, covering the top of the flask with a watch-

4. Add cold water (about 5mL) to the hot ethanol s
solution and a slight precipitate should form, which  11. When the solution is cold (about 5°C), collect the
then redissolves - this is often seen as a ‘flash’ of solid by suction filtration (Box 5.2}, using the
white in the solution. Reheat the solution and add filtrate, to transfer the solid completely from the
more water (5 mL). The precipitate will remain for a collection flask. If crystals do not form, either add a
little longer and take more time to disappear on few crystals of the crude solid to ‘seed’ the super-
reheating. saturated solution or ‘scratch’ with a Pyrex™ glass

5. Repeat the water addition and reheating process, Dl
but note that you will need to reduce the volume of 12. Rinse the compound on the filter using a little
water added at each consecutive addition, since (about 5mlL) ice-cold water and continue suction,
the precipitate will take longer to redissolve as the to make crystals as dry as possible.
solvating power of the ethanol is reduced by the :
water. Eventually, you will reach the situation 13. Transfer the crystals to o ciock_-glass eing 8
where the precipitate just redissolves at the boiling spatula and spread them out in & thin layer.
point of the solvent mixture. You now have the 14, Dry the pure compound in the oven at 70 'C for
ideal solvent mixture for recrystallization of N- about 30 minutes and test them with a spatula to
phenylbenzamide and any slight cooling of the check their dryness: they should not stick together.
solution will result in its precipitation. : d

15. Allow the crystals to cool, covering them with

6. Remove the solution from the heat, add ethanol another clock-glass to prevent contamination.

{6 mL), to ensure that the N-phenylbenzamide re- _ s ;
mains in solution if it cools a little, add charcoal 18- Transfer the purrﬁed ¢W5t315‘t0 a ‘f:ared- watch-
{about 0.01g), place a watch-glass on top of the glass on a balance to determine their weight qnd
flask and reheat the solution on the water bath for then transfer them to a labelled sample tube using
abont s minties. folded glazed paper (p. 24).

17. Calculate the efficiency of the process:

. Prepare another clean, dry conical flask (250 mL)

and add ethanol {about 10 mL) and a glass rod and
then heat to boiling on the water bath with a
stemless funnel and fluted filter paper just above

weight of pure compound i
g % 100
weight of crude compound

% recovery =

collecting flask to the filter using a little of the filtrate: do not wuse fiesh
solvent. The filtrate is a saturated solution of the compound being
recrystallized and cannot dissolve any more solute, but fresh solvent will
dissolve some of your product resulting in an inefficient recrystallization
process.
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Safety note Take great care when
*scratching’ a supersaturated solution
with a glass rod. Hold the flask or test
tube at the neck, not at the bottom, and
make short scratching movements on the
side of the flask just above and below the
surface of the liquid (Fig. 13.2). If you
au::ldentally break the flask or test tube
you will cut your hand if you hold the
vessel at the bottum. &

Crystallization in the filter paper:
prevention - keep everythmg hot and use
a good fluted filter paper;

cure — wash thro_ugh with hot solvent,

_evaporate most of the excess and repeat
the hot filtration.

Evaporation of excess solvent — remove
by rotary evaporation (p. 121] or N; blow-
down (p. 123). This is the one occasion

when water is the less than ideal solvent,

since its evaporation is time consuming.

100 Laboratory techniques

Fig. 13.2 ‘Scratching’: (a) right; (b) right; (c) wrong.

Drying
The purified compound should be dried by the appropriate method as
described on p. 39. If you do not know the melting point of your
compound, you should always carry out a test by placing a small amount
on a watch-glass in the oven, before committing the bulk of your
chemical.

Detailed procedures for single-solvent and mixed-solvent recrystallizations
are shown in Box 13.3 and Box 13.4 respectively and the modifications
necessary for the use of other solvent systems can be worked out from the
information in Table 13.2.

Problems in recrystallization
There are three common problems encountered during recrystallization:

1. The compound crystallizes in the filter funnel during hot filtration. This
is because the solubility of the solute decreases rapidly with temperature
and the slight cooling during hot filtration causes precipitation of the
solid, even though you are heating the funnel. The answer is to use more
than the minimum amount of solvent and then evaporate off the excess
before cooling.

2. The compound does not recrystallize. There are two reasons: you have
used too much solvent and you must evaporate off some solvent before
cooling, or you have formed a supersaturated solution and you must
‘seed’ or ‘scratch’ the solution (see p. 98).
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The compound precipitates as an oil. This is because compounds with
low melting points often come out of a concentrated solution above their
melting point. In such cases more solvent should be added and the
compound redissolved and cooled so that precipitation is retarded to the
temperature at which the crystalline solid comes out of solution. Often
‘scratching’ the hot solution as it cools can prevent ‘oiling out’.
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Extraction — making a cup of coffee
involves extraction of the flavour
chemicals and caffeine from the insoluble
vegetable matter using hot water and is

14 Solvent extraction

This technique separates the components of chemical mixtures by using the

an example of liquid—solid extraction. (p.
tory are:

1,

dissimilar solubility properties of the components of the mixture in
different solvents. Extraction is used mainly to purify a reaction product
partially before final purification by recrystallization (p. 92) or distillation

107). The two common types of extraction process used in the labora-

Liquid-liquid extraction: this uses two immiscible solvents; the desired
compound in solution or suspension in one solvent is extracted into the
other solvent. For example, covalent organic compounds are extracted
from aqueous solution into dichloromethane, leaving the ionic by-
products or reagents in the aqueous phase.

Solid-liquid extraction: this involves the use of a solvent to remove
solvent-soluble components of a solid mixture.

Liquid-liquid extraction

Several experimental processes in practical chemistry are based on liquid—
liquid extraction:

‘Extraction”: where a solid or liquid suspended or dissolved in one solvent
is extracted into another. This technique can be used to separate covalent
molecules from ionic compounds in an aqueous solution or suspension.
‘Washing™: where ionic species are removed from a non-polar solvent by
extraction into water,

‘Acid-base extraction: where covalent molecules are converted into their
salts and thus removed from a non-polar solvent into water, while neutral
covalent species will remain in the non-polar solvent, as shown in
Table 14.1.

Table 14.1 Examples of acid-base extraction chemistry

ArCOOH

Acid
insoluble in H,O
soluble in CH;Cl,

ArNH;

Amine
insoluble in H20
soluble in CH2Cl;

ArCOOH

Acid
insoluble in H,0
soluble in CHzCl;

RH

Neutral
insoluble in H,0
soluble in CH;Cly

RH

Neutral
insoluble in H,0
soluble in CH,Cly

ArOH

Weak acid
insoluble in H,O
soluble in CH;Cls

NaOH

- }
Salt Neutral
soluble in H;0 insoluble in H,O
soluble CH;Cl,
HCI A
CH,Cly ArNH3 CI - RH
Salt Neutral
soluble in H,O insoluble in H,O
soluble CHzClz
MNa;CO3 i 4
Salt Weak acid

insoluble in H;0
soluble CH;Cl;

soluble in H;0
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All of these processes involve mixing the two immiscible solvents, one of
which contains the mixture, in a separatory funnel (p. 103) and shaking the
funnel to promote the extraction process. The immiscible layers are allowed
to reform and are then separated.
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Safety note Because of its flammability
and tendency to form explosive
peroxides, the use of diethyl ether for
extractions in many undergraduate '
laboratory has effectively been
discontinued. Use dichloromethane or
ethyl ethanoate instead.

Safety note Dichloromethane is
effectively non-flammable and is often
the solvent of choice, but it is a liver toxin
and an jrritant, and must be handled in
the fume cupboard if volumes greater
than 50 mL are to be used. ]

Extraction calculations — it is necessary to
calculate volumes of solvents and
number of extractions when attempting
to maximize the economics of an
industrial-scale extraction process.

Separatory funnels — the coned-shaped
funnels are specifically designed for
extractions. Only use parallel-sided
funnels when no alternative is available.

Safety note Extractions involving large
volumes of solvents (> 100 mL) should
always be carried out in cone-shaped
separatory funnels supported by a ring,
because there is then no danger of the
funnel slipping from a clamp at its neck.

For liquid-liquid extraction, water is usually the polar solvent. Since
most extractions involve getting the required compound into the organic
solvent (or removing unwanted ionic chemicals from it), it should have
good solvent power for the desired compound and a low boiling point for
ease of removal and recovery of the compound. The common organic
solvents used in liquid-liquid extraction are diethyl ether (ethoxyethane)
b.pt. 34°C, dichloromethane (DCM) b.pt. 41°C and ethyl acetate (ethyl
ethanoate) b.pt. 77 °C. Dichloromethane is denser than water and forms
the lower layer, whereas diethyl ether and ethyl acetate float on water and
are the upper layer.

Partition coefficients

The theory of liquid-liquid extraction is based on the equilibrium between
the concentrations of dissolved component in the two immiscible liquids,
when they are in contact. The equilibrium constant for this process is called
the partition coefficient or distribution coefficient and is given by:

__concentration of solute in liquid 1
~ concentration of solute in liquid 2

[14.1]

You only need to calculate such quantities if?

e you are carrying oul specific experiments to determine partition
coefficients, when you will be given specific instructions or references to
the appropriate literature;

e the solute has appreciable solubility in both solvents.

The reason calculation is not necessary is that, in the overwhelming
majority of extractions you will carry out, the conditions used are designed
to ensure that the components will be almost totally soluble in one of the
liquids and almost insoluble in the other, since complete separation is
required. The number of extractions needed to extract a water-soluble solute
into an immiscible organic phase can be calculated from the following
relationship:

H 1 z ]
-'” = W
I\ kv +i

where K = partition coefficient of the solute, v = volume (mL) of aqueous
solution of the solute, s = volume (mL) of immiscible organic solvent, wy =
weight of solute initially in the aqueous layer, w, = weight of solute
remaining in the aqueous layer after n extractions, and n = number of
extractions. Evaluation of this expression shows that, for a fixed volume of
solvent, it is more efficient to carry out many small extractions than one big
one.

[14.2]

Separatory funnels
These come in a range of sizes from 5mL to 5000mL and there are two
general types: parallel sided and cone shaped (Fig. 14.1). Cone-shaped
separatory funnels are made of thin glass and should be supported in a ring
(p. 104). Small-volume cone-shaped funnels (< 100mL capacity) and
parallel-sided separatory funnels should be clamped at the ground-glass joint
at the neck (p. 27).

Separatory funnels will have glass or Teflon™ taps with a rubber ring and
clip or screw cap on the end to prevent the tap slipping from the barrel, or a
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:

glass or Teflon® tap

i Rotaflo® tap

Fig. 14.1 Separatory funnels.

Drying separatory funnels in an oven —
always disassemble the tap and do not
place the tap and its plastic components

in the oven. Dry them with tissue.

plastic locking ring

/

i glass thread

Rotaflo® tap
Fig. 14.2 A Rotaflo" tap.
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Rotaflo™ tap. You must ensure that the tap assembly is in good condition by
making the following checks before starting work:

For glass taps: disassemble the tap by first removing the clip and ring or
cap from the tap (note the order of the component parts for
reassembling). Dry the tap and barrel with tissue, add a light smear of
grease to the tap (making sure you do not clog the hole in the tap) and
reassemble the tap and fittings, turning the tap to ensure free movement.
Support the separatory funnel in position and add some of the organic
solvent to be used (2-3mL) to the funnel, with the tap closed, to check
that the tap does not leak. If the tap leaks, disassemble and regrease.

For Teflon™ taps: disassemble the tap, wipe the tap and barrel with clean
tissue, reassemble without grease, check for free movement of the tap and
for leakage as described above. When you have finished using the funnel,
loosen the clip/cap on the tap since Teflon™ will flow under pressure and
the tap may ‘seize’ in the barrel.

For a Rotaflo® tap: unscrew the tap from the funnel and ensure that
the plastic locking thread is in place (Fig. 14.2). If it is not present.
consult your instructor and obtain a replacement. Dry the barrel of
the tap and the tap with a tissue and reassemble. Do not grease the
Rotaflo™ tap.

The general procedure for using a separatory funnel for extraction is
described in Box 14.1 and there are five additional practical tips to aid your
success:

1.
2.

stand ——

Label all flasks to avoid confusion.

Never throw away any of the separated liquids until you are absolutely sure
of their identity.

Always transfer solvents into the separatory funnel using a stemmed
filter funnel so that solids and liquids will not stick to the inside of the
joint and prevent a good seal when you insert the stopper and then
invert the funnel.

Always place a ‘safety’ beaker under the separatory funnel to collect
liquid just in case the tap leaks (Fig. 14.3a).

funnel -

) J%"‘ = separated liquid layers
coverad metal ring e _

{e.g. PVC)

stopcock (closed!)

stopper
(ready for use)

(a) (b}

Fig. 14.3 A separatory funnel (a) ready to use and (b) in use.
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Box 14.1

This is an example of an acid-base extraction. The solid
mixture {e.qg. 4.0 g for the solvent volumes used below) of
benzoic acid and naphthalene is soluble in dichloro-
methane but benzoic acid will dissclve in dilute aqueous
sodium hydroxide (2M) by forming the sodium salt
(sodium benzoate). Naphthalene is insoluble in water.

10.

How to separate a carboxylic acid and a hydrocarbon using solvent extraction

Take out the stopper, place it upside down in the top
of the separatory funnel and allow the solvent layers
to separate. The upper layer is the aqueous layer
(10mL compared with 50 mL of dichloromethane).
Sometimes a few globules of dichloromethane will
‘cling’ to the surface of the water layer: these can be
released by gently swirling the contents of the

1. Dissolve the mixture in a clean, dry beaker in
; i tory funnel.
dichloromethane (50 mL}. - :ﬁ::ara;ry l}‘n?ds héve stopped swit =
] en the liqui ave stop swirling, open the
2. ggg" La)nd ddryt e taﬁ of s Egpa;:t;:ry funnel tap gently and slowly run the dichloromethane
EAE LS 00 O g S_OW" i Sl Ll lower layer into a clean conical flask and label it
3. Make sure that the tap is closed and then add the ‘dichloromethane layer’. Avoid fast emptying of the
solution containing the mixture, using a stemmed funnel because a vortex may be formed which will
funnel to prevent contamination of the joint, and cause the upper layer to run out with the lower layer.
rinse out the beaker W_'th dlCth!"Omethaﬂe {>3mL. 5 Run the remaining aqueous layer into a clean, dry
4. Add sodium hydroxide solution (10mL) to the conical flask and label it “sodium hydroxide layer'.
separatory funnel, placfe . _stopper AL :[he sepa.ra— 13. Return the dichloromethane layer to the separatory
?ory .funne! BiGaony et B and Bl I ol b funnel and extract it with another portion (10 mL) of
s e 14'4& 2o :c;(t ghak; - sephars tozy ﬂ;{’ r;)ef sodium hydroxide. Repeat the extraction process for
Ty I WU atotal of 40mL (i.e. 4 x 10mL) of the alkali, collecting
produced in the reaction, which will pressurize the all the sodium hydroxide extracts in the same flask
separatory funnel. : : : :
14. Finally, extract the dichloromethane with water
5. Open the tap, t_o release any pressure caused by (20 mL), to remove any traces of sodium hydroxide
the hieat o reuction, and add these ‘washings’ to the sodium hydroxide
6. Close the tap, shake the mixture once and open layer flask.
the tap to release any pressure. 15. You now have a solution of naphthalene in dichloro-
? : 5
7. Close the tap, shake the mixture twice and open methane and a solution of sodium benzoate in

the tap to release any pressure.

sodium hydroxide ready for further processing.

8. Repeat until no more vapour is expelled via the 16, If an emulsion forms — the layers do not have a
tap. well defined boundary: add a few drops of
9. Close the tap, and replace the separatory funnel in methanol to the upper layer down the inside wall

the ring or clamp.

of the funnel. This often ‘breaks’ the emulsion.

5. Always take the stopper from the separatory funnel before you attempt
to allow liquid to run from the funnel. If you do not remove the stopper
from the top of the funnel. a vacuum is formed in the funnel after a little
of the liquid has run out. Air will be sucked into the funnel through the
outlet stem causing bubbles, which will remix your separated layers. If
your funnel is equipped with a Quickfit™ stopper, it is good practice to
take the stopper out of the top and put it back upside down (Fig. 14.3b).
This ensures that no vacuum is formed and that organic vapours do not
escape easily from the flask.

Fig. 14.4 Holding a separatory funnel.

Batch liquid-liquid extraction — the
process described is inefficient if the
material being extracted has appreciable
solubility in both-of the solvents used. In
these situations a continuous extraction
system is necessary and you should
consult the specialist textbooks, e.g.
Furniss ef al. (1989, p. 160).

Solid-liquid extraction

In this process the components of a solid mixture are extracted into a solvent.
The ‘batch process’, analogous to liquid-liquid extraction, involves grinding
the solid to a fine powder. mixing it with the appropriate solvent, and
filtering off the solid by gravity (p. 27) or under vacuum (p. 30) and then
evaporating the solvent (p. 121) from the extract solution. However, a more
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Box 142 How to set up a Soxhlet extraction system

1.

Select apparatus of the appropriate size for the
amount of solid to be extracted. Specifically, the
Soxhlet thimble should fit below the siphon outlet
and the volume of the solvent reservoir should be
such that it is never more than half-full when all
the solvent has siphoned from the extractor,

2. Assemble the apparatus as shown in Fig. 14.5,

clamping at the joints at the flask and the top of
the Soxhlet extractor. The best heat source to use
for continuous operation over a long period is a
mantle.

3. Disassemble the apparatus, leaving the clamps in

position.

4. Fill the flask to about one-third of its volume with

solvent, add some anti-bumping granules (or a
magnetic ‘flea’, if a stirrer-mantle is being used)
and clamp it into position in the mantle.

5. Lightly grease the ‘male’ joint of the Soxhlet

extractor and attach it to the reservoir flask. Clamp
the top of the extractor.

6. Add solvent to the extractor until it siphons. This

ensures that the reservoir will never be dry. Check
that the reservoir is now no more than half-full; if it
is, replace with a larger flask.

7.

10.

B

12.

Halffill the extraction thimble with the solid to be
extracted and plug the top of the thimble with
white cotton wool to prevent any solid being
carried over into the solvent.

. Place the thimble in the exiractor.
. Attach a water supply to the reflux condenser,

lightly grease the male joint and attach the
condenser to the top of the extractor. Turn on the
water, ensuring a steady flow.

Switch on the heater and turn up the power so
that the solvent refluxes and drips into the
extractor.

Confirm that everything is running smoothly by
watching at least two siphoning cycles of the
extraction and check the apparatus frequently.

When the extraction is complete, allow the apparatus
to cool and dismantle it. Place the extraction thimble
in the fume cupboard to allow the solvent to
evaporate and the dispose of it appropriately. Gravity
filter or decant the solvent in the reservoir flask to
remove the anti-bumping granules of magnetic ‘flea’
and remove the solvent by distillation (p. 107) or
rotary evaporation (p. 122).

elegant ‘continuous extraction process’, called Soxhlet extraction, is available
when the most appropriate solvent is known,

The apparatus for Soxhlet extraction is shown in Fig. 14.5 and comprises
a flask containing the solvent, a Soxhlet extractor and a reflux condenser
(p. 116). The solid to be extracted is placed in a porous thimble, made from
hardened filter paper, and the solvent is heated so that its vapour flows past
the thimble, condenses and fills the extractor with hot solvent to extract the
solid. When the extractor is full, the solvent (together with the extracted
material) siphons back into the solvent flask and the process is repeated
automatically. The advantage of this procedure is that fresh solvent
continually extracts the solid, which is concentrated in the flask. The
disadvantage is that the compound extracted is kept at the boiling point of
the solvent for a prolonged period. Soxhlet extractors come in sizes of
the volume of solvent contained in the
extractor. The procedure for using a Soxhlet extraction system is described

-
water in
clamp
_ paper
thimble
solidtobe Soxhlet
extracted apparatus
clamp
10mL to 5000mL, based on
. boiling in Box 14.2.
heat source W stones
(mantle, water —
bath, etc.)

Fig. 14.5 A Soxhlet extraction system.
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Working with azeotropes - not all liquid
mixtures can be separated by distillation.
In some cases an azeotrope, a mixture of
the liquids of definite composition, which
boils at a constant temperature, is
formed. For example, an azeotrope
containing 95.5% ethanol and 4.5% water
boils at 78.156°C, which is below the
boiling point of pure ethanol (78.3°C).
Therefore 100% ethanol cannot be
obtained by distillation of ethanol-water
mixtures, even though their boiling
points are about 22 °C apart.

Using steam distillation — in practice, the
decision to use this approach to separate
the components of a mixture is based on
previous experience. Consult your
instructor for advice.

Setting up distillation apparatus — do not
allow the support stands to move during
the distillation, since this will allow the
ground-glass joints connecting the still-
head and condenser to separate. The hot
vapours will then escape into the
laboratory instead of going down the
condenser.

Securing distillation components — do not
use plastic joint clips on the *hot end’ of a
distillation apparatus since they may melt
and the joints may separate.

Distillation

Distillation is used to separate the components of a liquid mixture by
vaporizing the liquids, condensing the vapours and collecting the liquid
condensate. Separation is the result of the differing boiling points of the
individual constituents of the mixture and the efficiency of the distillation
column. You may be required to purify a liquid by distillation, which involves
the removal of small quantities of impurities, or to separate a mixture of
liquids by fractional distillation, each of which can then be purified by
distillation.

You will meet several types of distillation process each applicable to
different situations depending on the chemicals to be purified or
separated.

e Simple distillation: used for separating liquids, boiling below 200°C at
atmospheric pressure, from other compounds. For effective separation
there should be a difference in the boiling points of the components of at
least 80°C.

e Fractional distillation: used for separating components of liquid mixtures,
which have boiling points differing by more than 25°C, at temperatures
below 200 °C.

o Vacuum or reduced-pressure distillation: used for separating liquids boiling
above 200°C, when decomposition may occur at the high temperature.
The effect of distilling at reduced pressure is to lower the boiling point of
a liquid. This technique can be applied to both simple distillation and
fractional distillation.

e Steam distillation: used for separating mixtures of chemicals such as oils,
resins, hydrocarbons, etc., which are essentially insoluble in water and
may decompose at their boiling points. Heating the compounds with
steam makes them distil below 100°C.

Distillation equipment
Apparatus used for the various types of distillation has several general
features:

e Distillation flask: usually round bottom or pear shaped with one or two
necks (to allow a vacuum bleed to be fitted).

e Still-head: to hold the thermometer and to channel the vapour into the
condenser. For fractional distillation, the fractionating column is fitted
between the distillation flask and the still-head.

e Condenser: usually with circulating cold water.

e Take-off adapter: to allow the distillate to run into the collecting vessel.
For vacuum distillation, the adapter will have a vacuum inlet tube and
could have three ‘arms’ to allow three fractions to be collected without
breaking the vacuum.

e Receiving (collection) vessel: this can be a test tube, a measuring cylinder,
a conical flask, or a round-bottom flask with a ground-glass joint.

No matter what type of distillation you are attempting, it is essential that you
assemble the apparatus correctly, since you are dealing with hot, often
flammable, liquids and vapours. A typical simple distillation apparatus is
shown in Fig. 15.1 and the method of assembly is described in Box 15.1.

Laboratory techniques 107




Distillation

screwcap adapter
with thermometer

joint clips

L A

Fig. 15.1 Apparatus for simple distillation.

Heating a distillation flask — unlike when
using a microburner, it is difficult to stop
the heating process instantly when using
an oil bath or mantle on a ‘labjack’.
Therefore have a clean receiver flask
ready to collect the ‘tailings’ as soon as
the temperature begins to rise.

Collecting fractions ~ as the temperature
begins to rise ‘between fractions’ you will
have 2 or 3 seconds to change receiving
vessels before the liquid runs from the
top to the bottom of the condenser. Have
three or four pre-weighed receivers ready
to hand. i

Distillation in fume cupboards — it may be
necessary to insulate the fractionating
column from the ‘wind’ by wrapping it in
aluminium foil, since the draught
prevents equilibration in the column.
Don’t forget to leave a ‘window’ in the
foil so that you can see the vapour
condensing near the top of the column.
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@ You must ensure that all the ground-glass joints are

seated properly and the apparatus is clamped firmly so that no move-
ment of the joints will allow vapours to escape.

Simple distillation

The procedure for doing a simple distillation is described in Box 15.2 and
you should note the following points:

e Do not distil to dryness, i.e. no liquid remaining in the distillation flask,
since this causes overheating and charring (decomposition) of the residue.
Abhvays leave 1 or 2mL of liquid in the distillation flask.

e [Initially. some liquid may distil while the temperature rises rapidly. This is
termed ‘forerun’, for example often a small amount of solvent from an
extraction process (p. 102): collect and then, when the temperature
stabilizes, collect the desired compound in a clean receiving vessel.

e Towards the end of the distillation, the temperature may begin to rise
again: this will be the higher boiling impurity. Stop heating, quickly
remove the receiving flask containing your pure compound and collect
these last few drops, termed ‘tailings’, in a fresh receiving vessel.

Fractional distillation

Simple distillation is not very effective in separating liquids unless their
boiling points are at least 80 “C apart and a better separation can be achieved
if a fractionating column is used. There are many types available (Fig. 15.2)
and the device brings the ascending vapours into contact with the condensing
(in the fractionating column) liquid and amounts to a succession of many
simple distillations in which the descending liquid strips the high-boiling
component from the ascending vapour. Overall, the lower boiling component
distils first and cleanly. The column packing, usually glass beads, helices or
“fingers’, gives a large surface arca for contact of the ascending vapours and
descending liquid. After the first fraction has distilled, the temperature will
rise and the rate of distillation will slow. This is an intermediate fraction
containing a little of both components of the mixture. Finally, the
temperature will become constant and the pure higher boiling compound will
distil. The procedure for fractional distillation is given in Box 15.3.

open column Vigreux column Claisen flask Claisen—Vigreux flask

Fig. 15.2 Common fractionating columns.

m A successful fractional distillation relies on thermal
equilibration of the components in the fractionating column. You must
allow the column to be heated by the vapours of the mixture.
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Box 15.1 How to assemble the apparatus for a simple distillation

In general laboratory work you will usually be distilling
small volumes of liquids (~ 25mL). Standard glass
joint-ware apparatus size 14/23 (p. 43) is appropriate. If
you are to carry out larger scale distillations, you must
consider the weight of the components, specifically the
receiver flask, which should be supported on a
‘labjack’, since a joint clip may not be strong enough
to hold a large flask (250 mL or larger).

1. Clamp the distilling flask firmly to a support stand
ensuring that it is at the correct height to allow the
heat source (microburner, oil bath or mantle on a
‘labjack’) to be removed if necessary.

2. Insert the still-head in the top of the flask.

3. Carefully line up the condenser on a clamp
(attached to the same support stand as the distilling
flask (Fig. 15.1), if possible} and adjust the height
and angle of the clamp so that the condenser slides
onto the still-head joint. Remember to have the non-
maoving jaw of the clamp at the bottom (p. 27)
otherwise you will lift the condenser when you
tighten the clamp and break the joint on the still-
head or condenser or both. Carefully tighten the
clamp and ensure that the joints are ‘seated’.

4. Attach the take-off adapter to the bottom of the
condenser with a joint clip. If you are using a
Quickfit™ flask as a receiving flask, you must use a
vacuum-type take-off adapter (p. 42) otherwise you
will be distilling in a closed system, which may
explode when you begin to heat the distilling flask.

5. Attach the Quickfit® receiver flask to the take-off
adapter with a joint clip or place the receiver flask
underneath the take-off adapter, supported on a
‘labjack” or clamped position. The outlet of the
take-off adapter must be just inside the receiving
vessel so that no spillage of distillate will occur. If

o

10.

11.

12.

13.

you clamp the receiving vessel in position, use a
separate support stand.

. Disassemble the apparatus in the reverse order to

assembly by opening the clamps — do not move
the clamps and stands.

Add the liquid to be distilled to the distillation
flask using a stemmed funnel, together with anti-
bumping granules or boiling stick or a magnetic
flea’. The flask should not be more than 50% full.
Reclamp the flask in position.

. Lightly grease the ‘male’ joint on the still-head and

replace it in the flask.

. Insert a thermometer into a screwcap adapter (p. 43)

and adjust so that the bulb is just below the outflow
from the still-head. Lightly grease the joint on the
screwcap adapter and put it into the still-head.

Fit the rubber tubing onto the condenser (p. 117),
lightly grease the joint on the still-head and refit
the condenser, clamping it firmly into place.

Connect the lower tube to the water tap so that the
water will flow up the condenser, and upper tube
should be routed into the sink. Make sure that
there are no kinks in the rubber tubes and, for
safety, feed them over the protruding arms at the
back of the clamps. Turn on the water tap gently
and check that the water flows freely.

Lightly grease the bottom joint of the condenser
and attach the take-off adapter using a joint clip.

Attach the Quickfit™ receiving flask to the take-off
adapter with a joint clip (after lightly greasing)} or
place the receiving vessel underneath the take-off
adapter, supported on a ‘labjack’ or clamped into
position. Turn up the water flow to give a steady
stream from the condenser.

Box 15.2 How to carry out a simple distillation

1. Set up the apparatus as described in Box 15.1 and
make sure that all the joints in the distillation
system are secured properly,

2. Slowly apply the heat source to the distillation
until the liquid is boiling gently.

3. Increase the heat slowly until the liquid starts to
drip into the receiving vessel at a rate of about one
drop every 2 seconds. If the temperature is ‘con-
stant’ (i.e. it does not vary more than 2-3°C),

5.
6.

collect the liguid and record the temperature range
of the distillate.

. Remove the heat source, allowing the apparatus to

cool down and the remaining drops of distillate to
run out of the condenser into the receiving flask.

Seal and label the receiving flask(s).

When cool, dismantle the apparatus, wash it out
with an appropriate solvent and dispose of the
washings in the correct solvent residues bottle.
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Box 15.3 How to carry out a fractional distillation

4 [

Set up the apparatus as described Box 15.1 but
insert the fractionating column between the
distilling flask and the still-head. For extra stability,
clamp the fractionating column at its top joint to
support the stand carrying the distilling flask.

. Apply the heat source slowly until the liquid begins

to boil gently. Then slowly increase the heat until the
column is warmed up and liquid is condensing from
the thermometer bulb, but not distilling over.

If the temperature is constant, increase the heat
slightly until the first component distils over at a
rate of about one drop every 2 seconds. Collect
this distillate as the first fraction, as long as the
temperature is ‘constant’ (i.e. it does not vary more
than 2-3°C). Record the temperature range of the
distillation.

. Change the receiving flask when the temperature

B

Increase the heat slowly and collect the intermediate
fraction until the temperature stabilizes again.
Record the temperature range of the distillation.

. Change the receiving flask and collect the new

fraction {(one drop every 2 secands) for as long as
the temperature remains ‘constant’ (i.e. it does not
vary by more than 2-3°C). Record the temperature
of the distillation. '

. Remove the heat source, allowing the apparatus to

cool down and the remaining drops of distillate to
run out of the condenser into the receiving flask.

8. Seal and label the receiving flask(s).

9. When cool, dismantle the apparatus, wash it out

with an appropriate solvent and dispose of the
washings in the correct solvent residues bottle.

begins to rise and the rate of distillation slows.

Safety note You must check all flasks
and glassware for "star’ cracks and chips.
If in doubt, replace.

Working with reduced pressures —
distillation flasks and receiving flasks
must always be round bottom or pear
shaped. Do not use flat-bottom or conical
flasks under vacuum.

Measuring reduced pressures — note that
despite S| nomenclature for pressure,
practical work usually involves pressure
measurement in mm of Hg. Atmospheric
pressure is about 760 mm Hg. Pressures
quoted in ‘torr’ (seen on some old
vacuum equipment} are equivalent to
mm Hg.

Moving a mercury manometer — always
carry mercury manometers in a vertical
position or the marcury may spill out.

Safety note Do not allow air to rush into
an Anschutz manometer, otherwise the
mercury in the left-hand limb of the
manometer will shoot up the tube and
may break the glass at the top.
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Vacuum or reduced-pressure distillation

Distillation at reduced pressure is used to distil liquids with few impurities or
to fractionate the components of liquid mixtures with high boiling points,

which

would decompose if distilled at atmospheric pressure. The

modifications to the distillation apparatus (Fig. 15.1) required for reduced-
pressure distillation are:

A vacuum source: this can be a water pump (see p. 29) with an ‘anti-suck-
back’ trap producing a vacuum of 15-25mm Hg, at best; or a rotary vacuum
pump (consult your instructor about its use since it is an expensive piece of
equipment and easily contaminated or damaged), which will evacuate down
to 0.1 mm Hg. Two-stage dry vacuum pumps produce a vacuum of 1-5mm
Hg, are resistant to organic and acid vapours and are easy to use.

A manometer to measure the pressure (vacuum) in the apparatus, since the
boiling point of a liquid varies with pressure. Two types are in common use
(Fig. 15.3): the Anschutz manometer, which gives a constant reading of the
vacuum throughout the distillation, and the Vacustat™, which is used to
take a ‘sample’ of the vacuum at a given instant. Vacustats™ are very
accurate and are more often used in combination with a rotary oil pump.

A take-off adapter, which permits the collection of several fractions
without stopping the distillation to change the receiving flasks. A
receiving adapter, termed a ‘pig’ (Fig. 15.4), can be rotated on the end of
the condenser to collect three fractions.

Appropriate ‘anti-bumping’ measures: reduced-pressure distillations are
notoriously prone to ‘bumping’ (p. 31) and anti-bumping granules are
ineffective. You can use a magnetic ‘flea’ in conjunction with a hot plate-
stirrer and oil bath; an air bleed, made by pulling out a Pasteur pipette
into a fine capillary using a microburner (consult your instructor),
inserting it into a screwcap adapter (p. 43) and placing it in the second
neck of the distilling flask. The vacuum pulls a fine stream of air into the
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Safety note If, during the course of your
vacuum distillation using a microburner
and a boiling stick, the liquid stops
boiling and appears ‘quiescent’, it is
about to ‘bump’ vigorously. Stop heating,
allow it to cool, ‘break’ the vacuum

(Box 15.4), and add a new boiling stick.

Ending a distillation — complete distillation
of a liquid is not possible because of the
need to leave a few millilitres in the
distilling flask, to prevent overheating and
due to the *hold-up’ volume of the flask
and fractionating column.

.
left-hand limb filled
with mercury
to aspirator
to apparatus via trap
-+ =it >

| S F——E
Anschutz manometer

Vacustat®

Fig. 15.3 Manometers for vacuum distillation.

vacuum

‘pig’ type
receiving
adapter
receiving
flask

Fig. 15.4 ‘Pig’-type receiving flask adapter.

flask and forms small bubbles which agitate the liquid during distillation;
or a wooden boiling stick for small-scale distillations of short duration,
since the vacuum will pull air from the stick and agitate the liquid.

e A three-way tap inserted between the vacuum source and the manometer,
so that you can control the vacuum applied to the distillation system.

A typical system for reduced-pressure distillation is shown in Fig, 15.5 and
the procedure, using a water pump, is described in Box 15.4.

e Quickfit® thermometer

fractionating column

support for
pressure tubing
water pump ‘trap’

air bleed manometaer

with clip

Fig. 15.5 Apparatus for vacuum distillation.

Kugelrohr distillation

This is also known as short-path distillation or bulb-to-bulb distillation. It is a
procedure for reduced-pressure distillation, which almost eliminates losses
owing to the size of the apparatus, and is particularly useful for small volumes of
liquids. The liquid sample is placed in a small round-bottom flask, connected to
a series of bulbs (Fig. 15.6) and then heated and rotated (to prevent bumping)
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Estimating the bomng point of a hqmd at
reduced pressure — a useful guide is: if
the pressure is halved, the bailing point is
reduced by ~10°C. For example, if the
b.pt is 300 “C at 760 mm Hg, it will be
apprommateiy 290°C at 380 mm Hg and
190 °C at ~1mm Hg. Alternatively a
nomeograph (Fig. 15.8) can be used for a

more accurate estimation.

Fig. 15.7 A ‘bent’ Pasteur pipette.

Fig. 15.8 Nomograph for estimating boiling
point at reduced pressure. To use it, draw a line
between the recorded pressure and the boiling
point at 760 mm Hg, and then extend the line to
the observed boiling point scale. This point is
the boiling point at the reduced pressure. In
this example, a liquid b.pt. of 250°C at 760 mm
Hg will boil at 118°C at 10 mm Hg.
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under vacuum in an electric oven. The liquid distils from the [lask inside the
oven to a cold bulb outside the oven. Since the distillation path is very short the
length of a ground-glass joint losses are minimized. The use of several bulbs as
receiver flasks allows a small volume of mixture to be fractionated by varying
the temperature in the oven. The distillates can be removed from the bulbs by
either washing into another flask with a low-boiling-point solvent or using a
‘bent’ Pasteur pipette (Fig. 15.7) since the bulbs can only be held horizontally.

aven mator
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vacuum

tapered joints

—" heating control
temperature gauge

Fig. 15.6 Kugelrohr distillation apparatus.

Steam distillation

This process can be used to separate water-insoluble covalent compounds
from crude reaction mixtures or to isolate volatile natural products, e.g.
terpenes from plant tissue. The crude mixture is heated with water and steam
and the steam-volatile material co-distils with the steam and is then
condensed with the water and collected. You will then need to carry out an
extraction (p. 102) to separate the water and the insoluble component.
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Distillation

. Set up the distillation apparatus as described in
Box 15.1, but use a two-necked distilling flask and
include a short fractionating column between the
top of the distilling flask and the still-head or use a
Vigreux flask (Fig. 15.2 ) or use a Claisen still-head
(Fig. 15.2).

. Connect three Quickfit™ round-bottom receiving
flasks to the receiving adapter or ‘pig’ using
plastic joint clips and attach the ‘pig’ to the bottom
of the condenser. Support the receiving flasks on a
‘labjack’ if they are 100 mL size or larger. Rotation
of the ‘pig’ allows three fractions to be collected
without stopping the distillation — this is a major
task when working under reduced pressure.

. Insert the air bleed into the ‘spare’ neck of the
distilling flask or into the lower joint on the
Vigreux flask or Claisen head and make sure that
the tip of the air bleed reaches the bottom of the
distilling flask. If you are using boiling sticks as an
‘anti-bumping’ precaution, add the sticks, making
sure that they reach to the bottom of the flask and
do not float, and put stoppers in the unused joints.

. Insert a Quickfit™ thermometer into the remaining
‘male’ joint in the apparatus. Do not use an ordi-
nary thermometer in a screwcap adapter: it may be
sucked into the apparatus and break or crack the
flask.

. Using thick-walled rubber pressure tubing, connect
the water pump (via the anti-suck-back trap) to the
three-way tap and then to the Anschutz manometer.
Connect another piece of pressure tubing to the
manometer but do not connect it to the “pig’ for the
moment.

. To check the available vacuum, turn on the water
pump fully, kink or seal the open pressure tubing
on the manometer and turn the three-way tap so
that a vacuum is created in the manometer. Slowly
open the tap on the manometer and the mercury
level should rise in one of the manometer ‘arms’.
When the mercury has stabilized, move the scale
so that the zero is level with the lowest mercury
level, and read off the upper mercury level, The
pressure (vacuum) is the difference in levels in
mm. The reading should be between 10-20 mm.
Now close the tap on the manometer, unkink or
unseal the pressure tubing, and turn the three-way
tap so that air is admitted into the system.

. Connect the pressure tubing from the manometer
to the ‘pig’. Pressure tubing is heavy and it should
be supported with a clamp and stand, close to the
‘pig’, to prevent strain on the glassware.

8.

10.

11.

12.

. Check whether the air bleed

Box 15.4 How to carry out a reduced-pressure distillation using a water pump

Slowly turn the three-way tap to evacuate the
apparatus. As the pressure decreases, bubbles
will issue from the air bleed or the boiling stick
and low-boiling solvents such as dichloromethane
or diethyl ether will begin to boil, causing frothing
in the flask. If this happens, stop applying the
vacuum via the three-way tap and wait until the
frothing has died down and then continue to
lower the pressure until the three-way tap is fully
apen,.

is too coarse,
producing large bubbles and vigorous splashing in
the distillation flask. If so, place a piece of pressure
tubing (about 2cm long) on the end of the air
bleed and constrict the tubing with a screw clip to
reduce the air flow through the air bleed to an
acceptable rate.

Slowly open the tap on the manometer, allow the
mercury levels to stabilize and read the vacuum by
moving the zero on the scale to the lower mercury
level: the reading should be 15-25 mm or better. If
this pressure is not obtained, there must be leaks
in the system, which usually occur at the ground-
glass joints or rubber-to-glass joints. Close the tap
on the manometer, check the sealing of the joints
by rotating each one in turn and also check the
rubber-to-glass joints by carefully pushing the
rubber pressure tubing a little further onto the
glass. Open the tap on the manometer and recheck
the pressure.

Gently heat the distilling flask and carry out a
fractional distillation as described in Box 15.3,
collecting the fractions by rotating the ‘pig. Re-
member to record the temperature and pressure at
which the fractions distil. If the liquid in the distilling
flask bumps over into the condenser, you will need to
clean out the apparatus with a solvent, evaporate off
the solvent to recover the chemicals and restart the
whole process.

When the distillation is complete, close the tap on
the manometer and allow the apparatus to cool.
Support the ‘pig’ and receiving flasks {with your
hand or a ‘labjack’) and slowly open the three-way
tap to allow air into the system. Disconnect the
pressure tubing from the ‘pig’ and place the ‘pig’
and receiving flasks in a safe place. Disconnect all
other tubing and apparatus for washing or stor-
age, turn off the water pump and finally, very
gently, open the tap on the manometer to allow
the mercury levels to equalize and then close the
tap.
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condenser

water for replenishing
distillation pot

clamp

joint clip

water in

heat source —————> \\_/

Fig. 15.9 Apparatus for steam distillation.

The steam required for a steam distillation can be provided by an external
source, such as piped steam in the laboratory or steam generated by heating
water in a flask, which is then piped into the distilling flask. Steam is very
dangerous and the safest way to generate steam is to heat the compound with
a vast excess of water in the distilling flask: steam is generated in situ. The
equipment for steam distillation is illustrated in Fig. 15.9 and the procedure
is described in Box 15.5.

@SIZI» You must never attempt a distillation in a completely
closed system. Always check that the expanding vapours can escape.
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Box 15.5 How to carry out a steam distillation

: 5

Set up the apparatus for distillation as described

in Box 15.1 with the following modifications:

(a) Use a Bunsen burner with tripod and gauze as
the heat source.

{b) Use a large three-necked flask as the distilling
flask, usually 250 mL or 500 mL capacity for
most laboratory procedures or a single necked
flask with a Claisen head (Fig. 15.9).

(c) Use a splash-head instead of a still-head since

there is no point in recording the distillation

temperature and it is more important not to
contaminate the distillate by splashing from the
distillation flask.

Insert an addition funnel {a separating funnel

with a ground-glass joint on the stem) into the

distilling flask and fit a stopper in the remain-
ing neck of the flask.

(e} Use a single-surface condenser: it is easier to
unblock than a double-surface condenser.

(f} Use a simple take-off adapter leading into a
large conical flask since you will be collecting a
large volume of water.

Add the compound to be distilled to the flask via
the spare neck, half-fill the distillation flask with

(d

water, add a large portion of ‘anti-bumping’
granules and fill the addition funnel with water.

Heat the flask until steady boiling commences and
distillation of an oily emulsion begins. Then continue
the distillation adding water from the addition funnel
to maintain the level of water in the distillation flask.

If the distillate is a solid, it may clog and block the
condenser. If this occurs, turn off the condenser
water, take the condenser tube off the tap to let the
water drain out of the condenser and allow the
steam to heat up the condenser and melt the solid,
which will then flow into the receiving flask. Then
carefully restore the water flow.

The distillation is complete when no more oily
emulsion is condensing (check by collecting a few
drops of distillate in a clean, dry test tube). Turn off
the heat and allow the apparatus to cool before
dismantling.

Separate the product from the water by extraction
into a suitable organic solvent (p. 102).
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When carrying out reactions using
volatile or dangerous chemicals or
solvents ~ reflux system to keep the
vapours in the 'pparatus even though the
mixture is not heated to its boiling point.

Refluxing overnight — you must have the
approval of your instructor for these
operations and complete the necessarv
documentation for the night-staff. A
special laboratory may be avalla e for :
‘overnight” reactions.
Since the water pressure may change

tubes in pl&ce on the condenser and the
tap, using copper wire twisted round the
rubber tubing or plastic cable ties.

Stirring in pear-shaped flasks — special
triangular-shaped ‘fleas’ are now
available for the conical-base tubes used
for evaporation and microscale reactions,
but they are not yet common in the
undergraduate laboratory.

water out

condenser

thermometer ——-

clamp
magnetic
stirrer bars

heating bath ———|
(ol etc.)

magnetic stirer/ —> =)=
hot plate

Fig. 16.1 Apparatus for simple reflux.
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night, you must fix the coolant

Reflux

Reflux is one of the most common techniques you will encounter in your
chemistry laboratory classes. Since many reactions between covalent
compounds are slow processes rather than instantaneous reactions, prolonged
heating forces the equilibrium to give an acceptable amount of product. In the
reflux process, the reactants are dissolved or suspended in a suitable solvent, the
solvent is boiled and then condensed so that it returns to the reaction flask.
Once set up, a reaction carried out under reflux can be run for minutes, hours
or even days to promote the required reaction. The basic components for a
reflux apparatus are:

a reaction flask;

a reflux condenser;

a heat source (see p. 32);

a coolant source, usually water, for the condenser.

The procedure for setting up a simple reflux apparatus (Fig. 16.1) is given
in Box 16.1.

Reaction flasks

Round-bottom or pear-shaped reaction flasks are preferred, but note that
stirring with the usual type of magnetic ‘flea’ is not possible in pear-shaped
flasks. The flasks can have multiple necks so that the apparatus can be
configured for temperature measurement, addition of solids or liquids,
mechanical stirring and inert atmosphere work (p. 125). No matter which
arrangement of components is used, always clamp the reaction flask at the
neck and keep the heaviest components (such as an addition funnel
containing another chemical) vertically above the flask. A condenser will still
function at 30° from vertical and it is not very heavy.

Condensers

For general-purpose work, these are usually single-surface or double-surface
types (Fig. 16.2): the double-surface condenser is used for low-boiling point
solvents such as dichloromethane, diethyl ether or light petroleum (b.pt. 40~
60°C).

U
single double cail
surface surface

Fig. 16.2 Condensers.
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Box 16.1 How to set up a simple reflux apparatus

5. Fit the rubber tubing to the condenser; the lower

1. Choose a round-bottom or pear-shaped Quickfit™

flask of appropriate size so that it will be no more
than half-full and clamp it to a support stand.

tube is connected to the water tap so that the water
flows up the condenser for the most efficient cooling.

Select the appropriate heat source and anti- 6. Lightly grease the joint on the condenser and
bumping protection, and adjust the height of the place it in the flask, rotating it to ensure a good
flask so that the heat source can be removed easily seal. Do not clamp the condenser — gravity will
if something goes wrong. keep it in place — but make sure that it is vertical.
Choose a cor]denser of appropriate size and type ::-gtr‘n mfge nehe‘:-fiatt 2 ;SS::Z th:nget iE:p ignglsyi;wg
so that_lt will condense the volume of vapour manipulate if only one clamp, on the neck of the
formed in the reflux process. For example, do not flask. is prasent

use a small condenser with a 14/23 joint on a ! : _

250mL flask, since it will not cope with the 7. Tidy the coolant pipes behind the clamp ensuring
volume of vapour to be condensed, or a large that there are no kinks, the pipes are not touching
condenser on a small flask, where all the solvent the heat source and the outlet pipe is positioned in
may be converted into vapour before conden- the drain or sink. Turn on the water gently to check
sation occurs. for leaks and, if all is correct, turn up the water to
Add the liquids/solids and the solvent to the flask, pixaa sloacylon

using the solids funnel, paper funnel or stemmed 8. Apply enough heat to bring the liquid to the boil,

filter funnel {p. 24) so that you do not get chemicals
on the inside of the ground-glass joint. If you do
contaminate the joint, it may not allow the condenser
to ‘seat’ properly and hot solvent vapour will escape
into the atmosphere. Wipe the joint clean with tissue.

check that the solvent is refluxing at a steady rate
and that the vapour is condensing no higher than
one-third of the length of the condenser. The
apparatus can then be left, with regular monitoring,
for the reaction to proceed.

outer rubber gasket Rubber tubing for coolant water is attached to the condenser in two ways:

/

to coolant 1.

= i)
(=1 .

inner rubber gasket

If the condenser has glass inlet and outlet pipes with a ‘knuckle’, wet the
inside of the rubber tube with a little water and slide it onto the pipe and
past the ‘knuckle’. The rubber tubing must be a tight fit otherwise it may
slide off over a period of time.

Modern condensers have plastic adapters, which can be attached to the
tubing and then screwed on the threaded inlet and outlet pipes. Slide the
rubber tubing onto the moistened ‘pipe’ on the adapter, and then screw
the adapter onto the condenser. You must ensure that the adapter has a
rubber gasket on the inside of the threaded portion (Fig. 16.3), otherwise
it will leak water at the condenser inlet or outlet.

Fig. 16.3 Plastic connectors for condensers.

Refluxing anhydrous reactions — if it is
necessary to exclude atmospheric water or
oxygen or carbon dioxide, guard tubes are
ineffective and the reaction must be carried
out under an inert atmosphere (p. 125).

@ You should always attach rubber tubing to a conden-
ser before fitting it to the apparatus.

Drying tubes

Water can get into your reaction by condensation from the atmosphere or
by condensation of the steam produced in a water bath. To exclude
water, you should fit a guard tube containing a solid drying agent such as
anhydrous calcium chloride or calcium sulphate to the top of the
condenser. A typical guard tube is shown in Fig. 16.4; use a coarse-sized
drying agent rather than a fine powder, which would ‘cake’ very quickly
as it absorbs moisture.

Safety note Always use a fresh guard
tube because the action of water on the
drying agent may form a solid ‘cake’ and
seal the guard tube. This will act as a
‘stopper’ and pressurize the reflux
apparatus when you begin heating and
may cause an explosion. Do not pack the
tube foo tightly with drying agent.
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Reflux with addition of chemicals

Instead of stopping the reaction and opening the apparatus, you can put in
the new chemicals using an addition or ‘dropping’ funnel. Addition funnels
are separatory funnels (see p. 119) with a ground-glass joint on the stem, and
there are two types (Fig. 16.5):

/ cotton wool
- \
Q o

1. Addition funnels: when you add a liquid or solution from the funnel
to the reaction flask, you must take out the stopper. otherwise a
vacuum is formed and the liquid does not flow out (see p. 105). This
is a disadvantage when using compounds with irritating or toxic
vapours or which are air sensitive. The simplest solution to this
problem is to fit a guard tube, instead of a stopper, to the addition
funnel and then the liquid or solution will flow easily into the
reaction flask.

2. Pressure-equalizing dropping funnels: these have a side arm linking
the reservoir of the funnel to the inlet stem below the tap. The
pressures in the reservoir and the reaction flask are equal, and liquid
will flow into the reaction flask even when the stopper is in place in
the funnel. Pressure-equalizing dropping funnels are very expensive
and are normally only used for inert atmosphere reactions (p. 119).

CaCly lumps

Fig. 16.4 A CaCl, guard tube.

Safety note Never attempt to use a
pressure-equalizing dropping funnel as a
separatory funnel because, when you
invert the funnel, the solvent will flow
down the side arm, past the tap and onto
you or the laboratory bench!

Box 16.2 How to set up the apparatus for reflux with mechanical stirring
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. Clamp a muitineck flask to a heavy support stand

at a height where you can put the heating source
(mantle or oil bath) underneath, on a “labjack’.

. Slide the stirring rod through the stirrer gland, add

stirrer gland and flask are aligned and vertical: look
at the setup from several different angles and
adjust the clamps as appropriate until you are sure.

. Lift the stirring rod and slide it into the rubber

tubing, about 10 mm, and then raise the flask so that
the stirrer paddle is about 2 mm above the bottom of
the flask. Finally tighten all the clamps firmly.

. Make sure that the stirrer motor speed control is

set to the minimum speed or zero. Switch on the
power and turn the speed control to the lowest
setting. If the stirrer turns smoothly and slowly, all
is well. You can increase the speed to check for

Laboratory technigues

vibration and ‘whip’ and then turn the speed down
to zero. If the stirrer is reluctant to stir or seems
‘stiff’, switch off the power and readjust the appa-
ratus.

the stirrer paddle and fit into the clamped joint of 7. If the glass stirring rod ‘slips’ in the rubber tubing,
the flask. Lift the stirrer rod so that the paddle is tighten the tubing round the glass rod with twisted
not touching the bottom of the flask. copper wire or a plastic cable tie.

. Slide a piece of rubber pressure tubing (about 8. Add the chemicals to the flask (stemmed funnel)
40mm long) half-way onto the drive shaft of the through one of the other necks, grease and fit a
stirrer motor and fix the stirrer motor onto the reflux condenser and additon funnel (if appropriate).
support stand about 3mm above the top end of Start the motor and increase the speed to give a
the stirrer rod. steady stirring rate.

. Very carefully line up the centre of the pressure 9. Raise the heat source under the flask and adjust
tubing on the motor with the centre of the stirring the power to give steady boiling.
rod and ensure that the drive shaft, stirring rod, T

10. When the reaction is complete, remove the heat

source and allow the apparatus to cool to room
temperature. Switch off the stirrer and disconnect
from the mains and remove the condenser and
addition funnel. Carefully lower the reaction flask
about 40 mm (the stirrer paddle will be lifted from the
bottom of the flask by 40 mm), cut the copper wire or
plastic tie holding the top of the stirrer rod in the
rubber tube and carefully ease the stirrer rod out of
the rubber connection. Unclamp the stirrer motor and
put it aside. You can now remove the stirrer and
stirrer gland from the reaction flask, rinsing the
paddle into the flask with a little fresh solvent.
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Adding a chemical to a refluxing reaction

— many reactions are exothermic, so you
should add the new chemical to the :

reaction at such a rate that the height of

the refluxing vapour in the condenser
does not change much.

(a) (b}

Fig. 16.5 Adding chemicals to a reflux
apparatus: (a) addition funnel; (b) pressure-
equalizing funnel.

The addition of dry solids to refluxing reactions requires special equipment
and you should refer to the appropriate texts (Errington. 1997, p. 125;
Harwood, ef al., 2000, p. 88; Furniss, er al, 1989, p. 82). The simplest
approach is to dissolve the solid in a small amount of the solvent being used
and add it as a solution, using an addition funnel.

Reflux with mechanical stirring

When a magnetic stirrer is unsuitable, e.g. in reactions involving viscous
liquids or mixtures of solids and liquids, a mechanical stirrer must be used. A
mechanical or overhead stirrer system comprises:

1. An electric variable speed motor connected to the mains supply.
2. A flexible connector, usually a short length of rubber tubing.

guard tube —l
water out
addition
stoppar funnel
condenser
pressure
equalizing water in
- funnel =
clamp clamp
condenser f
Claisen
adapter
clamp clamp

bath

two-neck flask
- magnetic
ho;lr?g stongg stirrer bars— | |
heating source ———
sl A, L] AL
o @ T magnetic stirrer/ —{> = ©° =&
hot plate ©

—r — — —

(a) (b)

water out
condenser ———» addition
funnel
sealed stirrer
guide
clamp

three-neck flask

heat source ————
|bath, heating mantle)

fe)
Fig. 16.6 Apparatus arrangements for reflux with addition: (a) heating a reaction
mixture to reflux during the addition of a reagent; (b) heating a stirred reaction
mixture during the addition of a reagent; (¢} heating and overhead stirring of a
reaction mixture during the addition of a reagent.
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A stirrer gland, which fits into the top ground-glass joint of the flask
acting as a seal for the refluxing vapour and a guide for the stirrer shaft.
There are several types of gland available, but the best is now made from
Teflon™ and needs no lubrication. If this is not available, a screwcap
adapter in which the rubber sealing ring has been lubricated with a touch
of silicone oil can be used. Note that the stirrer shaft should rotate in the
adapter, not the adapter in the joint of the flask, so do not tighten the
screwcap too much.

A Teflon™ paddle which swivels on the end of the stirrer shaft so that it
can pass through the ground-glass joint on the top of the flask.

Setting up the apparatus for reflux with mechanical stirring is a precision

task and is described in Box 16.2. The major problems encountered are:

The weight of the stirrer motor high up on the support stand: use a large
support stand with a heavy base or use a support framework. which is
screwed to the laboratory bench. Besides the motor’s weight, the torque
of the motor can cause ‘whipping’ in the support stand.

The motor, stirrer gland, stirrer shaft and reaction flask must be
absolutely vertical and concentric, otherwise the glass stirrer shaft will
snap.

Since there will always be a little sideways movement when the stirrer 1s
operating, the flask and the motor should be clamped in position on the
same stand. Condensers and addition funnels should not be clamped.

A selection of configurations, suitable for most reflux procedures is shown in
Fig. 16.6.
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: Eyaporattqn the purpaae of avsporatton

-Safaty note Glamp the comcal ﬂask in

these are communal so

: 1e ‘rovap’ is clean before
:.yaa:use it and clean it up after use.

1e solvent collection flask into the
.apprcpriate waste selvent bottles.

Evaporation

Evaporation is the process in which the solvent of a solution is converted into
a vapour to leave a solid or liquid solute. There are many applications of
evaporation, ranging from the slow evaporation of water from a solution of
an ionic compound to leave hydrated crystals, e.g. crystallization of
CuS04.5H;0, to the evaporation of large volumes of low-boiling-point
solvent under reduced pressure in the extraction of an organic compound.
Since crystallization by evaporation is a specific technique for a relatively
small range of compounds. the term evaporation is generally interpreted as
the removal of the solvent from a solution.

Evaporation of solvents
There are three commonly used techniques for solvent evaporation:

Evaporation from open flasks on a steam bath.
Rotary film evaporation.
Gas “blow-down’.

[FUR -

All these techniques have advantages and disadvantages. Where your
experimental protocol may simply state ‘the solvent is evaporated off’, you
should select the most appropriate procedure based on:

the volume of solvent to be removed;

the amount of solute in solution;

the relative boiling points of the solvent and solute;
the next step in the experimental procedure.

Evaporation fiom open flasks

This is useful for evaporating small volumes (~ 25mL) of low-boiling-point
solvents (<70°C) from solutions containing a solute which has a boiling
point above 110 °C. Place the solution in a beaker or conical flask, containing
a glass rod or boiling stick, onto a steam bath (maximum temperature
achievable is 100°C) in a fume cupboard and evaporate the solvent until
boiling ceases. The obvious advantage is simplicity; the disadvantages include
environmental concerns of release of solvents in the atmosphere,
contamination of the solvent by condensed steam and incomplete solvent
removal due to the *hold-up’ volume of the flask.

Rotary film evaporation

This method, which is also known as rotary evaporation or ‘rovap’, is the
technique of choice for the removal of large volumes of volatile solvents
from solutions, e.g. from extractions and column chromatography (p.
217). Rotary evaporators are now standard communal pieces of
equipment in the laboratory and the operating principle is that of a
reduced-pressure distillation except that the evaporation flask can be
rotated. This rotation reduces the risk of ‘bumping’, inherent in all
reduced-pressure distillations, and spreads the solution in a thin film on
the walls of the flask. This effectively increases the surface area of the
solution and increases the rate of evaporation, which is further enhanced
by the use of a vacuum.
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Box 17.1 How to use a rotary film evaporator

3

Check that the apparatus is ready for use by
ensuring that:

(a) The receiving flask is clipped in place and is
empty.

You have available the correct-size ground-
glass joint adapters to connect your flask to the
rotating ‘barrel’ protruding from the motor of
the evaporator. Many rotary film evaporators
have an ‘odd’ joint size, usually 29/32, which is
not common to the routine ground-glass flasks
used in the lahoratory. Alternatively, special
bulb-shaped flasks with 29/32 joints may be
available.

{b)

system is an electric motor controlled by an “up-
down’ pressure switch, but on older apparatus the
lifting device is either (i) a manual handle with a
trigger, which is pulled to lift and released to lock it
in place, or (ii} a lever with a twist-grip on the end.
To operate the latter mechanism, twist the grip anti-
clockwise to release the ‘lock’, pull the lever down to
raise the apparatus and twist the grip clockwise to
lock it in place.

. Attach the flask to the barrel and put plastic joint

clips on all the joints, while supporting the flask
with your hand. If the weight of the flask and
contents ‘springs’ any of the joints, it is too heavy:

{c) The rotating barrel is ‘clipped’ in place in the Sy
motor, by pulling it gently. Someone may have replace it with a smaller flask or remove some of
i tc') c‘;ean S ahd ree-lssemble the ‘rovap’ the solution. You must not rely on the power of the
and, if the barrel is not ‘clipped’ in place, it will ¥seul) 1 hold podlr Aask [ place,
slide out when you attach your flask. If the . Turn on the motor, slowly increasing the speed to
barrel slides out of the motor when you pull it, the maximum.
consult your instructor. = i
(d) The rotating barrel is clean and dry. . Close the vacuum inlet adapter slowly until it is fully
(e) Water is flowing steadily through the con- shut and observe the flask for a few seconds. If boiling

denser. If it is not, adjust the water tap.

(f) The temperature of the water in the water bath
is about 20°C below the boiling point of the
solvent to be removed.

. Open the vacuum inlet adapter at the top of the

condenser, and turn the water pump to maximum
{p. 30).

. Fill the rotating flask half-full or less, using a

stemmed filter funnel. You must not contaminate
the joint of the rotating flask with solute, which will
be deposited there during evaporation, since you
may not be able to remove the flask after evapora-
tion. If the flask is too full it may ‘bump’, sending
solution up into the condenser and receiver. You
will then have to dismantle and clean out the
equipment with an appropriate solvent to recover
your compound.

Raise the apparatus using the lifting mechanism so
that, when the flask is attached, it is not touching the
water in the bath. On modern equipment the lifting

occurs (liquid is condensed to the receiver flask)
continue until boiling stops and then lower the flask
so that it just touches the surface of the water, lock it
in place and boiling should recommence. As the
volume of solution decreases, you may need to lower
the flask further into the water bath until all the solvent
has been evaporated. If a white coating of frost forms
on the flask evaporation may stop, because the flask
is too cold: lower the flask into the water bath to warm
it and evaporation should begin again.

When evaporation is complete, raise the flask from
the bath, switch the motor off, open the vacuum
inlet tap to allow air into the system and allow the
flask to cool. Support the flask with your hand, take
off the plastic joint clips, put the flask on one side
and only then turn off the water pump. Turn off the
water supply to the condenser.

. Unclip the receiving flask, dispose of the solvent

into a waste solvent bottle and reattach the
receiving flask to the apparatus.

@ When using a ‘rovap’ you must check that the re-

duced-pressure boiling point of the solute you are trying to isolate is be-
low the temperature of the water bath.

There are many variations in the details of the form of rotary film
evaporators and a typical assembly is illustrated in Fig. 17.1. A general guide
to the use of a rotary evaporator is given in Box 17.1.
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Fig. 17.1 (a) Typical examples of a rotary
evaporator; (b) exploded view of glassware.

Transferring viscous liquids — it is often
difficult to transfer small amounts of
viscous liquids from a ‘rovap’ flask to a
small sample tube. Dissolve the liquid in
a small amount of dry solvent, transfer a
little of this solution (1 or2mL)to a
suitable small tube and ‘blow off’ the
solvent with nitrogen.

Safety note Make sure that you do not
put the tip of the Pasteur pipette too close
to the liquid surface or you will blow the
liquid out of the tube! Test the flow first.

When using rotary film evaporators you should take note of the following
safety advice:

e Never use flat-bottom flasks or conical flasks under reduced pressure (p.
110).

e Always check your flask for ‘star’-cracks.

Always make sure that your solution has cooled to room temperature
before you begin, otherwise it may boil vigorously and “bump’ when you
apply the vacuum, before it is lowered into the water bath.

e Do not rush to lower the flask into the water bath: wait to see what
happens to the extent of evaporation at room temperature.

e Always have the water bath just warm, not hot, at the start of the
procedure. If the water bath is too hot, allow it to cool or add cold water
or ice.

e Check that all joints are ‘sealed” and that the water pump is producing
a vacuum: it will change ‘note’ as the vacuum is produced, when it is
working properly. If there is no vacuum, the solution may not boil
and you will overheat it in trying to promote evaporation. The joints
may suddenly seal and the solution will then boil vigorously under the
reduced pressure and will ‘bump’ into the condenser and receiving
flask.

IT it is necessary to evaporate volumes ofl solvent greater than the
capacity of the rotating flask. you can carry out the process batch-wise
involving several separate evaporations or the rotary evaporator can be
modified for continuous evaporation (Fig. 17.2). A thin Teflon® tube is
attached to the vacuum inlet adapter so that it feeds down the condenser
into the ‘barrel’” and another glass tube, dipping into the solution to be
evaporated, is connected to the air inlet on the vacuum adapter. Once the
rotary evaporator is operating, the tap on the vacuum adapter is opened
a little. Solution is drawn up by the vacuum, runs into the rotating flask
and is evaporated. Careful control of the tap allows a constant volume of
solution to be sucked into the rotating flask and evaporated without
overfilling it.

Gas ‘blow-down’

This procedure is useful for removing very small volumes of solvents
(about 2mL) from solutes by blowing a stream of nitrogen over the
surface of the solution, while warming the solution gently. The main
application of the gas blow-down is in the isolation of small amounts of
solute from rotary evaporation or small-scale liquid-liquid extraction, for
further analysis by instrumental techniques, where the sample size may
be 20mg or less: for example, infrared spectroscopy (p. 180), NMR
spectroscopy (p. 190), gas chromatography (p. 211) or liquid chromato-
graphy (p. 218).

The simplest system for evaporation by gas blow-down is shown in Fig.
17.3. A Pasteur pipette is connected by a flexible tube to a cylinder of
nitrogen, which has a gas blow-off safety system (p. 125). The sample is
placed in a special tube with a conical base, such as a ReactiVial™. Hold the
Pasteur pipette and direct a gentle stream of nitrogen towards the side of the
tube so that it flows over the surface of the liquid. As the solvent evaporates,
the liquid and tube will cool and may condense atmospheric water into the
tube. To prevent condensation. clamp the tube in a warm sand bath or above
a closed steam bath or in the hole of a purpose-designed aluminium heating
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Fig. 17.2 The procedure for continuous
solvent removal using a rotary evaporator.
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air or nitrogen

{

T a e e W
"'/ Pasteur pipette

il Heating medium

Fig. 17.3 Gas ‘blow-down’ evaporation.

block, The following points should be noted when using a gas blow-down
system:

e Always carry out the operation in a fume cupboard.

e The solute should have negligible vapour pressure at room temperature,
otherwise it may co-evaporate with the solvent.

e Do not heat the solution to boiling. Only apply enough heat to prevent
condensation of atmospheric water vapour.
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lneﬂ atmosphere reactaons mm should‘ :

be done in the fume cupboard,
most of the solvents and reagents used
are ﬂammabl_e andlgr toxic. :

Nitrogen atmospheres — note that lithium
_ matal reacts stuwly with nitrogeﬁ. e

Use of argon — reactions carried out
under argon can be opened to the
atmosphere briefly (~5s), for the
addition of other chemicals, without
degradation of the inert atmosphere.

low-pressure
gauge

high-pressure
gauge (cylinder)

diaphragm
requlator control
threaded bullet adapter
to fit into cylinder

pressure

@ cylinder valve

gas cylinder

Fig. 18.1 The diaphragm pressure regulator.

'Safety note Gas cylmders must be

or _acyl;nder : iey

Inert gas flow rate — only low flow rates
are required to pravrde an inert
_atmosphere, ¢ the apparat_g_g_s has
been ‘swept’ with the gas.

Inert atmosphere methods

During your laboratory work you may need to carry out reactions using
chemicals which are described as air sensitive or moisture sensitive. These
compounds may react with water, oxygen, carbon dioxide and even nitrogen
(e.g. lithium metal). The most sensitive chemicals may require special
apparatus such as glove boxes or vacuum line equipment and you should
consult the appropriate specialist literature (Errington. 1997, p. 56). On the
other hand, many reactions involving some air-sensitive reagents (e.g.
organolithium compounds or hydride reducing agent) can be done on a small
scale using standard glassware with appropriate modifications. For simple
apparatus for inert atmosphere reactions, the basic requirements are:

e Inert atmosphere, usually nitrogen or argon, piped into the apparatus.
Nitrogen is the most commonly used inert gas, whereas argon is more
expensive but does have the advantage that it is denser than nitrogen and
is not lost from the apparatus as quickly. The inert atmosphere is
maintained in the apparatus by the use of a ‘bubbler’ (see p. 126) on one
of the outlets from the glassware — all other outlets must be stoppered or
capped with septa.

e Appropriate glassware for the experiment (see Chapter 16) which must be
dry.

e Dry solvents and chemicals (p. 127).

Syringe techniques for dispensing and transferring chemicals to the
apparatus (p. 127).

Inert atmosphere

The source of the inert atmosphere is usually a cylinder of nitrogen or argon
gas under pressure, which should be placed as close to the apparatus as
possible to avoid long ‘runs’ of connecting rubber tubing.

Gas cylinders

The gas flow rate from the cylinder is controlled by the cylinder head
regulating valve (Fig. 18.1). Before you start make sure that the regulator
outlet tap is off (turn anti-clockwise until it feels ‘free’) and then open the
valve to the cylinder with the cylinder spanner (turn anti-clockwise) and the
cylinder pressure should be indicated on the right-hand pressure dial. Switch
on the gas at the regulator (turn slowly clockwise) until there is a reading on
the left-hand dial. Use the minimum pressure required to provide a steady
flow of gas. The gas flow rate from the regulator can be controlled further by
a needle valve on the regulator outlet, if one is fitted. To switch off, reverse
the instructions above.

Connection to the apparatus

Use clean, dry. thin-walled rubber tubing and special adapters with ground-
glass joints to connect the tubing to your reaction flask or to the inlet pipe of
a ‘bubbler’. Where a single cylinder supplies several outlets, e.g. in a fume
cupboard, the gas flow rate may change markedly when someone turns off
one of the outlets, resulting in an increase in gas pressure to your equipment.
You should, therefore, fit a gas ‘blow-off” valve between your gas supply and
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‘Using a gas ‘bubbler’ — this ensures that
your apparatus is not a sealed system,
which will pressurize as you introduce
the inert gas.

Guard tubes - these absorb relatively
little atmospheric water and do not
absorb oxygen and carbon dioxide.
Always use a gas ‘bubbler to protect the
exit from your apparatus.

seal or

INErt ——
gasin
inert
gas out
inert gas out
? inert >
gas in /)
1 > inert
gas out

U
f

inert gas in

Fig. 18.2 Typical "bubblers’.
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the apparatus. To do this, fit a glass tube ‘T-piece’ in the gas line to your
apparatus and connect it to a Dreschel bottle containing mineral oil to a
depth a little more than that of the mineral oil in the ‘bubbler’. If there is a
sudden upward change in gas pressure, the gas will be vented through the
Dreschel bottle, as well as through your apparatus.

Gas ‘bubblers’

The exit of the inert gas from the apparatus must be protected by a gas
‘bubbler’. The ‘bubbler’ allows you to monitor the flow of inert gas through
the apparatus and prevents the entry of air into the apparatus. Several
designs of gas ‘bubbler’ are available (Fig. 18.2) and it is usual to connect the
‘bubbler’ to the apparatus at the top of the condenser. You should make sure
that the ‘bubbler’ contains enough mineral oil to create a seal from the
atmosphere and that it has a bulb above the mineral oil to collect any
mineral oil, which could be sucked back into your apparatus if there is a
sudden contraction in the volume of inert gas in the apparatus. Such changes
in volume will occur if you suddenly cool the apparatus without increasing
the gas flow to compensate for the resulting reduction in inert atmosphere
volume.

Apparatus

Depending upon the type of reaction to be carried out, one of the assemblies
shown on p. 119 may be used, with additional modifications for inert gas
inlet and outlet. You should consider very carefully what is required: heating
or cooling, magnetic or mechanical stirring, temperature measurement, etc.
The gas inlet can be either directly into the reaction flask or into the inlet
arm of the gas “bubbler’ — it depends on the number of ‘necks’” available on
the reaction flask.

Drying glassware

All equipment to be used should be dried (e.g. in an oven overnight at 125°C —
do not forget to remove all plastic or Teflon™ components before placing the
glassware in the oven). After drying, the apparatus should be greased,
assembled hot, using heat-resistant gloves as protection, and allowed to cool
with the inert gas flowing rapidly through it. Once cool, the water connections
for the condenser should be fitted — screw-on water connectors (p. 118) are
most useful in this context.

Addition of chemicals

Chemicals should be added to the reaction flask using a pressure-
equalizing dropping funnel (p. 119). Liquids and solid compounds are best
added as solutions in the solvent used in the reaction. If the solid is
insoluble, a little solvent should be added to the reaction flask, the
‘bubbler’ outlet sealed, a stopper to the flask opened and the gas flow rate
increased. The solid can then be added from a wide-stemmed filter funnel,
protected by the inert gas and solvent vapour, so that air does not enter
the apparatus. Then, simultaneously unseal the “bubbler’ and restopper the
flask, and then turn down the gas flow. Alternatively a solids addition tube
(Errington, 1997, p. 124; Harwood, et al., 2000, p. 89; Furniss, et al., 1989,
p. 82) can be used.
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Dry solvents — the term also implicitly
means carbon dioxide-free and oxygen-
free.

Grignard reactions are relatively tolerant
and dry solvent can be added to the
apparatus using an oven-dried measuring
cylinder.

Solvents and chemicals

All chemicals and solvents used in inert atmosphere reactions must be dry.
Most of these materials provided by suppliers are not dry enough, even
solvents which you consider to be immiscible with water, and may contain
enough moisture to hinder the reaction or reduce the yield of your product.
Therefore you must ensure that all chemicals to be used in the process have
been dried to the appropriate levels, as described below.

Solid chemicals

These should be dried by the methods outlined on p. 39. The most common
approach is to dry the chemical in an oven and then allow it to cool in a
vacuum desiccator (p. 40). Techniques for extremely air-sensitive solids can
be found in the specialist literature.

Liguid chemicals

All liquids should be dried by a method appropriate to the amount of
water they may contain (p. 41). Generally, the liquid should be dried with
a solid drying agent (p. 41) which does not react with the chemical
(consult the appropriate literature or your instructor), filtered, distilled
(p. 107), then stored over molecular sieves (p. 41) in a bottle capped by
a septum and redistilled before use. Alternatively. the liquid can be dissolved
in a solvent, the solution dried (p. 41). the solvent removed by evaporation
(p- 121) and the liquid distilled and stored as described above.

Solvents

The solvent will have the greatest volume in your reaction and it must be
dry. Most laboratory-grade solvents, as supplied by manufacturers, contain
varying amounts of water and therefore must be dried by the appropriate
method before use. If you are required to dry the solvent, you should
consult the literature (Errington, 1997; Harwood, et al., 2000; Furniss, et al.,
1989).

Some manufacturers supply dry solvents in 2.5L quantities for inert
atmosphere reactions and HPLC (p. 218). These solvents are relatively
expensive but may be economic in terms of time and expense if one-off
reactions are required. However, such solvents should be treated with
suspicion if the containers are less than half-full, since air and moisture may
have been allowed into the container by previous users. If you have any
doubts, dry the solvent.

Syringe techniques

Many air-sensitive chemicals are supplied as solutions in nitrogen-filled
bottles, which are sealed by a septum, and small volumes (up to 25mL) of
these solutions are best transferred to the apparatus using glass syringes.
Similarly, air-sensitive liquids can be added to the reaction using a syringe.

When removing air-sensitive reagents from nitrogen-
filled bottles, you must replace the volume of liquid removed with inert
gas (nitrogen) from a gas cylinder or balloon, via a needle, otherwise air
(water, oxygen and carbon dioxide) will be pulled into the bottle as a re-
sult of the vacuum you have created.
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Fig. 18.3 Syringes for inert atmosphere work.

Fig. 18.4 Needle-to-tubing connector.
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Syringes

Glass, gas-tight syringes with a Luer lock fitting are the most versatile type of
syringe and they come in a range of sizes. The Luer lock enables the stainless
steel needle to be locked in place on the end of the syringe so that there is no
danger of the needle dropping off the syringe during the transfer process
(Fig. 18.3). Variations in syringe types include those with Teflon™-tipped
pistons (plungers), which are somewhat more expensive.

Before using a syringe, always check that it is working by sucking up a little
of the solvent to be used, ensuring that air is not sucked into the syringe either
via the Luer lock or down a gap between the syringe and piston. If all is correct,
disassemble the syringe and needle. dry in an oven at 120°C (not if Teflon™
tipped) and allow to cool in a desiccator. Once you have transferred the air-
sensitive reagent, you must clean out the syringe and needle immediately, by the
appropriate method, as air will get into the needle and syringe and decompose
the reagent causing the syringe to jam or the needle to block.

Needle-to-tubing connectors

These adapters allow a Luer lock syringe needle to be connected to rubber
tubing (Fig. 18.4). An inert gas supply can then be piped, via the needle, into
a bottle to allow the transfer of large volumes of solvent or air-sensitive
reagents to the apparatus. Alternatively a balloon can be taped to a short
piece of thick-walled rubber pressure tubing to provide a supply of nitrogen
when withdrawing air-sensitive reagents using a syringe (Fig. 18.5).

balloon

thick-walled rubber tubing
needle-to-tubing connector

Luer-lockfit® needle

ring support to hold
bottle securely

-—— reagent bottle

(b)

Fig. 18.5 Inert atmosphere transfers: (a) balloon and needle; (b) preserving the
inert atmosphere while removing reagent.
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/

Fig. 18.6 Needle with non-coring tip for
piercing septa.

Syringe needles and cannulae
Stainless steel Luer lock syringe needles come in various lengths and
diameters. The length of needle you will need depends on the size of the vessel
from which you wish to withdraw the liquid; the diameter required depends
on the size of the syringe — you should not use a large-diameter needle with a
small-volume syringe — and the viscosity of the solution or liquid. Needle
diameters are expressed in ‘gauge’: the higher the gauge, the narrower the
needle diameter. For most inert atmosphere work you should use a needle
with a ‘non-coring’ or ‘deflecting’ tip (Fig. 18.6), which ensures that a piece of
the septum is not trapped in the needle when you push it through. Cannulae
are long, flexible, double-ended needles made from stainless steel or inert
plastics, which are used to transfer large volumes of reagents or solvents from
one vessel to another under inert gas pressure (Fig. 18.7).

A generic method for transferring an air-sensitive reagent, by syringe, from
a bottle to a pressure-equalizing dropping funnel is described in Box 18.1.

cannula

seal with
small septum

K

A< bubbler l

clamp

reaction vessel

bubbler

clamp ;dclition funnel

condenser

clamp

three-neck flask

flea"

:@-_ S [e————— stimer

Fig. 18.8 Transferring an air-sensitive reagent to a pressure-equalizing dropping
funnel.

Laboratory techniques 129




Inert atmosphere methods

Box 18.1 How to transfer an air-sensitive reagent using a syringe

130

. Assemble the apparatus (Fig. 18.8) while hot and

=

allow to cool while nitrogen is flowing through it
and then add all the chemicals and solvents as
required.

Assemble the syringe and needle, making sure
that the needle is locked in place having first
checked that it is air-tight.

. Draw a few millilitres of solvent into the syringe,

invert it and squirt the solvent and any air into the
waste solvent bottle. Repeat this step three times
to ensure that syringe and needle contain only
solvent vapour.

. Using the syringe, inject a few millilitres of the dry

solvent into the pressure-equalizing dropping funnel,
either via the septum or by quickly removing the
stopper while diverting the gas flow through funnel
by putting your finger tip over the ‘bubbler’ outlet.
This ensures that there is an inert atmosphere in the
funnel. Replace the stopper and release the gas flow
through the ‘bubbler’.

. Clamp the bottle of air-sensitive reagent to a

support stand so that it cannot fall over while you
manipulate the syringe needles.

. Remove the needle from the end of a needle-to-

tubing connector carrying a balloon. Connect the
inert gas supply using clean, dry rubber tubing and
inflate the balloon. Turn off the gas supply, twist the
neck of the balloon to stop the gas escaping, reattach
the needle, ensuring it is locked in place, and release
the neck of the balloon. Dip the end of the needle into
a little dry solvent to confirm that nitrogen is being
released from the needle - check for bubbles.

. Hold the needle near the tip and pierce the septum

on the bottle. Make sure that the needle tip is in the
space above the liquid. Support the needle connector
and balloon by a clamp on the support stand.

. Holding the syringe and the needle near the tip,

pierce the septum on the bottle. Still holding the

Laboratory techniques

10.

11.

12.

13.

14.

needle, ease the syringe needle into the space
above the liquid.

. Draw up some gas into the syringe and expel it

back into the bottle. Repeat three times and then
ease the syringe needle into the liquid.

Draw up the required volume of solution into the
syringe and carefully ease the needle out of the
bottle. Make sure that you do not press the
syringe piston and squirt the reagent out of the
syringe!

Inject the solution into the pressure-equalizing

dropping funnel, either by:

(a) holding the syringe needle near the tip, piercing
the septum on the pressure-equalizing dropping
funnel and injecting the reagent; or by

putting your finger over the ‘bubbler outlet
and removing the stopper from the pressure-
equalizing dropping funnel. You can now inject
the solution into the funnel, protected by the
nitrogen and solvent vapour coming out of the
funnel neck. Replace the stopper and release
the gas flow through the ‘bubbler’.

(b)

Draw a few millilitres of dry solvent into the syringe
and inject them into the pressure-equalizing
dropping funnel. This rinses any residual reagent
from the syringe.

Draw some methanol or another solvent which
reacts gently with the reagent to destroy the air-
sensitive reagent and squirt it into an excess of
water. To clean the syringe assembly, draw water
into the syringe several times and then disassemble
it, wash well with propanone (acetone) and water,
and then dry in the oven.

Remove the needle-balloon assembly from the
reagent bottle, cover the holes in the septum with a
little hydrocarbon grease and screw the bottle cap in
place. Place the needle in the oven after washing with
propanone (acetone) and then water.
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Wash bottle — always keep a wash bottle
of distilled water handy.

Table 19.1 Typical reagents for qualitative
analysis

2MNHOH ~ Conc.HCl
ZMNaOH 01 MHNO;
2M AgNO3 2M HNO;
2M CH;COOH Conc. HNO,

2M BaCl, 2M H,S0,4

0.1M HCI Conc. H50,

2 M HCI = =

Spatula - never place the spatula in the
test solution, it may lead to false-positive
tests for iron and chromium.

Qualitative techniques for inorganic
analysis

Qualitative techniques are used to identify cations and anions in aqueous
solution by simple reactions, mostly involving the production of a precipitate,
evolution of gas or a visual colour change. It is important to make
observations accurately and to interpret them in a step-wise manner.

The following basic equipment is required to carry out qualitative analysis:

Test tubes — in which the reactions are performed.

e Cork or rubber stoppers — for the protection of the contents of test tubes
from contamination and for safe storage.

e Test tube rack — this allows test tubes to be stored upright when not in
use.

e Test tube holder — this allows individual test tubes to be heated safely.

e A glass rod - this has several functions including the stirring, transfer of
solutions, and the break-up of precipitates.

e Watch-glasses these have several functions including the covering of
beakers to prevent contamination and as a receptacle for solutions.

e A wash bottle containing distilled water.

e Spatula — for transferring small quantities of solids.

e Pasteur pipettes — for transferring liquids.

® Micro-Bunsen burner — for heating solutions to boiling and for
evaporating solutions.

e Evaporation crucible — this is used as a container for solutions when
complete evaporation of liquid is required, leaving a solid product.

e Crucible tongs — for removing the crucible from the heat source.

Centrifuge — for separating precipitates from solution.

e Heated water bath.

Reagents

At the start of your experimental work always check that the appropriate
reagents are readily available (a list of commonly used reagents is given in
Table 19.1). Note that it is essential to use distilled water in all qualitative
analysis. Tap water contains ions such as Ca’", Mg®", Fe’", Fe’", SO}
and CI™ and its use could lead to ‘false-positive’ results.

Testing for anions and cations

Specific literature containing tests for the determination of anions and cations
can be found in the resources section (p. 160). In general, however, the
following tips are useful when carrying out qualitative analysis:

e Always work tidily to prevent cross-contamination of samples.

e Ensure that all glassware has been cleaned thoroughly in detergent and
then rinsed twice with distilled water. Invert the test tubes to drain; never
dry the inner surface with towelling or tissue.

e Label test tubes at the start — it may prove difficult to remember what
you have done later on.
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Qualitative tests for cations and anions

An unknown solution was tested as follows:

Test Observation I Canclusion ,
2 drops of dilute White Sulphate
HC, bail, then add 1 precipitate {SU%'} present
drop BaCl, solution
i | ‘i
1 1
Test performed on Report of the Conclusion
unknown solution || observations made || 4rawn frcn_‘. the
observation

Fig. 19.1 Recording your observations in
qualitative analysis.

A ‘clear’ solution is transparent; a
‘colourless’ solution has no colour.

residue

Fig. 19.2 Separation of liquid from a residue

using a pipette.
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e Always test solutions with a known composition before you attempt to
analyse solutions with an unknown content. This allows you to gain the
necessary experience in solution manipulation, observation skills and the
interpretation of results.

e The colour of solutions and/or precipitates has to be interpreted from
written or oral information. Interpretation of colour can be subjective, so
vou will need to gain sufficient experience using solutions of known
content to establish how a particular colour appears to you.

e Establish a protocol for recording of observations after carrying out
different tests (Fig. 19.1).

e Reagents should be added from Pasteur pipettes held with the tip just
above the mouth of the test tube. Never put Pasteur pipettes inside test
tubes as this can lead to contamination of the reagents.

e Effective mixing of the test solution and added reagents is essential. This
can be achieved by holding the test tube between the thumb and index
finger of one hand and ‘flicking’ the tube with the index finger of your
other hand. Alternatively, solutions can be mixed by bubbling air from a
Pasteur pipette held at the bottom of the test tube.

e Evolved gas can be drawn up into a Pasteur pipette and then bubbled
through a test solution, e.g. CO; can be drawn into a Pasteur pipette and
then ‘blown’ out through lime water (Ca(OH), solution) giving a milky-
white solution.

e Solutions can be tested for pH using litmus paper. Never place litmus
paper directly into the test solution. Instead, dip a glass rod into the
solution, remove, touch the wet glass rod onto the litmus paper and note
the colour. Acidic solutions change blue litmus paper to red; alkaline
solutions change red litmus paper to blue. Alternatively, universal
indicator paper can be used. In this case, the orange paper turns ‘reddish’
with acidic solutions and ‘bluish” with alkaline solutions. By comparing
any change in colour with a chart (supplied with the universal indicator
paper), the pH of the solution can be estimated.

Centrifugation of solutions

Centrifugation causes particulate material to accumulate at the bottom of the
test tube. The procedure for centrifuging yvour sample is described in Box
19.1. The speed and time of the run will depend on the centrifuge available,
but will typically be in the range 5000-10000 rpm for 5-10min, respectively.
Always allow the centrifuge to stop in its own time, as abruptly halting the
centrifuge will disturb light precipitates. After centrifugation, hold the test
tube at an angle so that it is easy to remove the liquid component (or
centrifugate) with a Pasteur pipette (Fig. 19.2). You will find that it is
difficult to remove all the centrifugate from the precipitate, and to maximize
the transfer of centrifugate it is necessary to wash the precipitate. This is
carried out as follows:

Add a small quantity of distilled water to the precipitate.

Use a glass rod to break up the precipitate and mix thoroughly.
Recentrifuge the mixture.

Transfer the liquid obtained to the original centrifugate and store this
solution for further analysis.

Repeat the washing process, but this time discard the centrifugate, and
retain the precipitate for further tests.
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Box 19.1 How to use a low-speed bench centrifuge

1. Choose the appropriate test tube size, with stoppers contain sample tubes buckets are an integral part
where necessary. Most low-speed machines have of the rotor assembly.
four lac orscplace rtors. s theSoract TS 2. Load the sample tst tubos o the cairuge
ossiblef Make sure that the outside of the centrifuge tubes,
P the sample holders and sample chambers are dry:
2. Fill the tubes to the appropriate level: do not any liquid present will cause an imbalance during
overfill, or the sample may spill during centri- centrifugation (as well as potentially causing corro-
fugation. sive damage to the rotor). Balanced tubes must be
placed opposite each other, use a simple code if
3. Ensure that the rotor is balanced during use. To necessary, to prevent errors,
achieve this prepare identical test tubes and place 3 | - &
these diametrically opposite each other in the rotor 5 Bring the centrifuge up to operating speed by gentle
assembly. However, for low-speed work, where acceleration. Do not exceed the maximum speed for
you are using small el T particulate matter the rotor and tubes used. If the centrifuge vibrates at
in aqueous solution it is sufficient to counter- any time during use, switch it off and find the source
balance a sample with a second test tube filled of the problem.
with water. 7. On completion of the run, allow the rotor to stop
= 3 = = spinning, release the lid, and remave all test tubes.
4. I you are using centrifuges with swing-out rotors, E = Y
check that each holder/bucket is correctly posi- {fpatlt’::t‘:;g:: s Apiiad make sure you cloan i
tioned in its focating slots on the rotor and that it is !
able to swing freely. All buckets must be in 8. Finally, close the lid (to prevent the entry of dust)

position on a swing-out rotor, even if they do not

and return all controls to zero.

Safety note Take care when heating
unknown solutions. As well as the risk of
burns, some reactions can be violent.

Safety note Never point a test tube
towards yourself or, for that matter,
towards anyone else while evaporation is
being carried out.

Safety note Never look down into a test
tube (even with safety glasses on - there
is still a risk of hot solution suddenly
being ejected into your face). Always
view coloured products through the wall
of the test tube.

Safety note Noxious fumes can be
given off in some instances. Be careful
not to breathe them in. Always work in a
well-ventilated room or a fume cupboard.

Beware — hot glass looks exactly like cold
glass.

Heating test tubes and other containers

It is often necessary to heat a solution in a test tube, either to cause
precipitation or to dissolve a precipitate. You can carry out this heating
effectively and safely by partially immersing the test tube containing the
mixture in a simmering boiling-water bath (remember to use a test tube
holder!).

[t is possible to reduce the volume of the solution in the test tube, i.e. to

pre-concentrate the sample, by evaporation. Two different methods can be
employed.

I

Transfer the solution to a small evaporating dish. Place the evaporating
dish on a wire gauze located on a tripod stand, and apply heat using a
micro-Bunsen burner. Note that the volumes of solutions in qualitative
analysis are often small, and excessive heating might result in hardening
of any residue, making it unusable.

Alternatively, evaporate the solution directly in a test tube by gentle
heating over a micro-Bunsen burner. Remember to use a test tube
holder. Position the test tube at an angle with the tip of the Bunsen
burner flame positioned at the upper surface of the liquid. Place a
glass rod inside the test tube and rotate constantly. This acts to
disperse bubbles of steam that are given off. Extreme caution is
required with this method of evaporation, as the steam bubbles can
cause the solution to ‘bump’ out of the test tube. ‘Bumping’ can
result in hot (and maybe toxic) substances being ejected over a
suprisingly large distance. To prevent this it is normal to add anti-
bumping granules (p. 31).
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Table 19.2 Flame tests for cations

Cation

Barium

Calcium

Copper

Potassium

Sodium

Strontium :

Lead, arsenic, antimony
and bismuth

*The colour is often obliterated by trace
impurites of sodium present (sodium gives

an intense yellow colour). You can overcome
this by viewing the colour through cobalt-blue
glass which allows the lilac colouration from
potassium to be seen.

**\iewing through cobalt-blue glass also
allows calcium and strontium to be
distinguished. In this case, calcium is light

green in colour while strontium appears purple.
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Fig. 19.3 Holding a nichrome wire in a flame test.

Flame tests

Simple flame tests can be carried out on solid samples. Place a little of the
solid on a watch-glass and moisten with a drop of concentrated hydrochloric
acid. The purpose of the hydrochloric acid is to produce metal chlorides
which are volatile at the temperature of the Bunsen burner.

Pre-clean a platinum or nichrome wire by holding it in the hottest part of
the Bunsen flame (just above the central blue cone) until there is no coloured
flame from the wire. Cool, then dip the cleaned wire into the moistened solid
sample. Place the wire at the edge of the Bunsen flame (Fig. 19.3) and record
the colour of the flame from the sample (see Table 19.2).
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Gravimetry

Gravimetric analysis is the process of converting an element into a definitive
compound, isolating this compound from other constituents in a sample and
then weighing the compound (Box 20.1). The weight of the element can then
be calculated from the formula of the compound and the relative atomic
masses of the elements involved. You need to be able to weigh accurately, by
difference, a substance to four decimal places (see p. 23).

@ The essential component of gravimetric analysis is

the transformation of the element of interest into a pure stable solid
compound, suitable for weighing.

The most common approach for isolating the element is by precipitation
from a solution where it is present in ionic form (see p. 50). Ideally, the
constituent under investigation is precipitated out of solution as a water-
insoluble compound, so that no losses occur when the precipitate is separated

by filtration, washed free of soluble impurities and then weighed.

Box 20.1 How to carry out gravimetric analysis

Suppose you wanted to analyse the amount of metal
in an alloy. For example, you might want to determine
the nickel content, as a w/w percentage (p. 47), in a
particular sample of steel.

i

Select an appropriate solvent for your sample: in
this example, you could dissolve the sieel in aqua
regia, a combination of concentrated nitric acid
and concentrated hydrochloric acid in the volume
ratio of 1:3 respectively.

Choose an appropriate precipitant and carry out the
precipitation reaction. Here, an alcoholic solution of
dimethylglyoxime could be used to precipitate nickel
from a hot solution of aqua regia, by adding a slight
excess of agueous ammonia solution, forming a red
precipitate of nickel dimethylglyoximate (Fig. 20.3).

Filter the precipitate through a pre-weighed Gooch
crucible. This should have been previously dried in
an oven at 120°C and stored in a desiccator until
required.

Wash the precipitate: in this example, the nickel
dimethylglyoximate can be washed with cold water
until qualitative testing shows that the wash solu-
tion is free of chloride ions.

Dry the precipitate in an oven, for example, at
120°C, and allow to cool in a desiccator.

Determine the weight of the precipitated com-
pound. Suppose in this example that the nickel had

been precipitated from steel (2.0980g) using
dimethylglyoxime (H,DMG), giving a precipitate of
nickel dimethylglyoximate (Ni(HDMG);)} weighing
0.2370g.

Write out the equation for the reaction and perform
the calculation. In this example, you need to check
the relative atomic masses of the elements involved.
The relative molecular mass of nickel dimethyl-
glyoximate is 288.91gmol ' {for structure see Fig.
20.3; A, H=1.01;0= 16.00;C = 12.01; N = 14.01; Ni
= bB.69). The equation for the reaction can be
summarized as:

Ni?* + 2H,DMG = Ni(HDMG), + 2H"

According to the above equation, for each mole of
Ni in the steel sample, 1 mole of precipitate will be
formed. Therefore, 0.2370g of precipitate corre-
sponds to: -

0.2370g Ni(HDMG), = 288.95g mol! Ni(HDMG),
= 8.20 x 10-* mol Ni(HDMG),

The amount of nickel in the steel sample must
therefore be:

8.2 x 10-* mol Ni(HDMG), x 58.69 gmol ! Ni
— 0.0481gNi

The percentage weight of 'nick'él in the steel sample
is therefore:

0.0481g Ni = 2.0980g sample x 100 = 2.29% wiw
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Table 20.1 Common precipitants

Dimethylglyoxime ~ Ni?*

Pd 2+’ P4[2+' Bi3+ ]

and Au®*
Cupferron Sn* Cu®* and Pb?*
8-Hydroxyquinoline AP* Many metals
{oxine)
CHa-—tI:—NDH
CH;—C—NOH
Dimethyloglyoxime
_No
N"'-. 3
O'NH{
Cupferron

5
NG
OH

8-Hydroxyquinoline

Fig. 20.1 Structures of common precipitants.

| |+——— Gooch crucible
rubber cone —-{

[<—— Gooch funnel

Biichner flask — to pump

Fig. 20.2 Experimental arrangement for
filtration of precipitate.

o
CH;—C=N_ _N=C—CH,
| ONT
CHy—C=N" “N=C—CH,
0
“\.H/

Fig. 20.3 Structure of nickel-dimethylglyoxime
complex.
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Precipitation

Inorganic ions can be separated from mixtures using organic reagents
(precipitants), with which they form sparingly soluble, often coloured,
compounds. The precipitants usually have high molecular weights, so a small
quantity of the ion will produce a large amount of precipitate. Ideally, the
precipitant should be specific for a particular ion, though this is rarely so.
Examples of common precipitants and their target ions are shown in Table
20.1 and their structures are shown in Fig. 20.1.

Dimethylglyoxime is only slightly soluble in water (0.40gL~") and it is
therefore used as a 1% w/v solution in ethanol. Cupferron, the ammonium
salt of N-nitroso-N-phenylhydroxylamine, is used as a 5-10% w/v solution in
hydrochloric acid or sulphuric acid. Oxine (8-hydroxyquinoline) is almost
insoluble in water and is used as either a 2% or a 5% w/v solution in
2mol L~ acetic acid.

When precipitating a compound:

e Mix your reagents slowly, with continuous stirring, to encourage the
growth of large crystals of the compound.

e Improve the precipitation process by heating your solutions: ideally, one
or both solutions should be heated to just below boiling point.

e Wash your precipitate with a dilute electrolyte solution, to remove any
other constituents (it is essential to remove any impurities). Choose a
solution that does not interact with the precipitate, and that is volatile at
the drying temperature to be used.

e Use the minimum quantity of wash solution as no precipitate is absolutely
insoluble. While suitable wash solutions include dilute electrolytes, e.g.
ammonium salts, ammonia solution or acids, pure water is rarely used, as it
may dissolve the precipitate.

® Test your filtered wash solution for impurities using simple qualitative
tests (Chapter 19). Continue until your final washing solution contains no
trace of other constituents.

e It is best to wash repeatedly with several small amounts of solution,
allowing the precipitate to drain between washings.

Filtration

To carry out this procedure, you will need to assemble a Gooch crucible and
funnel on a Biichner flask, clamped for stability using a retort stand (Fig. 20.2).
The glass Gooch crucible has a porous disk of sintered ground glass, typically
of pore diameter 20-30um, which is satisfactory for moderately sized
precipitates. Fit the crucible into a Gooch funnel using a rubber cone, put the
funnel into a one-holed rubber bung and then into a Biichner flask. The tip of
the funnel must project below the side arm of the flask to prevent loss of filtrate
down the side arm (see p. 28). Then, connect the Biichner flask to a water
pump. Pour your precipitate suspension into the Gooch crucible, using a glass
rod (p. 18) to direct the liquid into the centre of the sintered base. The lower
end of the glass rod should be close to, but not touching, the sintered-glass
base. Never overfill the crucible. The precipitate remaining in the bottom of the
beaker should be rinsed out with the filtrate solution: disconnect the pump and
pour the filtrate back into the beaker containing the precipitate. The pump
should be disconnected by pulling off the vacuum tube from the Biichner flask.
On no account turn off the water pump while doing this. You may need to
rinse the beaker several times, to collect all of the precipitate in the crucible.
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Procedures in volumetric analysis

Volumetric analysis, also known as titrimetric analysis, is a quantitative
technique used to determine the amount of a particular substance in a
solution of unknown composition.

This requires:

e A standard solution, which is a solution of a compound of accurately
known concentration, that reacts with the substance to be analysed.

e The test solution, containing an unknown concentration of the substance
to be analysed.

e Some means of detecting the end-point of the reaction between the
standard and test solutions, e.g. a chemical indicator or, in the case of
potentiometric titrations, a pH electrode (see Chapter 34). Some reactions
exhibit a colour change at the end-point without the addition of an
indicator.

The volume of standard solution that reacts with the substance in the test
solution is accurately measured. This volume, together with a knowledge of
concentration of the standard solution and the stoichiometric relationship
between the reactants, is used to calculate the amount of substance present in
the test solution. Specific examples of the different types of calculations
involved are shown in Chapters 22 to 25.

Classification of reactions in volumetric analysis
There are four main types of reaction

1. Acid-base or neutralization reactions, where free bases are reacted with a
standard acid (or vice versa). These reactions involve the combination of
hydrogen and hydroxide ions to form water.

2. Complex formation reactions, in which the reactants are combined to
form a soluble ion or compound. The most important reagent for
formation of such complexes is ethylenediamine tetra-acetic acid, EDTA
(as the disodium salt).

3. Precipitation reactions, involving the combination of reactants to form a
precipitate.

4. Oxidation-reduction reactions, i.e. reactions involving a gain (reduction)
or loss (oxidation) of electrons. The standard solutions used here are
cither oxidizing agents (e.g. potassium permanganate) or reducing agents
(e.g. iron (II) compounds).

What can be measured by titration?

The concentration of an unknown substance e.g. 0.900mol L.
Percentage purity, e.g. 56%.

Water of crystallization, e.g. (NH,4),SO,.nH,0.

Percentage of a metal in a salt, e.g. 12% Fe in a salt.

Water hardness, e.g. determination of the concentration of calcium and
magnesium ions.

Examples of the types of calculations used in volumetric analysis are shown
in Box 21.1.
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Box 21.1 Types of calculations used in volumetric analysis - titrations

In titrations you react a solution of a known concentration with a solution of an unknown concentration.

If you know the mole ratio of the two reacting chemicals in solution, you can calculate the amount (the number
of moles and thus the number of grams) of the solute in the solution of unknown concentration.

Let’s look at the reaction between NaOH and HCl:

HCl + NaOH = NaCl + H,0

Since the equation is balanced we know that 1 mol (36.5¢g) of HCI will react with 1mol (40 g) of NaOH. We know
that a 1.0 M solution of HCI contains 1 mol of HCl in 1000 mL {1 litre) of water. Then:

1000 mL of 1.0 M HCI solution is equivalent to 1.0 mol of NaOH
is equivalent to 1000 mL of 1.0 M NaOH solution
is equivalent to 40 g of NaOH
is equivalent to 23g of Na' ions
is equivalentto 17 g of OH ions

Similarly for the reaction between potassium hydroxide and sulphuric acid:
H>S0, + 2KOH = K80, + 2H,0
Since 1 mol of H;S04 reacts with 2 mol of KOH, then:

1000 mL of 1.0 M H;S0O; solution is equivalent to 2.0 mol of KOH
is eguivalent to 2 x 1000 mL of 1.0 M KOH solution
is equivalent to 2 x 56 g of KOH
is equivalent to 2 x 39g of K' ions
is equivalent to 2 x 17g of OH  ions
To work out the results of titrations you must always:

e Work out the balanced equation to find out the ratio of moles reacting.
e Decide what you are trying to calculate.

Example: 25.00 mL of sodium hydroxide solution were titrated by 24.00 mL of 0.1 M HCI solution. Calculate the
concentration of the sodium hydroxide solution.

e HCI + NaOH = NaCl + H;0
e Concentration of NaOH, i.e. moles of NaOH in 1000 mL, since concentration is molL~ 1.

Now:

1000 mL of 1.0 M HCI solution is equivalent to 1.0 mol of NaOH

but the concentration of HCl is only 0.1 M:

1000 mL of 0.7 M HCI solution is equivalent to 0.1 x 1.0 mol of NaOH
but only 24.00 mL of HCI solution were used:

1.0 mL of 0.1 M HCI solution is equivalent to W mol of NaOH
and

24 mL of 0.1 M HCI solution is equivalent to e 1'{: ;03'1 x.1.0 mol

of NaOH

= 2.4 x 102 mol of NaOH
but 25.00 mL of NaOH solution were used:

25.00 mL of NaOH solution contains 2.4 x 1072 mol of NaOH
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Box 21.1 (continued)

Then

2.4 x 103
1.0 mL of NaOH solution contains —~>;T0~ mol of NaOH

and

-3
1000 mL of NaOH solution contains i i; =t mol of NaOH

= 0.096 mol of NaOH

Therefore concentration of NaOH solution is 0.096 molL 7.

Using this set of equations you can calculate directly the mass of NaOH per litre, the mass or moles of sodium
ions and the mass or moles of hydroxide ions.

Note: The expression [C1]Vq = [C;]1V; was not used, even though it is applicable in this case.
Problems arise when [C1]1V; = [C:]1V5 is used for reactions which are not 1:17, e.g.:

HyS0, + 2KOH = K,S04 + 2H,0
or
2Mn0Oj + 16H" +5C,05" = 2Mn*" 4 10CO; + 8H,0

or
105 + 51" +6H" =3I, +3H,0

Titrations

The process of adding the standard solution to the test solution is called a
titration, and is carried out using a burette (see below). The point at which
Definition the reaction between the standard solution and the test substance is just
complete is called the equivalence point or the theoretical (or stoichiometric)

A primary standard should be easy to . o e .
P Y 4 end-point. This is normally detected by a visible change, either of the

obtain in a pure form. It should be

unaffected in air during weighing, be standard solution itself or, more commonly, by the addition of an indicator.
capable of being tested for impurities and
be readily soluble under the conditions Lgra"dw'd S()h‘rfons

used. Finally, the reaction with the
standard solution should be
stoichiometric and instantaneous.

A standard solution can be prepared by weighing out the appropriate
amount of a pure reagent and making up the solution to a particular volume,
as described on p. 24. The concentration of a standard solution is expressed
in terms of molarity (p. 19). A substance used in a primary standard should
fulfil the following criteria:

It should be obtainable in high purity ( > 99.9%).

It should remain unaltered in air during weighing (i.e. it should not be
hygroscopic).

It must not decompose when dried by heating or vacuum.

It should be capable of being tested for impurities.

It should be readily soluble in an appropriate solvent.

It must react with the test substance stoichiometrically and rapidly.

® @

Preparing a standard solution
The molarity of a solution is the concentration of the solution expressed as
mol L=, If x g of a substance of molecular weight M, is dissolved in ymL of
e : s x
distilled water, the moles of substance dissolved = = m. Therefore,
_m % 1000 o
5

molarity (mol L") [21.1]
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Primary standards prepared from solid compounds should be weighed out
using the ‘weighing by difference’ method as described in Chapter 4, and
accurately made up to volume using a volumetric flask. Complete transfer of
the substance from the weighing vessel to the volumetric flask is best
achieved by inserting a funnel into the neck of the flask (Fig. 21.1). As much
of the solid as possible should be transferred vig the funnel. The funnel
should be washed with distilled water prior to removal. Distilled water is then
added to the flask, with occasional swirling to help to dissolve the solid. This
is continued until the meniscus is about 1 cm below the volume mark. At this
point a stopper is inserted and the flask is inverted several times to ensure the
solid is completely dissolved. Finally, using a Pasteur pipette, distilled water
is added up to the volume mark. The solution should be thoroughly mixed
before use.

If the solid is not readily soluble in cold water it may be possible to
dissolve it by stirring in warm water in a beaker. After allowing the solution
to cool to room temperature, it can be transferred to the volumetric flask
using a glass rod and filter funnel (Fig. 21.1) followed by several rinses of the
glass rod/filter funnel. Finally, the solution is made up to the mark with
distilled water.

Filling a burette

e Clamp a clean 50.00mL burette (p. 10) in a laboratory stand. Place a
beaker on a white tile immediately below the outlet of the burette (Fig.
21.2).

e Place a small filter funnel on top of the burette and, with the tap open,
carefully pour in the standard solution (or titrant) until it starts to drain
into the beaker.

e Close the burette tap, and fill the burette with the standard solution until
the meniscus is about 1-2 cm above the zero mark. Remove the funnel.

e Open the tap and allow the solution to drain until the meniscus falls to
the zero mark. The burette is then ready for the titration.

Note that to avoid contamination the solution in the beaker should be
discarded, rather than recycled.

Using a pipette

A clean 25.00mL pipette (p. 10) is required together with a suitable pipette
filler. Various designs of pipette filler are available. The most common type is
based on a rubber-bulb suction device. It is best to evaluate a range of
pipette fillers, if available in the laboratory, for ease of use and performance.
The pipetting procedure is as follows:

e Pour the solution of unknown composition (the titrand) into a beaker.
Never place the pipette in the volumetric flask containing the solution as
this can lead to contamination of the solution from the external surface
of the pipette.

e Using your pipette filler, draw the titrand to just beyond the graduation
mark (Fig. 21.3a). Remove the pipette filler, and invert the pipette to
allow the solution to drain out. This ensures that the titrand used
subsequently will be undiluted and uncontaminated by any residue or
liquids in the pipette.
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D)

glass rod

v

t—— retort stand

rinse
solution

Fig. 21.1 Quantitative transfer of a solid to
a volumetric flask. Fig. 21.2 Apparatus for a titration.

e Refill the pipette until the meniscus of the titrand is above the graduation
mark (Fig. 21.3a). Remove the pipette filler and block the hole at the top of
the pipette with the index finger of your right hand (if right-handed; Fig.
21.3b). Carefully raise the pipette to eye level, and allow the titrand to drain
out into a beaker by lifting your finger slightly from the top of the pipette.
Continue until the bottom of the meniscus is on the graduation mark.
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(a) (b}
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\
(c)

Fig. 21.3 Using a pipette.

Washing the test solution — any distilled
water used for washing the test solution
from the walls of the conical flask has no
effect on the titration or the calculation.

Reading a burette — your eye-line should
be level with the bottom of the meniscus.
Then, record the volume used to one
decimal place.

Rough titration — always carry out an initial
 rough titration to determine the ;
approximate volume of titrant required for
the end-point. This allows you to anticipate
the end-point in subsequent titrations to

determine the accurate volume. :
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Wipe the outside of the pipette with a tissue (Fig. 21.3c). Be careful not
to touch the point of the pipette with the tissue otherwise solution will be
lost by capillary action.

Allow the pipette’s contents to drain into a conical flask.

Finally. touch the end of the pipette on the wall of the flask (Fig. 21.3d),
and rinse the inside of the neck of the flask with distilled water. This will
ensure that exactly 25.00 mL of the test solution has been delivered by the

pipette.

Note that it is normal for a small quantity of solution to remain in the
pipette tip. This volume is taken into account when pipettes are calibrated, so
do not attempt to ‘blow out’ this liquid into the conical flask.

Performing a titration

Add one or two drops of indicator to the titrand contained in the conical
flask. For a right-handed person the process is as follows:

Hold the conical flask containing the titrand and the indicator in your
right hand, and control the tap of the burette with your left hand. The
burette should be arranged so that the tap is on the opposite side of the
burette to your palm. In this way, your left hand also supports the body
of the burette (Fig. 21.4).

Add the titrant by opening the tap, and simultaneously swirl the contents
of the conical flask. This may take a bit of practice, so do not worry if
vou cannot do it straight away. The titrant can be added quickly at first,
but as the end-point approaches, additions should be made drop-wise.
The end-point is indicated when the appropriate colour change takes
place. When the end-point is reached, one drop of titrant should be
sufficient to cause the colour change. You should note the volume used
for the titration to the nearest 0.1-0.05mL. This is done by reading off
the volume of titrant used (Fig. 21.5).

Refill the burette to the zero mark using a funnel ready for the next
titration.

Volumetric analysis - calculating the concentration
of a test substance

The calculation should be carried out in a logical order as follows:

1.

2.

Write the balanced equation for the reaction between the standard and
the test substance.

From the stoichiometry of the reaction, determine how many moles of
the test substance react with 1 mole of the standard substance. For
example, in the reaction between an H,SO, standard solution and an
NaOH test solution:

H>S804 + 2NaOH — Na,S04 + 2H,0 [21.2]

Therefore 2 moles of NaOH react with 1 mole of H,SO,.

Calculate the number of moles of standard substance used to reach the
end-point of the reaction. This can be determined from knowledge of the
concentration of the standard solution (molL~!) and the volume of
titrant used (mL). Remember to take care with units — in this instance
division by a factor of 1000 is required to convert mL to L:
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Fig. 21.5 Reading a burette. Place a white card
below the level of the meniscus. This allows an
accurate reading to be made.

Fig. 21.4 Performing a titration.

concentration (molL™") x volume (mL)
1000

Number of moles =

4. The number of moles of test substance present in the titrand is then
obtained from knowledge of the equivalences. In the example given
above (point 2) the number of moles of test substance is twice the
number of moles of standard substance. Therefore, if X moles of H,SO,
are used (as calculated in point 3), 2X moles of NaOH were present in
the initial volume of test solution.

5. Finally, the concentration of the test solution can be calculated using the
formula:

Concentration of test  1000xamount of test substance (mol)

solution (molL™') ~ initial volume of test solution (mL)

Again, the factor of 1000 is used to convert mL to L.
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Safety note Never pipette by mouth.

thymol blue
HiC_ CH, HC_ CHy
CH CH
WOt | HC OH 0. |H€ oH
Q o, -0 e,
¢ C—Ch c G CHy
cHaérsns CH; c”’é,ﬁﬂi CH,
red yellow
(<pH1LT) (pH 1.7-8.9)

phenolphthalein

colourless red
(<pH B) (pH 8.3-10)

Figure 22.1 Examples of indicators used in
acid-base titrations: thymol blue and
phenolphthalein
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&
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volume of NaOH added {mL)

Figure 22.2 A typical neutralization curve: 0.1

M HCI with 0.1 M NaOH.
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Acid-base titrations

The titration of an acid solution with a standard solution of alkali will
determine the amount of alkali which is equivalent to the amount of acid
present (or vice versa). The point at which this occurs is called the
equivalence point or end-point. For example, the titration of hydrochloric
acid with sodium hydroxide can be expressed as follows:

NaOH(aq} + HCl(aq} — NaCl[an + HEO([) [22.1]

If both the acid and alkali are strong electrolytes, the resultant solution will be
neutral (pH 7). If on the other hand either the acid or alkali is a weak
electrolyte the resultant solution will be slightly alkaline or acidic, respectively.
In either case, detection of the end-point requires accurate measurement of
pH. This can be achieved either by using an indicator dye, or by measuring the
pH with a glass electrode (described in Chapter 7).

Acid-base indicators

Typical acid-base indicators are organic dyes that change colour at or near
the equivalence or end-point. They have the following characteristics:

e They show pH-dependent colour changes.
The colour change occurs within a fairly narrow pH range (approximately
2 pH units).

e The pH at which a colour change occurs varies from one indicator to
another, and it is possible to select an indicator which exhibits a distinct
colour change at a pH close to the equivalence or end-point.

Selected common indicators together with their pH ranges and colour
changes are shown in Table 22.1. Examples for thymol blue and
phenolphthalein are shown in Fig. 22.1.

Table 22.1 Colour changes and pH range of selected indicators

Thymol blue 1.2-6.8 Red Yellow

Methyl orange 2.8-4.0 Red Yellow
Methyl red 4.3-6.1 Red Yellow
Phenol red 6.8-8.2 Yellow Red

Phenolphthalein 8.3-10.0 Colourless Pink/red

Neutralization curves

A plot of pH against the volume of alkali added (mL) is known as a
neutralization or titration curve (Fig. 22.2). The curve is generated by a
‘potentiometric titration’ in which pH is measured after each addition of
alkali (or acid). The significant feature of the curve is the very sharp and
sudden change in pH near to the equivalence point of the titration. For a
strong acid and alkali this will occur at pH7. If either the acid or base
concentration is unknown, a preliminary titration is necessary to find the
approximate equivalence point followed by a more accurate titration as
described on p. 146. The ideal pH range for an indicator is 4.5-9.5.
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Figure 22.3 Determination of the equivalence
point.

Determination of the equivalence point

From the neutralization curve (Fig. 22.2), the initial and final slopes are
drawn (Fig. 22.3) and a parallel line is drawn such that the mid-point is
on the curve. This is the equivalence point, producing a titration value of
xmL.

Example calculations

Standardization of a sodium hydroxide solution
What is the molarity of a solution of sodium hydroxide, 25.0mL of which
requires 21.0 mL of a standard solution of hydrochloric acid of concentration
0.100 mol L~ for neutralization?

Following the sequence in Box 21.1:
1.  Write the equation:

NaOH(aq) + HC](aq}H NaCl(aq) + HzO“] (22.2)

2. Determine the equivalences.
Equation [22.2] shows that 1 mole of NaOH requires 1 mole of HCI for
neutralization, i.e. 1 mole of NaOH is equivalent to |1 mole of HCL.

3. Calculate the number of moles of standard used.

Number of moles -~ concentration (mol L‘I) x volume (mL)

of HCI 1000
0100 mol L™' x 21.0mL
B 1000
=2.1x 10~*mol

4. Calculate the number of moles of NaOH in the initial volume of test
solution.
As indicated in point 2 above, 1 mole of NaOH is equivalent to 1
mole of HCI. Therefore:

no. of moles of NaOH in initial volume = no. of moles of HCI used
=2.1 % 1073 mol

5. Determine the concentration of the NaOH solution.

Concentration of test 1000 x amount of test substance
solution (molL™") " initial volume of test solution (mL)

1000 x 2.1 x 10~3(mol)
n 25(mL)

=0.084mol L !

Standardization of a sodium hydroxide solution using potassium
hydrogen phthalate as a primary standard (p. 143)

An accurately weighed amount (5.1100g) of potassium hydrogen phthalate
(KHCgH40O4) was dissolved in distilled water (250.00mL). This solution
(25.00mL) required sodium hydroxide solution (23.50mL) to reach
equivalence. What is the molarity of the sodium hydroxide solution? (Note
that, in this case, 25.00mL of the standard solution was used as the titrand,
whereas the test solution (NaOH) was the titrant.)
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Following the sequence in Box 21.1:
1. Write the equation.
NaOHq) + KHCsH Oypq) — NaKCsHyOungy + HxOpy  [22.3]

2. Determine the equivalences.

Equation [22.3] shows that 1 mole of NaOH is equivalent to 1 mole of
KHC3H,0,.

3. Calculate the number of moles of standard used.

Firstly, the concentration of the standard solution of potassium
hydrogen phthalate must be calculated.

The molecular weight of KHCgH40, is 204.22gmol~!. Therefore
5.1100g of KHCgH40, is equivalent to 5.1100 (g)/204.22 (g mol™!) =
0.025 mol.

We can now calculate the concentration of the standard solution:

Concentration of standard _ 1000 x amount of KHC3H4O4 (mol)

solution (mol L™1) " volume of standard solution (mL)

1000 x 0.025 (mol)
B 250 (mL)

= 0.100 mol L™!

The number of moles of standard used in the titration is as follows.

Number of moles  concentration (mol L") x volume (mL)

of KHCxH 04 1000
_ 0.100mol L™ x 25.0mL
- 1000
=2.5x 10~* mol

4. Calculate the number of moles of NaOH used to reach equivalence.
As indicated in point 2 above, 1 mole of NaOH is equivalent to 1
mole of KHCgH,O,4. Therefore:

No. of moles B
of NaOH used —

=2.5x 10~ mol

no. of moles of KHCgH,40, in the titrand

5. Determine the concentration of the NaOH solution:

Concentration of NaOH 1000 x amount of NaOH (mol)
solution (molL™")  ~ volume of NaOH solution used (mL)
1000 x 2.5 x 10~ (mol)
B 23.50 (mL)
=0.106 mol L™!
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Fig. 23.1 Structure of [Colen)z]37. It is a six-
co-ordinate octahedral complex of
ethylenediamine (en) with cobalt (lll). The
complex has three five-membered rings.

HOOC— CH, _ _CH,— COOH
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Fig. 23.2 Structure of EDTA. (a) EDTA contains
two donor N atoms and four donor O atoms. It
can therefore form a hexadentate complex

(b) with a metal ion, e.g. Pb?*,

Complexometric titrations

Complexometric titrations are mainly used to determine the concentration of
cations in solution. The method is based on the competition between a metal
ion (for example) and two ligands, one of which acts as an indicator and the
other is a component of a standard solution.

Some knowledge of the principles of metal-ligand binding is required in
order to understand this method.

Types of ligand

Ligands are chemical species that co-ordinate with metal ions to form a
complex. They are classified on the basis of the number of points of
attachment to the central ion.

e Monodentate ligand — here the ligand is bound to the central ion at only
one point, e.g. H,O, NH;.

e Bidentate ligand — this has two points of attachment to the central ion,
e.g. ethylenediamine (en) (Fig. 23.1).

e Multidentate ligand — these have several points of attachment, e.g.
ethylenediaminetetra-acetic acid (EDTA), which is a hexadentate ligand
(six points of attachment) (Fig. 23.2).

The basis of a complexometric titration involving EDTA

The metal ion under investigation is bound to an indicator in solution (under
strict pH control). This solution is then titrated against a standard solution of
EDTA. This can be expressed in the form of an equation:

Metal-indicator + EDTA — metal-EDTA + indicator [23.1]

For example, if the indicator being used was solochrome black, the metal-
indicator solution would be red while the colour of the free indicator would
be blue (in the pH range 7-11). The reaction takes place if the EDTA
displaces the indicator from the metal-indicator complex. Therefore the
metal-EDTA complex must be more stable thermodynamically than the
metal-indicator complex.

Stability of complexes
The thermodynamic stability of a species is an indication of the extent to
which that species will be formed (under certain conditions and provided that
it is allowed to reach equilibrium).

As an example consider the general case of a metal, M, in solution
together with a monodentate ligand, L. It is possible to describe this system
in terms of step-wise equilibria:

M+ L=ML K, = [ML]/M][L] [23.2]

ML + L =ML, K> = [ML,]/[ML]L] [23.3]
Or, in general terms:

ML, + L = ML, K, = [ML,]/ML,.;yJ[L] [23.4]

where K, K, ... K, are step-wise stability constants.
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Table 23.1 Stability constants of selected
metal-EDTA complexes (expressed as log K)*

lon
M92+
Ca**
FQZ’
Co®**
A|3+
Cd?*

logk lon

8.7 Ni%*
10.7 Cu?
143 Hg*
16.3 Sc*
16.3 G
16.6 In®*

logk
18.6
18.8
218
231
24.0
24.9

*lonic strength of solution was 0.1 at 20°C.
Adapted from Vogel's Textbook of Quantitative
Inorganic Analysis, 4th Edn, J. Bassett, R.C.
Denney, G.H. Jeffery and J. Mendham, Longman
Scientific and Technical, Harlow, (1978) p. 264.

Fig. 23.3 Examples of metal-ion indicators:

OH OH

+Na'03SN= N

NO,

Solochrome black
{eriochrome black T)

OH OH
N~ NQEJ; SO3H*
CHy @

Calmagite

solochrome black and calmagite.
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An alternative approach for expressing the equilibria might be as follows:

M+ L =ML B = [ML]/[M][L] [23.5]

M+ L, =ML, B2 = IML}MJ[LF® [23.6]
Or, in general terms:

M+L,=ML, Bn = [ML,]/[M][L], [23.7]
where f3;, B>, ..., f8, are the overall stability constants and are related to the
step-wise stability constants as follows:

B, =K, x K3 x K, [23.8]

Factors influencing the stability of complexes
The stability of a complex is related to the ability of the metal ion to complex
with a given ligand, and to the characteristics of the ligand.

End-points can be determined more easily when a single complex is formed
rather than when the complex is formed in a step-wise fashion. This can be
achieved by using the aminopolycarboxylic acid, EDTA (Fig. 23.2).

In equations, EDTA can be expressed as HyY. The disodium salt Na,H,Y is
frequently used as a source of the complex-forming ion, H,Y?~. Thus the
typical reaction of EDTA with a metal ion can be written in the following form:

M?* + H,Y?~ — MY?* + 2H" [23.9]

The reaction of a metal ion with EDTA is always in the ratio 1:1. The
stability constants of selected metal-FEDTA complexes are given in Table
23.1.

The detection of the end-point in titrations involving EDTA is most
commonly achieved using a metal-ion indicator, i.e. a compound that
changes its colour when it complexes with a particular metal ion. The
structures of selected metal-ion indicators are shown in Fig. 23.3 and the
properties of a variety of metal-ion indicators are given in Table 23.2.

Types of complexometric titration

Direct titration

In this case. the metal ion is titrated with a standard solution of EDTA. The
solution containing the metal ion is buffered to an appropriate pH at which
the stability constant of the metal-EDTA complex is large. The free indicator
has a different colour from that of the metal-indicator complex.

Back titration
In certain circumstances a particular metal ion cannot be titrated directly.
This includes situations where:

The metal ion precipitates in the absence of EDTA.
The metal ion reacts too slowly with EDTA.

The metal ion forms an inert complex.

No suitable indicator is available.

In these cases a back titration is required. This involves addition of a known
excess of EDTA to the metal ion (buffered to an appropriate pH). Then, the
excess EDTA is titrated with a standard solution of a different metal ion. The
choice of a second metal ion is important as it must not displace the analyte
metal ion from its EDTA complex.
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cator to be useful it

han the
HEDTA complex.

Table 23.2 Properties of selected indicators

Colour of metal-ion complex

Murexide

< pHY (Hgln™) Red-violet orange (Cu?*), yellow (Ni?* and Co®*)
pH9-11 (Hsln?") Violet and red (Ca®")

> pH11 (Haln3") Blue

Solochrome black

< pH5 (Hzln™) Red In pH range 7-11 colour change is
pH7-11 (HIn?") Blue blue-red (Mg, Mn, Zn, Cd, Hg, Pb, Cu,
> pH11.5 (In*") Orange Al, Fe, Ti, Co, Ni and Pt metals)
Calmagite

<pH5 (Haln™) Red Same colour change as solochrome
pH7-9 (HIn?") Blue black but clearer and sharper

>pH 11.4 (In*") Red-orange

Pyrocatechol violet

< pH 1.5 (Hyln) Red In pH range 2-6, yellow to blue
pH2-6 (Hzln") Yellow (Bi and Th); pH 7 violet to blue

pH7 (HaIn?") Violet (Cu®*, Zn%, Cd?*, Ni** and Co?")

>pH 10 (In*~) Blue

Practical considerations

pH adjustment is critical in EDTA titrations. The pH is monitored with a
pH meter or pH test paper.

The metal ion under investigation should ideally be approximately
0.25mM in a volume of 50-150mL of solution. Dilution of the metal ion
may be necessary to avoid end-point detection problems.

Do not add excess indicator, as too intense a colour can lead to
problems, e.g. masking of the colour change.

It is sometimes difficult to detect the end-point because the colour change
can be slow to develop. Stirring is recommended to assist colour
transformation.

The use of metal-ion indicators to indicate the end-point of complexometric
titrations is based on a specific colour change. Some individuals may find it
difficult to detect a particular colour change (e.g. those with colour
blindness). Alternative approaches for end-point detection are available
based on a colorimeter/spectrophotometer (devices for measuring colour,
see Chapter 26) or electrochemical detection (see Chapter 34).

Example calculation

A solution of Ni*" (25.00mL) was titrated with 0.1036molL~' EDTA at
pH 5 and required 20.25mL for the metal-indicator to change colour. What
is the concentration (gL~') of Ni*"? The atomic weight of nickel is
58.71 gmol ™!,

2.

Write the balanced equation for the reaction between the standard and
the test substance

Ni* + H,Y* — NiY> + 2H" [23.10]
Determine the equivalences of the reacting species:

1 mole of EDTA is equivalent to 1 mole of Ni*"
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3. Calculate the number of moles of standard substance (EDTA) used to
reach the end-point of the reaction:

moles of EDTA = volume (L) x molarity (mol L™")
=20.25x 107 L x 0.1036 mol L™
=2.098 x 103 mol

4. Calculate the corresponding number of moles of Ni*" present in the
25mL of nickel solution.
Since 1 mole of EDTA is equivalent to 1 mole of Ni*™:

moles of Ni** = 2.098 x 10~* mol
5. Calculate the concentration of the Ni?™ solution:

concentration of Ni*t 1000 x 2.098 x 103 (mol)

solution (molL™") 25(mL)
=8392x 103 molL™!

In this instance, the Ni*" concentration is required in gL ~'.
The molecular weight of nickel is 58.71 gmol~':

concentration of ~ molecular weight (g mol™)
Ni?* solution (2L™') ~  x molarity (mol L")
= 58.71 % 83.92 x 1073
=4927gL™!
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Redox titrations

All reduction—oxidation reactions involve a transfer of electrons. The
oxidizing agent accepts electrons, and the reducing agent donates electrons.
To establish the reaction for a redox titration it is necessary to determine the
‘half-equation” for both the oxidizing agent and the reducing agent. By
adding the two ‘half-equations’ it is possible to determine the overall
equation for the titration. The basic theory of electrochemistry is described in
Chapter 34.

One of the most common oxidants is potassium permanganate which in
acidic solution can undergo the following reaction:

MnO; + 8H" + Se~ = Mn?* + 4H,0 [24.1]

Unfortunately, potassium permanganate is not obtainable in high enough
purity and can undergo decomposition by exposure to sunlight. Therefore
it cannot be used as a primary standard (p. 143). However, it can be used
in redox titrations provided it is standardized with sodium oxalate (which
is available in high purity). The redox reaction involving oxalate is as
follows:

C,02 = 2CO, + 2~ [24.2]

The overall reaction between permanganate and oxalate can be obtained by
balancing the electrons on each side of the equation. This can be achieved by
multiplying eqn [24.1] by 2 and eqn [24.2] by 5, and then combining them as
follows:

IMnOj; + 16H™ + 5C,02~ = 2Mn>" + 10CO; + 8H,0 [24.3]

Another common method for the standardization of potassium perman-
ganate is to use iron (II):

Fe’* =F®* + e [24.4]

The combined equation is obtained by multiplying eqn [24.4] by 5 and adding
to eqn [24.1]:

MnO; + 8H" + 5Fe’" = Mn?* + 5Fe** + 4H,0 [24.5]

Potassium permanganate has a major advantage when used for titrations in
that it can act as its own indicator.

A list of other common oxidizing agents and reducing agents is given in
Table 24.1.

Table 24.1 Common oxidizing and reducing agents used in redox titrations

Ceric AsOf" Arsenite

Dichromate Fe?* Ferrous
Hydrogen peroxide NH,0OH Hydroxylamine
lodate Sn2t Stannous
Permanganate 5,03 Thiosulphate
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Example calculation

Standardization of potassium permanganate with a primary
standard, sodium oxalate

An accurately weighed portion of sodium oxalate (0.1550 g) was dissolved in
dilute sulphuric acid (250mL). Whilst maintaining the temperature of the
solution above 70°C, it was titrated to equivalence with potassium perman-
ganate solution (18.5mL). What is the molarity of potassium permanganate?

1.  Write the balanced equation for the reaction between the standard and
the test substance (using the two half-equations [24.1] and [24.2]):

2MnOj; + 16H" + 5C,02- = 2Mn*" + 10CO, + 8H,0 [24.3]
2. Determine the equivalences of the reacting species:
2 moles of MnOj are equivalent to 5 moles of C,03~.

3. Calculate the number of moles of standard substance (sodium oxalate)
used to reach the end-point of the reaction.

The molecular weight of sodium oxalate is 134 gmol~'. Therefore
0.1550 g of sodium oxalate is equivalent to:

0.1550(g)
134 (gmol ™)

4. Calculate the corresponding number of moles of potassium perman-
ganate present in the volume of titrant added.
From the equation:

5 moles of Na,C>04 = 2 moles of KMnQy,

=1.157 x 10~ mol

Therefore,
moles of KMnO; used in the titration = £ x 1.157 x 10~ mol
= 4.628 x 104 mol

5. Calculate the concentration of the KMnQOy solution:

Concentration of KMnOs 1000 x amount of KMnO, (mol)
solution (molL™") "~ Volume of KMnOy solution used (mL)
1000 x 4.628 x 10~ (mol)
N 18.5(mL)
=0.025mol L'
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of ivand against volume

Table 25.1 Titration of 100 mL of 0.1 M NaCl
with 0.1M AgNOs. (Note that K, for
AgCl = 1.1 x 1079

L. pAg

0 0.1 0.0
25 1.2 8.7
50 1.5 85
90 2.3 7.7
95 2.6 7.4
98 3.0 7.0
99 3.3 6.7
99.5 3.6 6.4
99.8 4.0 6.0
99.9 4.3 5.7
100 5.0 5.0
100.1 5.7 4.3
100.2 6.0 4.0
100.5 6.4 3.6
101 6.7 33
102 7.0 3.0
105 7.4 2.6
110 7.7 23
120 8.0 2.0
130 8.1 1.9
140 8.2 1.8
150 8.3 1.7

Adapted from Vogel's Textbook of

Quantitative Inorganic Analysis, 4th Edn, J.
Bassett, R.C. Denney, G.H. Jeffery and

J. Mendham, Longman Scientific and Technical,
Harlow (1978), p. 280.

Precipitation titrations

Precipitation is the term used to describe the process whereby a substance
leaves solution rapidly, forming either a crystalline solid or amorphous solid
(the precipitate). In the case of a precipitation titration, this process occurs
when the analyte forms a precipitate with the titrant. The most common
types of precipitation titrations use silver nitrate as the titrant. They are often
referred to as argentimetric titrations.

Titration curves used in precipitation reactions usually use a concentration-
dependent variable called the *p function’ rather than the concentration itself.
The p function for a species X is defined as follows:

pX = —log [X] [25.1]

For example, in the titration of 100mL of 0.1 mol L~! NaCl with 0.1 mol L~
AgNO; the initial concentration of [C17] is 0.1 mol L™!, so by using eqn [25.1]
the p function is 1 or pCl~ = 1.

When 25mL of 0.1molL~! AgNO; has been added, 75mL of NaCl
remains in a total volume of 125mL. Therefore, the concentration of the
chloride ion is given by

75mL x 0.1 M

_ =2 =
5o = 6> 107 molL [25.2]

[Cl'] =

and pCl™ =1.22. (Note that the solubility product, K, of AgCl is
1.1 x 10719, see p. 50.)

Therefore:
[AgT]x[Cl']=K, = 1.1 x 10710 [25.3]
or
pAgt + pCl~ = 9.96 = pAgCl [25.4]

It was found above that pCl~ = 1.22, hence pAg" =996 —-122=8.74. Ina
similar manner, the pAg™ values can be calculated.
At the equivalence point [Ag'] = [Cl™]. Therefore:

[Ag]1=[CI"]= VK = V1.1 x 10719 = 1.05 x 103 [25.5]
pAg" = —log(1.05 x 107°) = 4.98 [25.6]

Beyond the equivalence point the situation changes. For 100.1 mL AgNO;
solution:

0.1mL x 0.1M

— -5 -1
200 1ol 5% 107 mol L [25.7]

[Ag']=
or pAg™ = 4.3. Therefore,
pCl~ = pAgCl — pAgt = 9.96 — 4.3 = 5.66

Values calculated in this way up to the addition of 150mL of 0.1 M AgNO;
are given in Table 25.1 and the titration curve in Fig. 25.1.
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equivalence point, pAg™ =5
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Fig. 25.1 Precipitation titration curve. Initial

and final slopes are drawn (see Fig. 22.3) and a
parallel line is drawn such that the mid-point is

on the curve. This is the equivalence point.
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In all argentimetric titrations strong light
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Fig. 25.2 Structure of dichlorofluorescein.
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(including daylight) should be avoided as
in lead to decomposition of the silver

End-point determination

Three techniques are commonly used to determine the end-point in
precipitation titrations. They are:

1. potentiometric methods;
2. chemical indicator methods;
3. light-scatterring methods, exemplified by turbidimetry or nephelometry.

Only indicator methods will be discussed further. Three types of indicator
methods can be applied to determine the end-point of an Ag™ and a CI~
titration. These are:

1. Mohr titration, which involves the formation of a coloured
precipitate by reaction with the indicator. For example, in the
determination of chloride concentration with silver nitrate a small
amount of potassium chromate solution is added as an indicator.
This results in the formation of a red silver chromate (Ag,CrOy)
precipitate at the end-point:

2Ag" + CrO~ — Ag,CrOyy
(red)

[25.8]

In this case, the precipitate may form slightly after the end-point. but
this error can usually be neglected. Also, the titration should be done in
neutral or slighly alkaline solution (pH 6.5-9) otherwise silver chromate
might not be formed.

2. Volhard titration, which involves the formation of a soluble coloured
compound. This approach is exemplified by the quantitative analysis of
chlorides, bromides and iodides by back titration. In this case, the halide
is titrated with silver:

Ag" +CI” — AgCly, [25.9]

Excess silver ions are then titrated with standard potassium thiocyanate
solution in the presence of an iron (I1I) salt:

Ag" +SCN™ — AgSCN,

When all the Ag"™ has been reacted, the SCN~
a red complex, indicating the end-point:

Fe?* + SCN™ — FeSCN?t
(red)

[25.10]

reacts with Fe’* to form
[25.11]

A problem with the determination of chloride by this approach is that the
end-point coloration slowly fades, as AgCl is more soluble than AgSCN.
As a consequence the AgCl slowly dissolves to be replaced by the
FeSCN?*, Two approaches are possible to prevent this secondary reaction
from taking place. The most common method is to filter off the AgCl and
titrate only the Ag™ left in solution. Alternatively, add a few millilitres of
an immiscible liquid (e.g. nitrobenzene) to the titrand prior to the back
titration. The nitrobenzene acts to ‘coat’ the AgCl precipitate, thereby
isolating it from the SCN—.

3. Fajans titration, which involves the adsorption of a coloured indicator
onto the precipitate at the end-point, resulting in a colour change.
During this adsorption process a change occurs in the indicator resulting
n a change of colour. The indicators used for this are often anionic dyes,
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Table 25.2 Selected applications of
precipitation titrations

Cl-, Br Mohr method: Ag,CrO, used as
end-point

Br, 1", AsO; Volhard method: precipitate
removal is unnecessary

Cl-,CN-, Volhard method: precipitate

coz removal is required

Cl-, Br, I, Fajans method: titration with

SCN- Ag". Detection with fluorescein,
dichlorofluorescein and eosin

F- Titration with Th(NO3), to

produce ThF,. End-point
detection with alizarin red S

Adapted from: Quantitative chemical analysis,
4th Edn, D.C. Harris, W.H. Freeman, New York
(1995), p. 176.

e.g. fluorescein or eosin. The most common indicator for AgCl is
dichlorofluorescein (Fig. 25.2) (this is greenish yellow in solution but
changes colour to pink when it is adsorbed on AgCl).

Selected examples of precipitation titrations are shown in Table 25.2.
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Crawford, K. and Heaton, A. (1999) Problem Solving in Analytical
Chemistry, Royal Society of Chemistry, Cambridge.

Day R.A. and Underwood, A.L. (1991) Quantitative Analysis, 6th Edn,
Prentice Hall, Harlow, Essex.

Rubinson, J.F. and Rubinson, K.A. (1998) Contemporary Chemical Analysis,
Prentice Hall, Harlow, Essex.

Skoog, D.A., West, D.M. and Holler, F.J. (1996) Fundamentals of Analytical
Chemistry, 7th Edn, Saunders College Publishing, Orlando, Florida.

Specific books on qualitative analysis

Main supplementary text:

Svehla, G. (1989) Vogel's Qualitative Inorganic Analysis, Longman, Harlow,
Essex.

Other useful sources (chronological order):

Whitten, K.W., Davis, R.E. and Peck, M.L. (2000) General Chemistry with
Qualitative Analysis, 6th Edn, Saunders College Publishing, Orlando, Florida.
Hardcastle, W.A. Qualitative Analysis. A guide to best practice, Royal Society
of Chemistry, Cambridge.

Videos
Basic Laboratory Skills, LGC, Royal Society of Chemistry, Cambridge (1998).

Further Laboratory Skills LGC, Royal Society of Chemistry, Cambridge
(1998).

CD-ROMs

Chemistry Video Consortium, Practical Laboratory Chemistry, Educational
Media Film and Video Ltd, Harrow, Essex, UK — Inorganic analysis
(gravimetric analysis).

Chemistry Video Consortium, Practical Laboratory Chemistry, Educational
Media Film and Video Ltd, Harrow, Essex, UK — Volumetric techniques
(using a balance, using a pipette, using a burette and making-up solutions).

Chemistry Video Consortium, Practical Laboratory Chemistry. Educational
Media Film and Video Lid, Harrow, Essex, UK — Volumetric analyses
methods (doing a titration, some common end-points and potentiometric
titrations).
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Fig. 26.1 The electromagnetic spectrum.

Basic spectroscopy

Light is most strictly defined as that part of the spectrum of electromagnetic
radiation detected by the human eye. However, the term is also applied to
radiation just outside that visible range, e.g. ultraviolet (UV) and infrared
(IR) ‘light’. Electromagnetic radiation is emitted by the sun and by other
sources (e.g. an incandescent lamp) and the electromagnetic spectrum is a
broad band of radiation, ranging from cosmic rays to radio waves (Fig. 26.1).
Most chemical experiments involve measurements within the UV, visible and
IR regions (generally, within the wavelength range 200—1000 nm).

Radiation has the characteristics of a particle and of a vibrating wave,
travelling in discrete particulate units, or ‘packets’, termed photons. A
quantum is the amount of energy contained within a single photon (it is
important not to confuse these two terms, although they are sometimes used
interchangeably in the literature). In some circumstances, it is appropriate to
measure light in terms of the number of photons, usually expressed directly in
moles (6.02 x 10 photons = 1 mol). Alternatively, the energy content
(power) may be measured (e.g. in Wm™2). Radiation also behaves as a
vibrating electrical and magnetic field moving in a particular direction, with
the magnetic and electrical components vibrating perpendicular to one
another and perpendicular to the direction of travel. The wave nature of
radiation gives rise to the concepts of wavelength (4, usually measured in
nm), frequency (v, measured in s~', but often recorded in hertz, Hz), speed
(¢, the speed of electromagnetic radiation, which is 3 x 10 ms™' in a
vacuumy), and direction. In other words, radiation is a vector quantity, where;

¢=Av [26.1]

Sometimes, it is necessary to rearrange the equation such that:

c
v=1 [26.2]

Introduction to spectroscopy

The absorption and emission of electromagnetic radiation of specific energy
(wavelength) is a characteristic feature of many molecules, involving the
movement of electrons between different energy states, in accordance with the
laws of quantum mechanics. Electrons in atoms or molecules are distributed at
various energy levels, but are mainly at the lowest energy level, usually termed
the ground state. When exposed to energy (e.g. from electromagnetic
radiation), electrons may be excited to higher energy levels (excited states),
with the associated absorption of energy at specific wavelengths giving rise to
an absorption spectrum. One quantum of energy is absorbed for a single
electron transition from the ground state to an excited state. On the other
hand, when an electron returns to its ground state, one quantum of energy is
released; this may be dissipated to the surrounding molecules (as heat) or may
give rise to an emission spectrum. The energy change (AE) for an electron
moving between two energy states, E; and E», is given by the equation:

AE=FE —E=hv [26.3]

where h is the Planck constant (p. 72) and v is the frequency of the
electromagnetic radiation (expressed in Hz or s™'). By substituting for
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Fig. 26.2 Components of a UV/visible
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frequency in [26.3] it is possible to rearrange this equation to give the
expression:

AE= %‘" [26.4]

UV/visible spectrophotometry

This is a widely used technique for measuring the absorption of radiation in
the visible and UV regions of the spectrum. A spectrophotometer is an
instrument designed to allow precise measurement at a particular wavelength,
while a colorimeter is a simpler instrument, using filters to measure broader
wavebands (e.g. light in the green, red or blue regions of the visible
spectrum).

Principles of light absorption
Two fundamental principles govern the absorption of light passing through a
solution:

1. The absorption of light is exponentially related to the number of
molecules of the absorbing solute that are encountered, i.e. the solute
concentration [C].

The absorption of light is exponentially related to the length of the light
path through the absorbing solution, /.

(]

These two principles are combined in the Beer—Lambert relationship, which is
usually expressed in terms of the intensity of the incident light (/) and the
emergent light (7):

logy ("7‘}) = e[C) [26.5]

where & is a constant for the absorbing substance at the wavelength the
measurement is made and is termed the absorption coefficient or absorptivity,
[C] is expressed as either mol L~" or g L™! (see p. 45) and /is given in cm. This
relationship is extremely useful, since most spectrophotometers are constructed
to give a direct measurement of log,,(///), termed the absorbance (A4), or
extinction (E), of a solution (older texts may use the outdated term optical
density). Note that for substances obeying the Beer—Lambert relationship, A4 is
linearly related to [C]. Absorbance at a particular wavelength is often shown as
a subscript, e.g. Assg represents the absorbance at 550 nm. The proportion of
light passing through the solution is known as the transmittance (77, and is
calculated as the ratio of the emergent and incident light intensities.
Some instruments have two scales:

1. An exponential scale from zero to infinity, measuring absorbance.
2. A linear scale from 0 to 100, measuring (per cent) transmittance.

For most practical purposes, the Beer—Lambert relationship will apply and
you should use the absorbance scale.

UV |visible spectrophotometer

The principal components of a UV/visible spectrophotometer are shown in
Fig. 26.2. High-intensity tungsten bulbs are used as the light source in basic
instruments, capable of operating in the visible region (i.e. 400-700nm).
Deuterium lamps are used for UV spectrophotometry (200-400 nm); these
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lamps are fitted with quartz envelopes, since glass does not transmit UV
radiation.

The spectrophotometer is a major improvement over the simple colorimeter
since it uses a diffraction grating to produce a parallel beam of monochromatic
light from the (polychromatic) light source. In practice the light emerging from
such a monochromator is not of a single wavelength, but is a narrow band of
wavelengths. This bandwidth is an important characteristic, since it determines
the wavelengths used in absorption measurements — the bandwidth of basic
spectrophotometers is around 5-10nm while research instruments have
bandwidths of less than 1 nm.

Bandwidth is affected by the width of the exit slit (the slit width), since the
bandwidth will be reduced by decreasing the slit width. To obtain accurate
data at a particular wavelength setting, the narrowest possible slit width
should be used. However, decreasing the slit width also reduces the amount
of light reaching the detector, decreasing the signal-to-noise ratio. The extent
to which the slit width can be reduced depends upon the sensitivity and
stability of the detection/amplification system and the presence of stray light.

Most UV/visible spectrophotometers are designed to take cells (cuvettes)
with an optical path length of 10 mm. Disposable plastic cells are suitable for
routine work in the visible range using aqueous and alcohol-based solvents,
while glass cells must be used for most other organic solvents. Glass cells are
manufactured to more exacting standards. so you should use optically
matched glass cells for accurate work, especially at low absorbances (< 0.1),
where any differences in the optical properties of cells for reference and test
samples will be pronounced. Glass and plastic absorb UV light, so quartz
cells must be used at wavelengths below 300 nm.

Before taking a measurement, make sure that cells are clean, unscratched,
dry on the outside, filled to the correct level and in the correct position in
their sample holders. Unwanted material can accumulate on the inside faces
of glass/quartz cells, so remove any deposits using acetone on a cotton bud,
or soak overnight in 1 mol L™ nitric acid. Corrosive and hazardous solutions
must be used in cells with tightly fitting lids or Teflon™ stoppers, to prevent
damage to the instrument and to reduce the risk of accidental spillage.

Basic instruments use photocells similar to those used in simple
colorimeters or photodiode detectors. In many cases, a different photocell
must be used at wavelengths above and below 550-600nm, owing to
differences in the sensitivity of such detectors over the visible waveband. The
detectors used in more sophisticated instruments, give increased sensitivity
and stability when compared with photocells.

Digital displays are increasingly used in preference to needle-type meters,
as they are not prone to parallax errors and misreading of the absorbance
scale. Some digital instruments can be calibrated to give a direct readout of
the concentration of the test substance.

Types of UV |visible spectrophotometer

Basic instruments are single-beam spectrophotometers in which there is only
one light path. The instrument is set to zero absorbance using a blank
solution, which is then replaced by the test solution, to obtain an absorbance
reading. An alternative approach is used in double-beam spectrophotometers,
where the light beam from the monochromator is split into two separate
beams, one beam passing through the test solution and the other through a
reference blank. Absorbance is then measured by an electronic circuit which
compares the outputs from the reference (blank) and sample cells. Double-
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Plotting calibration curves in quantitative
analysis — do not force your calibration
line to pass through zero if clearly it does
not. There is no reason to assume that
the zero value is any more accurate than
any other reading you have made.

beam spectrophotometry reduces measurement errors caused by fluctuations
in output from the light source or changes in the sensitivity of the detection
system, since reference and test solutions are measured at the same time
(Box 26.1). Recording spectrophotometers are double-beam instruments,
designed for use with a chart recorder or computer, either by recording the
difference in absorbance between reference and test solutions across a
predetermined waveband to give an absorption spectrum, or by recording the
change in absorbance at a particular wavelength as a function of time (e.g. in
a kinetic determination.

Quantitative spectrophotometric analysis

A single (purified) substance in solution can be quantified using the Beer—
Lambert relationship (eqn [26.5]), provided its absorptivity is known at a
particular wavelength (usually at the absorption maximum for the substance,
since this will give the greatest sensitivity). The molar absorptivity is the
absorbance given by a solution with a concentration of ImolL™!

Box 26.1 Using a UV/visible spectrophotometer

1. Switch on and select the correct lamp for your 8. Set the absorbance reading to zero: usually via a
measurements (e.g. deuterium for UV, tungsten for dial, or digital readout.
visible light). 9. Analyse your samples: replace the appropriate

2. Allow up to 15min for the lamp to warm up and reference blank with a test sample, allow the
for the instrument to stabilize before use. absorbance reading to stabilize (5-10s) and read

3. Select the appropriate wavelength: on older instru- the absorbance value from the meter/readout
ments a dial is used to adjust the monochromator, device. For absorbance readings greater than one
while newer machines have microprocessor-con- (i.e. < 10% transmission), the signal-to-noise ratio
trolled wavelength selection. is too low for accurate results. Your analysis may

4. Select the appropriate detector: some instruments require a calibration curve or you may be able to
choose the correct detector automatically {on the use the Beer-Lambert relationship {eqn [26.5]) to
basis of the specified wavelength), while others determine the concentration of test substance in
have manual selection. your samples.

5. Choose the correct slit width (if available): this may 10. Check the scale zero at regular intervals using a
be specified in the protocol you are following, or reference blank, e.g. after every 10 samples.
may be chosen on the manufacturer’'s recommen- 11. Check the reproducibility of the instrument:
dations. measure the absorbance of a single solution

6. Insert appropriate reference blank(s): single-beam several times during your analysis. It should give
instruments use a single cell, while double-beam the same value.
instruments use two cells (a matched pair for e
accurate work). The reference blank should match Prot‘.»_lems ed. oludpia . iracoHrate/AsIabie
the test solution in all respects apart from the readm_gs o mos? Lifenducto |nc9rrect = Of. c.ells,
substance under test, i.e. they should contain all 9.8 dsr_t, f|ngerpr|njcs or e solut:_on L 9”‘3“."9 of
reagents apart from this substance. Make sure that ;e:! (w]pe tl:le pohshed Tco vsitn 4 ol t_lssu_e
the cells are positioned correctly, with their efore |nse_rt|0n into the cell holder), condensation {if
polished (transparent) faces in the light path, and cold solutions are not a!llowed o re?ch oo
that they are accurately located in the cell tfamperatur_e boioen use),.atr bubbles (which scaﬁer
holder(e). light and_lncreage the a?sorbancet; tap. gen_tly to

7. Check/adjust the 0% transmittance: most instru- r_emove:), lnsufﬁc!?nt soluttorz {.causmg reffact_ton of
ments have a control which allows you to zero the light _at the mantsc;us_}, p‘artnclfigte matena{ i the
detector output in the absence of any light (termed solut[on cheocioy clondiness i e -solu_tion and
dark current correction). Some micro-processor- cen?r!f_ug_;e b.efo_re e whero ni_acessary} ok u:aqo_rrect
controlled instruments carry out this step auto- positioning in light path (locate in correct pesition).
matically.

166  Instrumental techniques




Basic spectroscopy

T i second
A i exited state
-
5%
o =
[}
5 gl
3 29 |
ar -
= Y first
¥ T :
= v \ gxited state
2 =4 =
B0 = g !
5 P = | @
e =} I o
(] = B 5
5 = 2 §
= E ! 4]
5 2 | =
= =2 1 3
| B =
(=]
£ &
* ground state

Fig. 26.3 Energy levels and energy transitions
in fluorescence.

@ light source
= \ excitation monochromator

or filter
sample cell
{test solution)
Vs emission monochromator
or filter
detector
[o[s]3]
readout

Fig. 26.4 Components of a fluorimeter
{fluorescence spectrophotometer). Note that
sample cells for fluorimetry must have clear
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(= lkmo]m_3} of the compound in a light path of Icm. The appropriate
value may be available from tabulated spectral data (e.g. Anon., 1963), or it
can be determined experimentally by measuring the absorbance of known
concentrations of the substance (Box 26.1) and plotting a standard curve.
This should confirm that the relationship is linear over the desired
concentration range and the slope of the line will give the molar absorptivity.

Fluorescence

With most molecules, after electrons are raised to a higher energy level by
absorption of electromagnetic radiation, they soon fall back to the ground
state by radiationless transfer of energy (heat) to the solvent. However, with
some molecules, the events shown in Fig. 26.3 may occur, i.e. electrons may
lose only part of their energy by non-radiant routes and the rest may be
emitted as electromagnetic radiation, a phenomenon known as fluorescence.
Since not all of the energy that was absorbed is emitted (due to non-radiant
loss). the wavelength of the fluorescent light is longer than the absorbed light
(longer wavelength = lower energy). Thus, a fluorescent molecule has both
an absorption spectrum and an emission spectrum.

Fluorescence spectrophotometry

The principal components of a fluorescence spectrophotometer (fluorimeter)
are shown in Fig. 26.4. The instrument contains two monochromators, one
to select the excitation wavelength and the other to monitor the light emitted,
usually at 90° to the incident beam (though light is actually emitted in all
directions). As an example, the wavelengths used to measure the highly
fluorescent compound naphthalene are 270nm (excitation) and 340nm
(emission). Some examples of molecules with intrinsic fluorescence are given
in Table 26.1.

Table 26.1 Examples of compounds with intrinsic fluorescence

Drugs Aspirin, morphine, barbiturates, propanalol, ampicillin, tetracyclines
Vitamins Riboflavin, vitamins A, B6 and E, nicotinamide
Pollutants Naphthalene, anthracene, benzopyrene

Compared with UV/visible spectrophotometry. fluorescence spectroscopy
has certain advantages, including:

e Enhanced sensitivity (up to 1000-fold), since the emitted light is detected
against a background of zero, in contrast to spectrophotometry where small
changes in signal are measured against a large ‘background’ (see eqn [26.5]).

e Increased specificity, because not one, but two, specific wavelengths are
required for a particular compound.

However, there are also certain drawbacks:

e Not all compounds show intrinsic fluorescence, limiting its application.
However, some non-fluorescent compounds may be coupled to fluorescent
dyes, or fluorophores (e.g. alcohol ethoxylates may be coupled to
naphthoyl chloride).

® The light emitted can be less than expected owing to quenching, i.e. when
substances in the sample (e.g. oxygen) either interfere with energy
transfer, or absorb the emitted light (in some instances, the sample
molecules may self-quench if they are present at high concentration).
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The sensitivity of fluorescence has made it invaluable in techniques in which
specific chemicals, e.g. polycyclic aromatic hydrocarbons and alcohol ethoxy-
lates, are linked to a fluorescent dye for detection in high-performance liquid
chromatography (p. 218).

Phosphorescence and luminescence

A phenomenon related to fluorescence is phosphorescence, which is the
emission of light following intersystem crossing between electron orbitals (e.g.
between excited singlet and triplet states). Light emission in phosphorescence
usually continues after the exciting energy is no longer applied and, since
more energy is lost in intersystem crossing, the emission wavelengths are
generally longer than with fluorescence. Phosphorescence has limited appli-
cations in chemical sciences.

Luminescence (or chemiluminescence) is another phenomenon in which
light is emitted, but here the energy for the initial excitation of electrons is
provided by a chemical reaction rather than by electromagnetic radiation. An
example is the action of the enzyme luciferase, extracted from fireflies, which
catalyses the following reaction:

luciferin + ATP 4 O, — oxyluciferin + AMP + PP; 4 CO; + light [26.6]

The light produced is either yellow—green (560nm) or red (620nm). This
system can be used in biomolecular analysis of ATP, e.g. to determine ATP
concentration in a biological sample. Measurement can be performed using
the photomultiplier tubes of a scintillation counter (p. 237) to detect the
emitted light, with calibration of the output using a series of standards of
known ATP content.

Atomic spectroscopy

Atoms of certain metals will absorb and emit radiation of specific wavelengths
when heated in a flame, in direct proportion to the number of atoms present.
Atomic spectrophotometric techniques measure the absorption or emission of
particular wavelengths of UV and visible light, to identify and quantify such
metals.

Flame atomic emission spectrophotometry (or flame photometry )
The principal components of a flame photometer are shown in Fig. 26.5. A
liquid sample is converted into an aerosol in a nebulizer (atomizer) before
being introduced into the flame, where a small proportion (typically less than
1 in 10000) of the atoms will be raised to a higher energy level, releasing this
energy as light of a specific wavelength, which is passed through a filter to a
photocell detector. Flame photometry can be used to measure the alkali
metal ions K*, Na™ and Ca’*" in, for example, biological fluids and water
samples (Box 26.2).

Atomic absorption spectroscopy

This technique is applicable to a broad range of metal ions, including
those of Pb, Cu, Zn, etc. It relies on the absorption of light of a specific
wavelength by atoms dispersed in a flame. The appropriate wavelength is
provided by a hollow cathode lamp, coated with the element to be
analysed, focused through the flame and onto the detector. When the
sample is introduced into the flame, it will decrease the light detected in
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Box 26.2 Using a flame photometer

1. Allow time for the instrument to stabilize. Switch on the
instrument, light the ﬂame and wart at least 5min before'_ |
analysing your solutions. ; -
' 'Check for :mpurlties in your reagents Fr.‘lr example if you are

measuring Na® in an acid digest of some material, e.g. soil,

“check the Na* content of a re gent blank, containing everything

~except the soil, processed in exactly the same way as the

sampies, Subtract this value fram your sample values to obtain

_ the true Na® content. ;

. Quantify your samples using a ca!nbrat:on curve {p 251}-:_

Calibration standards should covefr the expected concentratmn

range for the test solutions — your _calibration curve may be

non-linear (especially at concentrations above 1mmol £ le:_

 1molm3). .

Analvse all soiutrons in dupllcate, so that repeatabmty can be

assessed.

5. Check your calibration. Make repeated measurements of a
standard solution of known concentration after every six or
seven samp!es to confirm that the mstrument calsbratlon is still
valid.

B Conslder the pusmblllty of mterference Other metai atoms may-
emit hght which is detected by the photocel! since the filters
cover a wider waveband than the emission line of a particular
element. This can be a serious problem if you are trying to
measure low concentrations of a particular metal in the
presence of high concentrations of other metals (e.g. Na™ in sea
- water), or other substances which form complexes with the test'
metal, suppressing the S|gnal (e.g phosphate)

:lh'

direct proportion to the amount of metal present. Practical advantages
over flame photometry include:

e improved sensitivity;
e increased precision;
e decreased interference.

The technique can be used with or without a flame. In the flameless
technique several variations are possible, including a graphite furnace or cold
vapour, all of which are more sensitive than flame photometry. Further
details on atomic absorption spectroscopy are given in Chapter 27.
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All spectroscopic equipment is costly,
The use of such equipment must always
be done under guidance from a
demonstrator or technician. All

equipment in this section has an inherent

risk due to its use of mains electricity.

Safety note In atomic spectroscopy, the
use of high-pressure gas sources, e.g.
cylinders, can be particularly hazardous.
Always consult a demonstrator or
technician before use.

Sample/standard dilutions - all dilutions
should be done using appropriate
glassware or plastic ware. Typically, this
involves the use of grade A pipettes for
the transfer of known volumes of liquids
and grade A volumetric flasks for
subsequent dilutions.

Box 27.1

Atomic spectroscopy

Atomic spectroscopy is a quantitative technique used for the determination of
metals in samples. Atomic spectroscopy is characterized by two main
techniques: atomic absorption spectroscopy and atomic emission
spectroscopy. Atomic absorption spectroscopy (AAS) is normally carried out
with a flame (FAAS), although other devices can be used. Atomic emission
spectroscopy (AES) is typified by the use of a flame photometer (p. 168) or
an inductively coupled plasma. The flame photometer is normally used for
elements in groups I and 11 of the Periodic Table only, i.e. alkali and alkali
earth metals.

In both AAS and AES the substance to be analysed must be in solution. In
order to do quantitative analysis, i.e. determine how much of the metal is
present, the preparation of analytical standard solutions is necessary. While
the concentration range over which the technique can be used may be
different, for wvarious instruments, the principles associated with the
preparation of analytical standard solutions are the same (Boxes 27.1-27.5).

Atomic Absorption Spectroscopy

The components of an atomic absorption spectrometer are a radiation
source, an atomization cell, a sample introduction system, a method of
wavelength selection and a detector (Fig. 27.2).

Radiation source

The main radiation source for AAS is the hollow-cathode lamp (HCL). The
HCL (Fig. 27.3) emits radiation characteristic of a particular element. The
choice of HCL for AAS is simple. For example, if you are analysing for lead,
you will need a lead-coated HCL. It is normal to pre-warm the HCL for
about 10min prior to use. This can be done either by using a separate pre-

How to prepare a 1000 ug mL ' stock solution of a metal ion from a metal salt

Stock solutions can be prepared directly from reagent-
grade chemicals. It is important to use only reagent-
grade chemicals of the highest purity e.g. AnalaR ™. This
includes the water to be used - distilled and deionized -
MilliQ water. (Note: many reagents (solids and liguids)
contain metallic impurities in trace amounts. While you
can minimize this risk of contamination by using the
highest-purity reagents, it is essential to run ‘reagent
blanks’, especially for elemental determinations trace
levels.)

1. Determine the M, of the metal salt. For example,
the M, of Pb(NO3)> = 331.20g mol .

2. Determine the A, of the metal. The A, for Pb is
207.19gmol-1. '

3. Ratio the M, to A.:
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331.20
20719

4. Accurately weigh out (p. 19) the metal salt. In this
case, weigh 1.5985 g of Pb(NO3)..

5. Quantitatively transfer the metal salt to a pre-
cleaned 100mL beaker and dissolve in 1% viv
HNO;3 (AnalaR™ or equivalent).

6. Quantitatively transfer the dissolved metal salt to a
1L volumetric flask and make up to the graduation
mark with 1% v/v HNO; (AnalaR™ or equivalent).

= 1.5985 g of Pb(NO,); in 1 litre

Often, a certified stock standard with a single or
multielement composition can be purchased, usually
at a concentration (per element) of 1000mgL-"' (1000
pgmb-1). :
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Box 27.2 How to prepare a set of five calibration solutions in the concentration range

0-10ppgmL ' (mgL )

Assuming that we are starting with a 1000 ugmlL ' R ) 000;49
stock solution of a particular metal, e.g. lead, then you 00 ml
will need the following: six 100.00mL grade A
volumetric flasks; two 100mL beakers; and, a

graduated plpette {0-10.00 mL).

1;_ Ensure that all the g!assware is ciea'n-'(s'ee p. 13')
2. Transfer ~15mlL of the stock solution into one of

the pre-cleaned beakers.

= 100#9 mL Pb
You now have a 1003;9 mL - ‘workmg stot:k solu—- :
tion of Pb. . . '

5. Transfer a::‘lSmL of the workmg stock solutmn
mto the other pre- cleaned beaker. ;

6. Then, quantitatively transfer 2.00 mL of the snlutlon.' :
into a 100.00mL volumetric flask and dilute to

3. CQuantitatively transfer 10.00 mL of tha stock solution  100.00mL with 1 % vA HNOj (high purity). Label the
into a 100.00mL volumetric flask. Then, dilute to . flask as the 2 ug mL ' Pb calibration solution. i

100.00 mL with 1 % v/v HNO; (high purity).

7. Similarly transfer 0, 4.00, 6.00, 8.00 and 10.00mL

4. What is the concentration of this new solutlon? volumes into separate volumetric flasks and dilute
Remember that we started with an initial to 100.00 mL with the nitric acid and label as 0, 4,

1000 g mL ' Pb stock solution.
100049
e

% 10mL = 10000 ug Pb

6, 8 and 10 g mL‘1 Pb calibration solutions.

8. Take the 0, 2, 4, 6, 8 and 10 g mL 1pp cahbratmn Z
 solutions for FAAS analysis.

10000 g Pb was placed in a 100.00 mL volumetric

flask, so:

‘Safety note Caution is needed when
using strong {concentrated) acids. When
using concentrated acids always work in
a fume cupboard. Wear gloves to protect
your hands from “acid burns’. Always
rinse affected areas with copious
amounts of water,

heater unit, capable of warming up several HCLs simultaneously, or by
inserting the HCL in the AAS instrument and switching on the current. The
lamp is typically operated at an electric current between 2 and 30 mA.

Atomization cell

Several types of atomization cell are available: flame, graphite furnace,
hydride generation and cold vapour. Flame is the most common. In the pre-
mixed laminar flame, the fuel and oxidant gases are mixed before they enter
the burner (the ignition site) in an expansion chamber. The more commonly
used flame in FAAS is the air—acetylene flame (temperature, 2500 K), while
the nitrous oxide-acetylene flame (temperature, 3150 K) is used for refractory
elements, e.g. Al. Both are formed in a slot burner positioned in the light
path of the HCL (Fig. 27.4).

In the graphite furnace atomizer, a small volume of sample (5-100 uL) is
introduced onto the inner surface of a graphite tube (or onto a platform
placed within the tube) through a small opening (Fig. 27.5). The graphite
tube is arranged so that light from the HCL passes directly through the
centre. Passing an electric current through the tube allows the operator to
program a heating cycle, with several stages (Fig. 27.6) including the
elimination of water from the sample (drying), removal of the sample matrix
(ashing), atomization of the analyte (analysis), and removal of extrancous
material (cleaning). An internal gas flow of inert gas (N> or Ar) during the
drying and ashing stages removes any extraneous material,

Hydride generation is a sample introduction technique exclusively for
elements that form volatile hydrides (e.g. As, Se, Sn). An acidified sample
solution is reacted with sodium borohydride solution, liberating the gaseous
hydride in a gas-liquid separator. The generated hydride is then transported to
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Box 27.3 How to analyse a sample using the method of standard additions in FAAS

The method of standard additions is used when the 9. Determine the concentration of the metal in the
sample matrix may cause difficulties, e.g. chemical '
interferences, in sample concentration determination.
Standard additions allows any adverse effects to be
overcome by incorporating a known amount of the
sample in the calibration solutions.

1.

2,

172

Prepare a 1000 gmL ' stock solution {see Box
27.1).

Then, prepare a 100 igmL ' working stock solu-
tion (see Box 27.2).

You will also need to have prepared the sample. If
the sample is a solid you will need to digest the
sample (see Box 27.7).

‘An estimate of the metal concentration in the
sample is required prior to carrying out standard
additions so that the linear relationship between
signal {absorbance) and concentration is maintained.
You can then prepare the standard addition
solutions. This is most easily done as in Table 27.1.
Analyse the samples using FAAS.

Plot the graph. The graphical output should appear
as shown in Fig. 27.1.

The graph should contain several features: it must
have a linear response (signal against concen-
tration); it does not pass through the origin; and
extrapolation of the graph is required until it
intersects the x-axis, e.g. 3.2 ugmL"".

original sample. This can be done by taking into

“account the dilutions involved in the standard addi-

tions method and any dilutions used to prepare the

~sample (see dilution factor, Box 27.5).

Table 27.1 Standard additions solutions

1 0 10
2 1 10
3 3 10
4 5 10
5 7 10

absorbance

T i T s L1 | 1 2 3 4
concentration/ug mL-!

Fig. 27.1 Standard additions graph.
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an atomization cell using a carrier gas. The atomization cell is normally an
electrically heated or flame-heated quartz tube. Using arsenic as an example it is
possible to write the [ollowing equation for the generation of arsine (AsHs):

3BHj; + 3H" + 4H3As0; — 3H;BO; + 4AsH; + 3H,0 [27.1)

Cold vapour generation is the term exclusively reserved for mercury.
Mercury in a sample is reduced to elemental mercury by tin (II) chloride
(eqn 27.2):

Sn2+ 4 Hgl-i— oy Sn4+ 1+ Hg(! [272]

and the mercury vapour produced is transported to an atomization cell by a
carrier gas. The atomization cell consists of a long-path glass absorption cell
located in the path of the HCL. Mercury is monitored at a wavelength of
253.7nm.

Sample introduction into the flame
Samples are almost exclusively introduced into flames as liquids. Solid
samples need to be converted to aqueous solutions using methods such as
decomposition (see p. 177). Once in the aqueous form the sample is
introduced into the flame using a nebulizer/expansion chamber.

The pneumatic concentric nebulizer (see also p. 176) consists of a stainless
steel tube through which a Pt/Ir capillary tube is located. The aqueous
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Box 27.4 Sample size and certified reference materials

If a linear calibration graph (plot of concentration against

absorbance) has been prepared for lead in FAAS with
the concentrations 0, 2, 4, 6, 8 and 10ugmbL-!, the
absorbance for the digested sample needs to fall
within the linear portion of the graph. This is controlled
by two (non-instrumental) factors: the weight of the
sample digested and the final volume that the digested
sample is made up to. As the volume of the digested
sample is limited by the availability of volumetric
flasks (10.00, 25.00, 50.00, 100.00 or 250.00mL are
most commonly used, with the 50.00 and 100.00mL
volumetric flasks the most common) it is often easier
to alter the sample size. In order to have a
representiative sample, a minimum sample size is often
recommended. For example, if using a certified
reference material (CRM} the supplier will recommend
a minimum sample size to ensure homogeneity, e.g.
not < 0.5g for a powdered solid steel or alloy sample,
or not < 1.0g for a powdered biological sample such
as citrus leaves. Often the maximum sample size is
limited by the cost of the CRM. If using a ‘real’ sample
then it is best to take a larger sample size, since a CRM
has usually been tested and prepared to a high
specification with respect to drying, milling and shelf-
life time. A typical minimum sample size for a soil

rhi'ght be 5.00g. It is important if using ‘real’ samples
to consider the following additional factors:

s Sampling — how it is to be done? How will a
representative sample be arrived at?

e Storage of sample - what containers will be used
for storage of sample? Be aware of contamination
for the storage container and from the implements
used to sample and transfer the sample.

e Lifetime of stored sample - how long will the
sample remain stable? Is preservation of the
sample necessary? i

Note: CRMs can be obtained from appropriate suppliers,
e.g. Laboratory of the Government Chemist in the UK or
the National Institute for Science and Technology in the
USA. In addition to the CRM, a certificate is provided that
contains information on the concentration of various
metals within the sample as well as their variation
(normally quoted as one standard deviation either side
of the mean value), e.g. 25 =03 ugg ! Pb. CRMs are
used fo test the accuracy of a new method or to enable a
quality control scheme to be operated by a commercial
laboratory. In practical work they are useful to assess
student performance in terms of his/her ability to
prepare and analyse a sample.

Box 27.5 Analysis of a sample: dilution factor

A sample was weighed (0.4998g) and digested in
concentrated nitric acid (20mL). After cooling, the
digested sample was quantitatively transferred into a
100.00 mL volumetric flask and made up with ultrapure
water and then analysed for lead by FAAS. Let us
suppose that the absorbance obtained corresponds to
a concentration of 3.4ugml . What is the concen-
tration of lead in the original sample?

The method of calculation is most appropriately
done as follows:

e Calculate the dilution factor. This can be done if the
final volume of the sample and its original weight
are known, In this case 100 mL and 0.4998 g.

e You then multiply the concentration from the graph

with the dilution factor:

100 mlL

2 0.4998¢

L2 =1
. ~ 680199

Note:

e The volume of acid used is irrelevant in the
calculation — only the final volume in the
volumetric flask matters.

e The units cancel (mL on top line cancels with mL
on the bottom line) leaving you with units of
1gg " (ug/g). . '

s Alternatively, the units can be expressed in
mgkg ! (mg/kg), i.e. 680mgkg ' or % wiw, ie.
0.068% wiw (see p. 46). (10000 ugg~' = 1% wiw or
for aqueous samples 10000 ugmL ' = 1% wyv).

sample is drawn up through the capillary tube by the action of the oxidant
gas (air) escaping through the exit orifice that exists between the outside of
the capillary tube and the inside of the stainless steel tube. The action of the
escaping air and aqueous sample is sufficient to form a coarse aerosol in a
process termed the Venturi effect. The typical uptake rate of the nebulizer is
between 3 and 6 mL min~!.
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1 silica window

The expansion chamber (Fig. 27.7) has two functions. The first is
concerned with aerosol generation the objectives of which are:

e to convert the aqueous sample solution into a coarse aerosol using the
oxidant gas;

e to disperse the coarse aerosol further into a fine aerosol, by interaction
with baffles located within the chamber;

e to condense any residual aerosol particles, which then go to waste.

The second function involves the safe pre-mixing of the oxidant and fuel
gases before they are introduced into the laminar flow burner.

Wavelength selection and detection

As AAS is used to monitor one metal at a time, the spectrometer used is
termed a monochromator. Two optical arrangements are possible; single and
double beam. The latter is preferred as it corrects for fluctuations in the HCL
caused by warm-up, drift and source noise, thus leading to improved
precision in the absorbance measurement. A schematic diagram of the optical
arrangement is shown in Fig. 27.8. The attenuation of the HCL radiation by
the atomic vapour is detected by a photomultiplier tube (PMT). a device for
proportionally converting photons of light to electric current.

Background correction methods

One of the main practical problems with the use of AAS is the occurrence of
molecular species that coincide with the atomic signal. One approach to
remove this molecular absorbance is by the use of background correction
methods. Several approaches are possible, but the most common is based on
the use of a continuum source, D,. In the atomization cell (e.g. flame)
absorption is possible from both atomic species and from molecular species
(unwanted interference). By measuring the absorption that occurs from the
radiation source (HCL) and comparing it with the absorbance that occurs
from the continuum source (D,) a corrected absorption signal can be
obtained. This is because the atomic species of interest absorb the specific
radiation associated with the HCL source, whereas the absorption of
radiation by the continuum source for the same atomic species will be
negligible.

Interferences in the flame
Interferences in the flame can be classified into four categories: chemical,
ionization, physical and spectral.

Chemical interferences occur when the analyte forms a thermally stable
compound with a molecular or ionic species present in the sample solution.
Examples include the suppression of alkaline earth metals due to the presence
of phosphate, silicate or aluminate in the sample solution in the air-acetylene
flame. The most well-known example of this is the absorption signal
suppression that occurs for Ca at 422.7nm owing to increasing amounts of
phosphate. This signal suppression is due to the formation of calcium
pyrophosphate, a thermally stable compound in the flame.

lonization interferences occur most commonly for alkali and alkaline earth
metals. The low ionization potential of these metals can lead to their
lonization in the relatively hot environment of the flame. If this occurs. no
absorption signal is detected, since FAAS is a technique for measuring atoms
not ions. This process can be prevented by the addition of an ionization
suppressor or ‘buffer’, e.g. an alkali metal such as Cs. Addition of excess Cs
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leads to its ionization in the flame in preference to the metal of interest, e.g.
Na. This process is termed the ‘mass action’ effect.

Physical interferences are due to the effects of the sample solution on
aerosol formation within the spray chamber. The formation of an aerosol is
dependent upon the surface tension, density and viscosity of the sample
solution. This type of interference can be controlled by the matrix matching
of sample and standard solutions, i.e. add the same sample components to
the standard solution, but without the metal of interest. If this is not possible,
it is then necessary to use the method of standard additions (Box 27.3).

Spectral interferences are uncommon in AAS owing to the selectivity of
the technique. However, some interferences may occur, e.g. the resonance
line of Cu occurs at 324.754nm and has a line coincidence from Eu at
324.753 nm. Unless the Eu is 1000 times in excess, however, it is unlikely
to cause any problems for Cu determination. In addition to atomic
spectral overlap, molecular band absorption can cause problems, e.g.
calcium hydroxide has an absorption band on the Ba wavelength of
553.55nm while Pb at 217.0nm has molecular absorption from NaCl.
Molecular band absorption can be corrected for using background
correction techniques (see p. 174). The operation of a flame atomic
absorption spectrometer is described in Box 27.6.

Atomic Emission Spectroscopy

The main components of an atomic emission spectrometer are an
atomization and ionization cell, a method of sample introduction, the
spectrometer and detector. In contrast to AAS, no radiation source is
required.

Flame photometry (see also p. 168) is almost exclusively used for the
determination of alkali metals because of their low excitation potential (e.g.
sodium 5.14eV and potassium 4.34eV). This simplifies the instrumentation
required and allows a cooler flame (air-propane, air-butane or air-natural
gas) to be used in conjunction with a simpler spectrometer (interference
filter). The use of an interference filter allows a large excess of light to be
viewed by the detector. Thus, the expensive photomultiplier tube is not
required and a cheaper detector can be used, e.g. a photodiode or
photoemissive detector. The sample is introduced using a pneumatic nebulizer
as described for FAAS (p. 172). Flame photometry is therefore a simple,
robust and inexpensive technique for the determination of potassium
(766.5nm) or sodium (589.0nm) in clinical or environmental samples. The
technique suffers from the same type of interferences as in FAAS. The
operation of a flame photometer is described in Box 26.2.

Inductively coupled plasma

A radio frequency inductively coupled plasma (ICP) is formed within the
confines of three concentric glass tubes or plasma torch (Fig. 27.9). Each
concentric glass tube has a tangentially arranged entry point through which
argon gas enters the intermediate (plasma) and external (coolant) tubes. The
inner tube consists of a capillary tube through which the aerosol is
introduced from the sample introduction system. Located around the plasma
torch is a coil of water-cooled copper tubing. Power input to the ICP is
achieved through this copper, load or induction coil, typically in the range
0.5-1.5kW at a frequency of 27 or 40 MHz.
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Initiation of the plasma is achieved as follows. The carrier gas flow is first
switched off and a spark added momentarily from a Tesla coil (attached to
the outer edge of the plasma torch). The spark, a source of ‘seed’ electrons,
causes ionization of the argon gas. The co-existence of argon, argon ions and
electrons constitutes a plasma located within the confines of the plasma torch
but protruding from the top in the shape of a bright white luminous bullet.
In order to introduce the sample aerosol into the ICP (7000-10 000 K) the
carrier gas is switched on and punches a hole into the centre of the plasma
creating the characteristic doughnut or toroidal shape. The emitted radiation
is viewed laterally (side-on) through the luminous plasma.

Sample introduction

The most common method of liquid sample introduction in ICP-AES is the
nebulizer. The nebulizer operates in the same manner as that used for FAAS
but there are differences in its construction material and manufactured
tolerance (the nebulizer for ICP-AES generates a finer aerosol, but is more
inefficient). The pneumatic nebulizer consists of a concentric glass tube
through which a capillary tube passes (Fig. 27.10). The sample is drawn up
through the capillary by the action of the argon carrier gas escaping through
the exit orifice that exists between the outside of the capillary tube and the
inside of the glass concentric tube. The typical uptake rate of the nebulizer is
between 0.5 and 4mL min ', In common with FAAS, a means to reduce the
coarse aerosol generated to a fine aerosol is required. In ICP-AES
terminology this device is called a spray chamber (Fig. 27.11).

Spectrometers

The nature of the ICP is such that all elemental information from the sample is
contained within it. The only limitation is whether it is possible to observe all
the elemental information at the same time or one element at once. This
limitation is associated not with the ICP but with the type of spectrometer used
to view the emitted radiation. A monochromator allows measurement of one
wavelength, corresponding to one element at a time, while a polychromator
allows multiwavelength or multielement detection. The former can perform
sequential multielement analysis, while the latter carries out simultaneous
multielement analysis. The typical wavelength coverage required for a
spectrometer is between 167 nm (Al) and 852 nm (Cs).

Detectors

The most common detector for AES is the photomultiplier tube (see p. 174).
An alternative approach for the detection of multielement (multiwavelength)
information is the charged-coupled device (CCD). A CCD is essentially an
array of closely spaced metal-insulator-semiconductor diodes formed on a
wafer of semiconductor material. Incident light striking the CCD is converted
into an electrical signal.

Interferences in ICP-AES

Interferences for AES can be classified into two main categories, spectral and
matrix interferences. Spectral interference can occur as a result of an
interfering emission line from either another element or the argon source gas,
impurities within or entrained into the source, e.g. molecular species such as
Nj. Such interferences can be eliminated or reduced either by increasing the
resolution of the spectrometer or by selecting an alternative spectral emission
line.
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Box 27.6 How to operate a flame atomic absorption spectrometer

Table 27. 2 Standard operating conditions
for lead

You -shoﬂ[d only operate an FAAS system under direct .

supervision. The instrument should be located under a
fume extraction hood. The spectrometer requires approxi-
mately 20 min to warm up before switching the gases on
‘and using the instrument.

1. Adjust the operating wavelength and slit width of 2833 0.7 0.45
: & i : - 217.0 0.7 0.19
the monochromator. This is done by consulting Soks i ol
star_'rdatd operating conditions, e.g. for lead see 202:2' 07 ?:?
Table 27.2. . : 2614 0.7 110

: 368.3 0.7 27.0

2. Decide what wavelength is to be used for the 364.0 07 67.0

i

b |

analysis. For lead the maximum sensitivity is achleved
by selecting 217.0 nm.

. Adjust the wavelength selector to the appmprlate-

wavelength.

. Adjust the gain control until the energy meter reading

reaches a maximum.

. Adjust the wavelength selector for maximum signal

reading. You are now ready to ignite the air—
acetylene flame.

. Turn on 'the.'f'ume extraction hood. This allows toxic

gases to be safely removed from the laboratory
environment.

10.

T

Turn on the air supply such that the oxidant flow

meter is at the desired setting.

Note: recommended flame: air-acetylene,
oxidizing {lean, blug).

. Press the ignite button {or flame button). The

flame should light instantaneously with a ‘pop’.
After establishing the flame, insert the aspirator tube
into distilled water. Allow the flame to stabilize for up
to 1 minute by aspirating distilled water, prior to

-analysis.

After completing your analysis, shut off the ace-
tylene first (by closing the cylinder valve) and vent
the acetylene gas line while the air is still on. Then,
shut off the air compressor and allow the air Ime to

vent,

12. Finally, switch off the fume extraction hood.

8. _Tu'rn on the acetylene supply such that the fuel
flow meter is at the desired setting.

Matrix interferences are often associated with the sample introduction
process. For example, pneumatic nebulization can be affected by the
dissolved-solids content of the aqueous sample, which affects the uptake rate
of the nebulizer and hence the sensitivity of the assay. Matrix effects in the
plasma source typically involve the presence of easily ionizable elements
(EIEs), e.g. alkali metals, within the plasma source.

Decomposition techniques for solid inorganic samples

Conversion of a solid matrix into a liquid matrix involves the decomposition
of the sample. One of the major problems in preparing solid samples for
trace clement analysis is the potential risk of contamination. Contamination
can arise from several sources: the grade of reagents used; the vessels used for
digestion and the subsequent dilution of the sample; and human involvement.

In order to minimize the risk of contamination you should take the
following measures:

e Use the highest purity of reagents and acids, including the water used for
sample dilution.

e Use sample blanks in the analytical procedure, to identify the base level
of impurity in the reagents.
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Table 27. 3 Common acids* used for digestion

Hydrochloric acid (HCI) 110

Hydrofluoric acid (HF) 112
Nitric acid (HNO3) 122
Sulphuric acid (H,S04) 338

Hydrochloric/nitric acids -
(HCI/HNO3)

e Soak sample vessels in an acid leaching bath (e.g. 10% v/v nitric acid) for
at least 24 hours, followed by rinsing in copious amounts of ultrapure
water.

e Store cleaned volumetric flasks with their stoppers inserted: cover beakers
with Clingfilm®™ or store upside down to protect from dust.

e In addition to the wearing of a laboratory coat and safety glasses, it may
be necessary to wear ‘contaminant’-free gloves and a close-fitting hat.

Decomposition involves the liberation of the analyte (metal) of interest from
an interfering matrix using a reagent (mineral/oxidizing acids or fusion flux)
and/or heat. An important aspect in the decomposition of an unknown
sample is the sample size (Box 27.4). You need to consider two aspects.
Firstly, the dilution factor required to convert the solid sample to an aqueous
solution (Box 27.5), and, secondly, the sensitivity of the analytical instrument,
e.g. FAAS.

Acid digestion
This involves the use of mineral or oxidizing acids and an external heat source
to decompose the sample matrix. The choice of an individual acid or
combination of acids depends upon the nature of the matrix to be decomposed.
For example, the digestion of a matrix containing silica, SiOs (e.g. a geological
sample), requires the use of hydrofluoric acid (HF). A summary of the most
common acids used for digestion and their application is shown in Table 27.3.
Once you have chosen an appropriate acid, place your sample into an
appropriate vessel for the decomposition stage. Typical vessels include an open
glass beaker or boiling tube for conventional heating or for microwave heating,
a PTFE or Teflon™ PFA (perfluoroalkoxyvinylether) vessel. A typical micro-
wave system operates at 2.45 GHz with up to 14 sample vessels arranged on a
rotating carousel; commercial systems have additional features such as: a
PTFE-lined cavity; a safety vent (if the pressure inside a vessel is excessive the
vent will open, allowing the contents to go to waste); and an ability to measure
both the temperature and pressure inside the digestion vessels. The procedure
for acid digestion of a sample is shown in Box 27.7.

i =] S i i

Useful for salts of carbonates, some oxides and some sulphides. A weak reducing
agent; not generally used to dissolve organic matter

For digestion of silica-based materials only. Cannot be used with glass containers
{use plasticware). In addition to laboratory coat and safety glasses, extra safety
precautions are needed, e.g. gloves. In case of spillages, calcium gluconate gel is
required for treatment of skin contact sites and should be available during use;
evacuate to hospital immediately if skin is exposed to liquid HF

Useful for the digestion of metals, alloys and biological samples. Oxidizing attack
on many samples not dissolved by HCI; liberates trace metals as the soluble
nitrate salt

Useful for releasing a volatile product; good oxidizing properties for ores, metals,
alloys, oxides and hydroxides. Often used in combination with HNO3. Note:
Sulphuric acid must never be used in PTFE vessels {melting point 327 °C)

A 3:1 v/v mixture of HCl and HNOj is called aqua regia. It forms a reactive
intermediate, NOC!. Useful for digesting metals, alloys, sulphides and other ores

*All concentrated acids should be used only in a fume cupboard.
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Box 27.7 How to acid-digest a sample using a hot plate

1. Accurately weigh your sample into a beaker 7. Wash the watch-glass cover into the beaker to
(100 mL). For digestion of a powdered metal sample ‘capture’ any splashes of solution.

0.5000g is appropriate (for details on how to weigh i i e e
aceurately ses b 24, : 8. Dilute the digested sample with de:omzet_z_i, distilled

water.
2. Add 20 mL of concentrated acid(s) (see Table 27.3). 9. Quantitatively transfer the 'dilut_ed, digested sample
3. Cover the beaker with a watch glass. This is done to a 100.00 mL volumetric flask (see p. 18). Make up
to prevent the loss of sample and to minimize the to the graduation mark with de-ionized, distilled
risk of contamination. water,
4. Place the beaker on a pre-heated hot plate. 10. Prepare a sample blank using the same procedure,

i.e. perform all of the above tasks, but without

5. Reflux the sample for approx. 30 mins to 1 hour; adding the actual sample.

depending on the nature of the sample a coloured, ; :
clear solution should result. 11, Prepare samples in at least duplicate. For statistical
work on the results, at least seven sample digests

and two sample blanks are recommended.

6. Remove the beaker from the heat and allow to cool.
This may take several minutes. Retain the watch-
glass cover during this stage to reduce airborne
contamination.

Other methods of sample decomposition

The use of acid(s) and heat is probably the most common approach to the
decomposition of samples. However, several alternatives exist including dry
ashing and fusion.

Dry ashing involves heating the sample in air in a muffle furnace at 400
800°C to destroy the sample matrix, e.g. soil. After decomposition, the
sample residue is dissolved in acid and quantitatively transferred to a
volumetric flask prior to analysis. The method may lead to the loss of volatile
elements, e.g. Hg, As.

Some substances, such as silicates and oxides, are not always destroyed by
the direct action of acid and heat. In these situations an alternative approach
is required. Fusion involves the addition of a 10-fold excess of a suitable
reagent (e.g. lithium metaborate or tetraborate) to a finely ground sample.
The mixture is placed in a metal crucible, e.g. Pt, and then heated in a muffle
furnace at 900-1000 °C. After heating (from several minutes to several hours)
a clear ‘melt’ should result, indicating completeness of the decomposition.
After cooling, the melt is dissolved in HF (Table 27.3). This process can lead
to a higher risk of contamination.
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Identifying compounds — the combination
of techniques described in this and the
following chapters can often pfowde
sufficient information to identify a
compound with a low probability of error.

Definitions

Spectroscopy — any technique involving
the production and subsequent recording
of a spectrum of electromagnetic

radiation, usualh,' in terms of wavelength

or energy.

Spectrometry — any techmque involving
the measurement of a spectrum, e.g. of
electromagnetic radiation, molecu[ar
masses, etc.

Interpreting spectra — the spectrum
produced in UV-vis, IR and NMR
spectroscopy is a plot of wavelength or
frequency or energy (x-axis) against
_absorption of energy (y-axis). Convention
‘puts high frequency (high energy, short
wavelength) at the left-hand side of the
spectrum.

Infrared spectroscopy

In addition to ultraviolet—visible (UV-vis) spectroscopy (p. 164), there are
three other essential techniques that you will encounter during your laboratory
course. They are:

1. Infrared (IR) spectroscopy: this is concerned with the energy changes
involved in the stretching and bending of covalent bonds in molecules.

2. Nuclear magnetic resonance ( NMR) spectroscopy: this involves the absorp-
tion of energy by specific atomic nuclei in magnetic fields and is probably
the most powerful tool available for the structural determination of
molecules (Chapter 29).

3. Mass spectrometry (MS): this is based on the fragmentation of
compounds into smaller units. The resulting positive ions are then
separated according to their mass-to-charge ratio (m/z) (Chapter 30).

As with UV-vis spectroscopy, IR and NMR spectroscopy are based on the
interaction of electromagnetic radiation with molecules, whereas MS is
different in that it relies on high-energy particles (electrons or ions) to break
up the molecules. The relationship between the various types of spectroscopy
and the electromagnetic spectrum is shown in Table 28.1.

Infrared spectroscopy

A covalent bond between two atoms can be crudely modelled as a spring
connecting two masses and the frequency of vibration of the spring is defined
by Hooke’s law (eqn [28.1]), which relates the frequency of the vibration (v)
to the strength of the spring, expressed as the force constant (k), and to the
masses (7, and m;) on the ends of the spring (defined as the reduced mass
= (my x my) <+ (my +my)).

1 [k

= — [ — 28.1
; 2n L ]

In simple terms, this means that:

e the stretching vibration of a bond between two atoms will increase in
frequency (energy) if on changing from a single bond to a double bond
and then to a triple bond between the same two atoms (masses), i.e. the
spring gets stronger. For example,

Table 28.1 The electromagnetic spectrum and types of spectroscopy

p-rays Atomic nuclei <0.1nm y-ray spectroscopy

X-rays Inner shell electrons 0.01-2.0nm X-ray fluorescence (XRF)
Ultraviolet (UV) lonization 2.0-200 nm Vacuum UV spectroscopy
UV/visible Valency electrons 200-800 nm UV/visible spectroscopy
Infrared Molecular vibrations 0.8-300 um IR and Raman spectroscopy
Microwaves Molecular rotations 1mm to 30cm Microwave spectroscopy

Electron spin

Radio waves Nuclear spin

Electron spin resonance (ESR)

0.6-10m Nuclear magnetic resonance (NMR)

180 Instrumental techniques




Infrared spectroscopy

v for C=C > v for C=C > v for C-C

® as the masses of the atoms on a bond increases, the frequency of the
vibration decreases, i.e the effect of reducing the magnitude of u; for
example,

v for C-H > v for C-C; v for C-H > v for C-D; v for O-H > v for S-H

Bonds can also bend, but this movement requires less energy than
stretching and thus the bending frequency of a bond is always lower than the
corresponding stretching frequency. When IR radiation of the same
frequency as the bond interacts with the bond it is absorbed and increases the
amplitude of vibration of the bond. This absorption is detected by the IR
spectrometer and results in a peak in the spectrum. For a vibration to be
detected in the IR region the bond must undergo a change in dipole moment
when the vibration occurs. Bonds with the greatest change in dipole moment
during vibration show the most intense absorption, ¢.g. C=0 and C-O.

Since bonds between specific atoms have particular frequencies of
vibration, IR spectroscopy provides a means of identifying the type of bonds
in a molecule, e.g. all alcohols will have an O-H stretching frequency and all
compounds containing a carbonyl group will have a C=O stretching
frequency. This property, which does not rely on chemical tests, is extremely
useful in diagnosing the functional groups within a covalent molecule.

IR spectra
A typical IR spectrum is shown in Fig. 28.1 and you should note the
following points:
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Fig. 28.1 IR spectrum of ethyl ethanoate CH;COOCH,CH; as a liquid film.

e The x-axis, the wavelength of the radiation, is given in wavenumbers (v)
and expressed in reciprocal centimetres (cm™'). You may still see some
spectra from old instruments using microns (u, equivalent to the SI unit
‘micrometres’, um, at 1 x 107%m) for wavelength; the conversion is given
by eqn [28.2]:

wavenumber (cm™') = 1/wavelength (cm) = 10 000/wavelength (um)
[28.2]
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grating

Fig. 28.2 Schematic diagram of a double-
beam IR spectrometer.

Using double-beam instruments — you
can identify the sample beam by quickly
placing your hand in the beam. If the pen
records a peak, this is the sample beam,
but if the pen moves up, then this is the
reference beam.

Using the 100% control — if you use this
control to set the base line for the
sample, you must turn down the 100%
control when you remove the sample,
otherwise the pen-drive mechanism may
be damaged in trying to drive off the top
of the chart.
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(&)

The y-axis, expressing the amount of radiation absorbed by the molecule,
is usually shown as % transmittance (p. 164). When no radiation is
absorbed (all is transmitted through the sample) we have 100%
transmittance and 0% transmittance implies all radiation is absorbed at a
particular wavenumber. Since the y-axis scale goes from 0 to 100%
transmittance. the absorption peaks are displayed down from the 100%
line; this is opposite to most other common spectra.

The cells holding the sample usually display imperfections and are not
completely transparent to IR radiation, even when empty. Therefore the
base line of the spectrum is rarely set on 100% transmittance and
quantitative applications of IR spectroscopy are more complex than for
UV-vis (p. 166).

IR spectrometers
There are two general types:

1.

Double-beam or dispersive instruments in which the IR radiation from a
single source is split into two identical beams. One beam passes through
the sample and the other is used as a reference and passes through air or
the pure solvent used to dissolve the sample. The difference in intensity
of the two beams is detected and recorded as a peak:; the principal
components of this type of instrument are shown in Fig. 28.2. The
important controls on the spectrometer are:

(a) scan speed: this is the rate at which the chart moves — slower for

greater accuracy and sharp peaks:

wavelength range: the full spectrum or a part of the IR range may

be selected;

(c) 100% control: this is used to set the pen at the 100% transmittance
line when no sample is present the base line. It is usual practice to
set the pen at 90% transmittance at 4000cm~' when the sample is
present, to give peaks of the maximum deflection.

(b)

You should remember that this is an electromechanical instrument and
you should always make sure that you align the chart against the
calibration marks on the chart holder. In the more advanced instruments
an on-board computer stores a library of standard spectra, which can be
compared with your experimental spectrum.

Fourier transform IR (FT-IR) spectrometer: the wvalue of IR
spectroscopy is greatly enhanced by Fourier transformation, named after
the mathematician J.B. Fourier. The FT is a procedure for inter-
converting frequency functions and time or distance functions. The IR
beam, composed of all the frequencies in the IR range, is passed through
the sample and generates interference patterns, which are then
transformed electronically into a normal IR spectrum. The advantages of
FT-IR are:

(a) rapid scanning speed — typically four scans can be made per minute,
allowing addition of the separate scans to enhance the signal-to-
noise ratio and improve the resolution of the spectrum;

(b) simplicity of operation — the reference is scanned first, stored and
then subtracted from the sample spectrum;

(¢) enhanced sensitivity: the facility of spectrum addition from multiple
scans permits detection of smaller quantities of chemicals:



Infrared spectroscopy

Box 28.1 How to run an infrared spectrum of a liquid or solid film, mull or KBr disk

A. Double-beam spectrometer 2. Select the number of scans; usually four is

1. Ensure that the instrument is switched on and that Bdfqiime for fouting Woik
it has had a few minutes to warm up. 3. Select ‘background’ on the on-screen menu, and

. . : scan the background. Do not press any other

2. Make sure that the chart is aligned with the ; : : ;
siibraton niaikson thethatt Bador thart daim. buttons or icons while the spectrum is running.
Most spectrometers scan from 4000cm~' to 4. Place the sample cell in the beam, close the lid,
650cm ! and the pen should be at the 4000cm ! select 'sample’ and scan the sample. Do not press
mark. any other buttons or icons while the spectrum is

3. Adjust the 100% transmittance control to about yaems.

90%, if necessary. 5. Select ‘customize’, or a similar function, and enter

4. Place the sample cell in the sample beam and ;::hﬁlS-z::;gi‘“;lﬁ?nis(:a;i(:kczgF;(iugr? ,tI:): 2333;:;?}[:1:1
adjust the 100% transmittance control to 90%, or ey : e P :
the highest value possible. 6. Select ‘print’, to produce the spectrum from the

6. Select the scan speed. You must balance the Coter
defl'mt!on required in t!'le spectrum with thg trr:ne Problems with IR spectra
available for the experiment. For most gualitative Th all db | —
applications the fastest setting is satisfactory. See o LU 8 UREC Dy DROE RaTDIe ERopate 0D

and the more common faults are:

7. Press the ‘scan’ or ‘start’ button to run the <

: Tt Thel
spectrum. The spectrum will be recorded and the 6 large panles have tns belu“:v N botto-m ?f the
= 3 et chart or the large peaks have ‘squared tips' near
spectrometer will automatically align itself at the : ; =
the bottom of the chart: the sample is too thick;
end of the run. Do not press any other buttons

i : = ; : remove some sample from the cell and rerun the

while the spectrum is running or the instrument Siactrim

may not realign itself at the end of the run. P &

8. Adjust the 100% transmittance control to about = :;)h:tz'ijn—a d'; ::o‘:;e:akn;‘fe; :ﬁ":;::::;:;egg:g?lz o
50%, remove the sample cell from the spectro- : i
meter and turn the 100% transmittance control to 3. The base line cannot be adjusted to 90% trans-
about 90%. mittance: the NaCl plates or KBr disk are ‘fogged’,

9. ~Enter all of the following dats on the speciram: scratched or dirty — replace or remake the KBr disk.
name, date, compound and phase (liquid film, 4. The pen tries to ‘go off' the top of the spectrum:
Nujol™ mull, KBr disk, etc.). obviously due to some absorption at 4000cm !

when you were setting the base line. Repeat base-

B. FT-IR spectrometer line set-up but at 80% transmittance and bear in

1. Make sure that the sample compartment is empty mind that dirty plates, above, can be the cause.

and close the lid.

(d) the integral computer system enables the use of libraries of spectra
and simplifies spectrum manipulation, such as the subtraction of
contaminant or solvent spectra.

The procedures for running IR spectra on double-beam and FT

spectrometers are described in Box 28.1.

Sample handling

You can obtain IR spectra of solids, liquids and gases by use of the
appropriate sample cell (sample holder). The sample holder must be
completely transparent to IR radiation; consequently glass and plastic cells
cannot be used. The most common sample cells you will encounter are made
from sodium chloride or potassium bromide and you cannot use aqueous

IR spectra of aqueous solutions - special
sample cells made from CaF; are
available for aqueous solutions, but they
are expensive and only used in specific
applications.
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gaskets
of|"
| ] ;
NaCl plates
(a)
NaCl
windov

(c)

Fig. 28.3 Cells for IR spectroscopy:
(a) demountable cell for liquid and solid films
and mulls; (b) solution cell; (c) gas cell.

Storing IR sample cells and KBr. powder -
cells are always stored in demecators tc:

moisture. KBr pow T must. 'e_ -
the even, cneied and kapt ina des:ocator

Handling NaCl plates and KBr disks -
NaCl plates are delicate and easily
damaged by scratchmg, droppmg or
squeezing. Hold them only by the adges =
and place them on filter paper or tissue
when adding chemicals. KBr disks should
be handled using tweezers. .
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solutions or very wet samples, otherwise the sample cells will dissolve. A
typical range of sample cells is shown in Fig. 28.3 and for routine qualitative
work you will regularly use NaCl plates and KBr disks to obtain spectra of
solids and liquids. Solution cells and gas cells are utilized in more specialized
applications and require specific instructions and training.

Liquid samples

The most convenient way to obtain the IR spectrum of a pure, dry liquid
is to make a thin liquid film between two NaCl disks (plates). Since the
film thickness is unknown, this procedure is not applicable to quantitative
work.

Solid samples

If you were to place a fine powder between two NaCl plates, a usable
spectrum would not be obtained because the IR radiation would be scattered
by diffraction at the edges of the particles and would not pass through to the
detector. There are three solutions to this problem:

1. Muils: in which the finely ground solid is mixed with a liquid, usually
Nujol® (liquid paraffin) or, less frequently, HCB (hexachloro-1,3-
butadiene). This mulling liquid does not dissolve the chemical but fills
the gaps round the edges of the crystals preventing diffraction and
scattering of the IR radiation. Remember that these mulling liquids have
their own IR spectrum, which is relatively simple. and can be subtracted
either ‘mentally’ or by the computer. The choice of mulling liquid
depends upon the region of the IR spectrum of interest: Nujol™ is a
simple hydrocarbon containing only C-H and C-C bonds, whereas HCB
has no C—H bonds, but has C—Cl, C=C and C-C bonds. Examination of
the separate spectra of your unknown compound in each of these
mulling agents enables the full spectrum to be analysed.

2. KBr disks: here the finely ground solid compound is mixed with
anhydrous KBr and squeezed under pressure. The KBr becomes fluid
and forms a disk containing the solid compound dispersed evenly within
it and suitable for obtaining a spectrum. The advantage of the KBr disk
technique is the absence of the spectrum from the mulling liquid, but the
disadvantages are the equipment required (Fig. 28.4) and the practice
required to obtain suitable transparent disks, which are very delicate and
rapidly absorb atmospheric moisture.

3. Thin solid films: here a dilute solution of the compound in a low-boiling-
point solvent such as dichloromethane or ether is allowed to evaporate
on a NaCl plate producing a thin transparent film. This method gives
excellent results but is slightly limited by solubility factors.

When you are recording spectra of mulls, KBr disks and thin solid films air is
used as the reference and they are suitable for qualitative analysis only. The
procedure for the preparation of liquid and solid films and mulls is described
in Box 28.2 and that for KBr disks in Box 28.3.

Interpretation of IR spectra

To identify compounds from their IR spectrum you should know at which
frequencies the stretching and bending vibrations occur. A detailed analysis
can be achieved using the correlation tables found in specialist textbooks. For
interpretation, the spectrum is divided into three regions.



Using spreadsheets

Using string functions — these allow you
to manipulate text within your '
spreadsheet and include functions such

as ‘search and replace’ and alphabetical

or numerical ‘sort’.

is very important and must be understood; it provides one of the most
common forms of error when copying formulae. Be sure to understand how
your spreadsheet performs these operations.

Naming blocks

When a group of cells (a block) is carrying out a particular function, it is
often easier to give the block a name which can then be used in all formulae
referring to that block. This powerful feature also allows the spreadsheet to
be more readable.

Graphics display

Most spreadsheets now offer a wide range of graphics facilities which are
easy to use and this represents an ideal way to examine your data sets rapidly
and comprehensively. The quality of the final graphics output (to a printer) is
variable but is usually sufficient for initial investigation of your data. Many
of the options are business graphics styles but there are usually histogram,
bar chart, X-Y plotting, line and area graphics options available. Note that
some spreadsheet graphics may not come up to the standards expected for
the formal presentation of scientific data (p. 343).

Printing spreadsheets

This is usually a straightforward menu-controlled procedure, made difficult
only by the fact that your spreadsheet may be too big to fit on one piece of
paper. Try to develop an area of the sheet which contains only the data that
you will be printing, i.e. perhaps a summary area. Remember that columns
can usually be hidden for printing purposes and you can control whether the
printout is in portrait or landscape mode, and for continuous paper or single
sheets (depending on printer capabilities). Use a screen preview option, if
available, to check your layout before printing. Most spreadsheets are now
WYSIWYG (What You See Is What You Get) so that the appearance on the
screen is a realistic impression of the printout. A “print to fit’ option is also
available in some programs. making the output fit the page dimensions.

Use as a database

Many spreadsheets can be used as databases, using rows and columns to
represent the fields and records (see Chapter 48). For many applications in
chemistry, the spreadsheet form of database is perfectly adequate and should
be seriously considered before using a full-feature database program.

310 Information technology and library resources




Infrared spectroscopy

A

=

and solid films and mulls

Preparing a liquid film

Select a pair of clean NaCl plates from a desiccator,
clean them by wiping with a soft tissue soaked in
dichlgromathane and placa tham on the banch on a
plece of filter paper or tissue paper 0 prevent
seratching by the bench surface.

Using a glass rod or boiling stick, place a small
drop ol liguid in the centre of one of the plates. Do
not wse 8 Pasteur pipette, which may scratch the
surface of the plate.

Carelully, holding it by the edge, place the other
plate on top and see if a thin film spreads between
the plates, covering the centres. Do not press to
farca the plates together. If there is not anough
liquid, carafully separata the platas by lifing at the
adge and add anathar drop of liquid. if there i too
much liguid, separate the plates and wipe the liguid
fram one of them using a soft lissue.

Preparing a thin solid film

Dissolve the sample (about Emgl in a suitable
solvent |about 028 mL), such as
DCM or ethar.

Place two drops of the solution anto the centre of
a NaCl plate and allow the solvent to svaporata.
Use a Pasteur pipatta, but oo not touch the surface
of the plate.

If the resulting thin film of solid does not cover the
cantre of the plate, add & litile more solution,

Mount the single NaCl plate in the spectrometer
and run the spectrum. Note that the Nall plate can
rest on the “-shaped wadge on the sampla holdar
in the spectromater,

Preparing & mull

Grind a small sample of your {alsart
Smygl using & emall agate mortar and pestle for at
least 2 minutes. The powder should be as fine as
possible.

Add one drop of mulling agent (Mujol™ or HCB)
and continee grinding until & smooth paste is

formed. If the mull is too thick, add ancther drop of
mulling agent, or if it is too thin, add a little maore
solid. Only exparience will give yvou the correct
consistency of the mull and the key 10 a good
sprctrum is a mull of the cormct fluidity.

Transfer the mull to the centre or along the
diameter of an NaCl plate, on a piece of filter paper
or tissue papar to prevent scratching by the banch
surface, uging & small plastic spatula or a bailing
ik,

. Carafully, holding it by the sdge, place the other

plate on top and very gently press o ensure that

back- and lop-plates are not parallel, thoy will
spring loose to prevent the MaCl plates baing
crushad,

Transter the cell holder assembly to the spectro-
matar and make sura it s securaly maounted in the
call compartment.

Clean the plates in the fume cupboard by wiping
them with a tissue soaked In DCM, stand them on
filter paper or tissua paper to sllow the solvent o
avaporata and put them in the desicoator. Allow
tha DCM to evaposate from the tissue swab and
dispose of it in the chemical waste,
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Fig. 284 Equipment far preparation of 3 KBr disk.

Regtour [ (SONG-200 ™" ): this  region  contains the high freqoency

Reglon 2

\.

Region 3

[T

vibrations such as C-H, N-H and O-H sireiching, iogether with
C=C and C=MN stretching vibrations.

{ S P 50K) e~ ) this is kmown as the ‘Tunctional grouwp region’
aml includes the stretching frequencies for C=C, C=0, C=N.
N={} and N—H bending wibralioms.

(1500650 e T )2 this region contains siretching bands for C-0, C—
M, C-Hal and the C-H bemnding vibeations. It is kmnown as the
“fingerprnl reglon” becanse it alse contains complex bow-coergy
vibratioms resuliing from the overall mobacular siructure and these
are umigue o each dilTerent molecule. Fig. 28 5 shows the spectra of
l=propanol and 1-butanol, beih of which show almost identical peaks
for the O-H, C-H and C-0 streiching frequencies and the C-H
bemding frequencies, but the spectra are different in the number and
imensity of the peaks between 1500 and 650 am ', resulling From the
presence af the additional CH; in 1-butanol. Conversely, ihese highly
specific bands i the Tmgerprint” region are useful for identification
of molecules by comparison with autheniic specira via a database.

NN N NN 0 0 150 L] Lo

Fig. 285 W spactra of T-propanal ('Y and 1-butanal (3.
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How to prepare a KBr

1. Take spectroscopic-grade KBr powder from the
oven and allow it to cool in & desiceator,

2. Grind your compound [1=2mg) in an agate mortar
for 2 minutes, then add the KBr 0.2g) and
continue grinding to a fine powder. Fut the KBr
powwdar back into the oven.

3. Obtain a ‘disk kit' and make sure that:

{8} it ks complete - comprising a plunger, two des
(base and topl, & die holder and an anvil, as
shaown in Fig. 28.4;

bethm-mh&usmdm they
are not interch with anothar disk kit —
and should be numbered.

4, Press the die holder cnio the anvil ensuring &
propar fit,

5. Lower the bass dis, numbered-side down, into the
die holder and make sure it slides into a depth of
about B0 mm.

6. Pour the compound/KBr powder mixture, about
one-third to one-half of the

9. Place the assembled disk kit in the hydraulic press
and tighten the top screw so that it touches the top
of the plunger.

10. Connect the anvil to a source of vacuum, ep. a
rotary WACUUM pUmp,

11. Close the hydraulic release valve on the side of the
press and gently pump the handle wuntil the
pressure gauge reads between 8 and 10 tons and
lpave for 30 saconds,

12, Open the hydraulic release valve gently and, when
the pressure has fallen fo zero, disconnect the
vacuum from the anvil,

12. Loosen the top screw and ramove the disk kit from
the press.

4. Turn the disk kit upside down and carefully pull off
the anvil Make sure that the plunger doss not
slide out by supparting it in tha palm of your hand.

16. Gently push the plunger and the basa die will
amargs from the dia holdes. Take off the base die

d, into
Ih-d.hhhrandlmgumtrruprud‘ummmn
layar on the base dia.

7. Lower the top die, numbered-side up. on top of
the KBr mixture and make sure it slides down
onto the powdar.

B. Slide the plunger, with the bavelled edge at the
top, into the die holder ansuring that it is ouching
the top dis and press down gently o that the dies
slide to the bottam, ensuring that you do not then
push off the amdl.

laaving the KBr disk exposed.

16, Carefully slide the KBr disk into the speclal disk
haldar using a microspatula.

17. Fun the IR spectrum immediately, becausa tha disk
will begin 1o cloud ovar as it absorbs atmospharic
ministure.

18. Clean the disk kit components with & tissue and
check that all parts are present.

19. i the dies or the plunger stick in the die holder,
tell your instructor,
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Fig. 26.6 Simplified correlation chart of functional group shsorptions.

100pn

A simple correlation chart indicating the three regions of the spectrum
and their associated bond vibrations i shown in Fig. 286, You can
obtain most diagnostic imformation from spectral regions | and 2, since
these are the simplest regions contaiming the peaks relnied to specific
functional groups, while region 3 is pormally weed for confirmation aff
your findings. Another important aspect of the 1R spectrom s the relative
intensities of the commonly found peaks and vou should become Familiar
wilh peak sizes. A chan indicating ihe positions, gemeral shapes and
relative intensities of commonly found peaks i shown in Fig. 28.7, When
you are attempting 1o interpret an 1R spectrum you should use the
approach described in Box 28.4.

IT you are studying compheues formed from metals and organic ligands, the

] e e R = =S

migtal-ligand siretching vibration will ocour below S00cm~" and special 1R
spectrometers are wsed 1o observe this region, However, changes in the IR
specirum of the organic ligand om complexation can be detected in the
normal d0-650cm ™" range,

L 3500 3000 i) i) 1500 1000

Fig. 28,7 Ideslized intensities of some IR bands of comman functional grougs.
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o interpret an IRt spe 29 | Nuclear magnetic resonance
spectroscopy

Electromagnetic radintion (typically al radio frequencies of &-600 MHz) is
uwsed 1o identify compounds in a process known as nuclear magnetic
resonance (MMR) spectroscopy. This & possible because off dilTerences in the
magnetic states of alomic nuclel, involving very small lransilions m energy
levels, The atomic nuclei of the isotopes of many pieseas o magnely
moment. When these magnetic moments interact with a uniform external
magnetic field, they behave like tiny compass neadles and align themselves in
a direction “with' or ‘against’ the field. The two onentations, characieristic of
nuclei with & nuckar spin quantum number f=§ hove two different
energies: the onentation aligned "with” the field has a lower energy than that
aligned ‘agninst” the fiekl (Fig. 29.1),

Typicul magnetic nucici of general use 4o chemists and bicchemists are H.
., F and "', all of which have nuclear spin quantum numbers § = §. The
energy difference between the itwo levels (AE) corresponds 0 & preciss

clectromagnetic frequency (v), according to similar quantum principles for the
g e

excitation of electrons (p. 163). When a sample containing an isotope with a
magneiic nuclews is placad in a magnenic fekd and exposed 1o an appropriate

radio frequency. ransitions betwem the energy bevels of magsetic nuclel will
e oceur when the encrgy gap and applied frequency are in resaraoce (Le. when
‘I:.l' they are matched exactly in energv)h. Differcoces in energy levels, and hence
ST COTLaRY
rusgasc mcks

resonance froquencees (va), depend upon the magnitude of the applicd magnetic
foedd {8y and the magnetogyre ratio (y), acconding (o the squation:

(]
| 5 v = 7l 2n [2%.1]
L]

I For a given value of the applied field (8;), nucld of different elements have
different values of the magnetogyric ratio () and will grve rise Lo resonance
al varous radio [requencs. The principal components of an MNMBE

pLALLLLLLLLAL specirometer are shown in Fig. 292

. e o ol magret
L " -
HHHH contraer
rade equncy,
TRERWE
L]
pobe
Fig 291 Effsct of an applied magnatic field, Joomns
B, on magnetic nucled, (al Nucs in magnetic narpin|

field have one of two orientstions - sither with
the field or againss the fisld (in the absence of Fig. 20.2 Comparsants of &0 NMR speciromester,

an applisd field, the nuclel wauld hawve random

ar Il Enaegry s far mag For magnetic nuclel in a given molecule, an MMEB specirum s generted
nucled in applied magneti: fisld. hecause, in the presence of the applied field, different nuclei of the same
atoms experience small, different, local magnetic fields depending on the
arrangement of clectrons, ie. in the chemical bonds, in their vicinity. The
effectrve field at the nucleus can be expressed as:

=Byl —a) [29.2]

where o (ihe shiclding constant) expresses the contribution of the small
socondary field generated by the nearby electrons. The magnilude of o
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Muclear magnetic resonance spactroscopy

depends on the elecironic environmeni of 8 nucleus, s0 nuclei of the same
isotope give rise to small different resonance frequenciss according 1o the
equation:

v = FBe{l — 7)/2x [20.3]
SR The variation of :. iss with

ing electron density is crucial to the usefulness of the NMR technigue.
it did not eccur, alf meclel of a single isotope would come into resonance
at the sama combination of magnetic field and radio frequency and only
one pesk would be observed in the spectrum.

Chemical shift

The separation of resomance frequencies mesuliing from  the  differem
electronic environments of the nucleus of the isetope is called the chesrical
#hife, Tt is expressed in dimensionless terms, as paris per million (ppm),
agninst an internal standard, usually setramethylidlane (TMS). By convention,
the chemical shift is positive if the sample nocleus is less shickded (lower
electron density in the surrounding bondsh than the mecleus in the reference
and negative if it is more shielded {greater electron density in the surroundimg
bomdsh. The chemical shalt scale (8) for a nucleus is defined as:

& = [(¥araphe — Frofemnce) % M) Voutorsmca} [29.4]

This means that the chemscal shift of o specific aucleus in o molecule is ol the
sume 4 value, no matter what the operating frequency of the NMR
5] T.

An NMR spectrum is a plot of chemical shift () as the x-axis against
ahsorption of energy (resonance) as the y-axis. On the right-hand side of the
spectrum At & = Oppm there may be a small peak, which is the reference
(TMS). A typical "H-NMR spectrum is shown in Fig. 29.3,

‘“‘upﬂlnn

I

55 1] a5 w 15 ik 25 k1] is L] 1] [T}

Fig. 293 "H-NMR spacinem of V-methasypn pancne,

NMR spectrometers

These can operate al dilfenent radio frequencies and magnetic fields and are
wsually referred Lo in terms of radie frequency, eg. 60 MHz, 2T0MHz and
500 MHz spectrometers. Spectromelers operating above 100MHz require
expensive superconducting magnets 1o generate the high magnetic fields. In
routine kaboratory work 60MHz and WiMMHz instruments are common bt
1M MHz machines are becoming more affordable. Increasing the operating
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frequency of the spectrometer effectively increases the resolution of the
chemical shifts of the nuclei under examination. For example, the difference
in requency between 0 and 16 is 60 Hz in a 60 MHz specirometer ot 270 Hz
for & 270 M Hz mstrument.

Spectrometers can be divided into two types:

1. Comsi (CW) sp ri, which use a permanent magnet or
an el usually at 80 or M MHz In practice the radio
frequency is held constant and small clectromagnets on the faces of the
main magnet (sweep coils) vary the magnetic field over the chemical shifi
range. The spectromiter sweeps through the spectroscopic reglon plotting
resomances (ahsorption peaks) on a chart recorder (of. dspersion IR
spectrometers), CW spectrometers are usually dedicated to ohservation of
& specific nucleus such s 'H.

2. Fowrler irangform (FT) speciromeiers, using superconducting magnels
containing liquid nitrogen and liquid helium for cooling. Here the
magnetic field is held constant and the sample is irrndiated with a radio
frequency pulse containing all the radie Mrequencies over the chemical
shill region of the nucleus being examined, of. FT-1R (p. 182). Computer
control allows rapid repeal sans o spectra, | ing the
data as a standard CWatype spectrum via FT processing. Simple
variation of the radio frequencies permits observation of different nucks
(multimeclear NMR spectrometersh. Thiss an FT-NMR spectrometer can
be used for obtaining "H, *C, "F, "N and P NMR spoctra.

Sarmple bandling

The majority of NMB specira are obiained from samples in solution and
therelore the solvent shoukl preferably nol contain atoms off the nuclel bang
observed (except in the case of "C-NMR). The mosl common solvents are
those in whach the hydrogen atoms have been replaced by deutenium, which is
not observed under the conditions under which the spectrum is obtained.
CD}Cly (demterinchboroform, chloroform-d) is often the solvent of choice, but
others such as dimethylsulphogide-d*, [(CD:):80], propanone-4* [{CDy)00],
methanol-d® (CDOD) and dewterivm oxide (D30) are in common use.

As it is unlikely that you will be allowed 'hands-on' use of an NMR
spectrometer, the best approach you can take to obiain a good spectrum is to
ensure pood sample preparation. The gquality of an NMB spectrum s
degraded by:
inapproprinte solvent;
imappropriate concentration of solate;
inappropriate solvent volume;
solid particles in the solution;
waler in the sample {inefficient dryingl;
panmagnetic compounds.

Sample preparation for NMR spectroscopy is described in Box 2901,

Interpreting NMR spectra

As a matter of routine in your laboratory work you will be required 1o
inntrpmt '"H-MMR spectra {alsy known as prolon speciral, I’C—NM'EI.
spectra ure becoming more commen, while '*F and P spectra moy be
obtained in specialized experiments. Therefore you should concentrate on the
interpretation of "H and "'C spectra in the first insiance.
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How to prepare a sample for |

Fig. 29.4 Fitration of solutions far MME.

"H-NMR spectra

These normally cover the mange between 6 = 0 and 10 ppm bt the range is
increased 1o 6 = 13 ppm when acidic protons are present in the molecule.
The '"H-NMR spectrum of a molecule gives three key pieces of information
about the sructure of & mokecile:

1. Chemical shift {#); the peak positions indicate the chemical (magnesic)
environment of the protons, ie. different protons in the molecule have
different chemical shifis.

2. Integration: the relative siee of peak aren indicates how many protons
have the & value shown,

5  Coupling: the fine structure on each peak (coupling) indicates the
number of protons on adjacent aloms.

These three features make 'H-NMR a powerful teol in structure
determination and there are pao extreme approsches to it

I Prediction of the spectrum of the expected compound from theorst-
ical knowledge and then comparison with the specirum obiained.
You should recognize ‘patterns’ (e.g. triplet and quarizt for an ethyl
group; o singket of peak area six for two identical methyl groups).
which were present in the stariing materials, but the &, valwes may
have changed in the “new’ mobscule. There are computer programs,
sich as g-NMR™, which will simulate the NMR spectrum from a
structural formula.

1 Imterpretation of the spectrum from correlation tables, bat this is very
difficult for the inexperienced.

In practice a combination of the two approaches is used with cros-

referencing and checking the proposed structure with inbulated &y valses and

refierenoe spectra until a satisfactory answer is found,
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- Always make sure that your predicted structure is
istent with the it

Faciors affecting chemical shift (Sg)
The § values of protons an be predicted 1o a general approsimation from
knowledge of the effects which produce variations in chemical shift.

I. The hybridization of the carbon atom to which the hydrogen atom is
attached:

(a) sp” hybridized carbon: peaks occur between & = 0% and 1.5 ppm in
simiple hydrocarben systems. The peaks move downfield with change
of structure from CH; o CH; o CH.

{b) sp hybridized carbon: peaks oocur at about § = 1.3-3.5 ppm in
alkymes.

(¢} sp° hybridized carbon: in alkemes the resonances occur around
& d—8 ppm and the C-H peaks of aromatic rngs are found
belween & =6 and @ ppm. The large downlield shifts of Chese
Cga—H nuclal resuli from deshielding of the protons by fields set up
by circulation of the x-electrons in the magnetic feld. The proton of
the aldehyde group (CHO) is particularly deshielded by this effec
and is foand at § = 9—10 ppm.

2 Electrom atiraction or shectron release by substituent aloms attached to the
Tatile 25.1 Chemical shifis of mathyl protons carbon atom, Electron atiracting nioms, sach as M, 0, Hal atiached to the
carbon, attract electron density from the ©-H bonds and thus deshield the

_ proton. This resubts in movement of the chemical shift to higher & values

WEHaN S a.aa (Table 29.1). Conversely, electron=releasing growps prodece additional
CHyR 030 sheekding of the C-H bonds resulting in upfield shifts of § valhses.

Chl .18 3. All the protons in benzene are identical and occar at 4 = 7.27 ppm. In
m 210 ituled aromatic T the overill elsciron-aliracting or re-
CHyOR 330 lensing effect of the substituent(s) alters the § values ol the remaining ring
CHyF A0 protens making them non-eguivalent. The eribo protoms ane affected most.

4. Far protons attached 1o atoms oiber than carbon: the chembcal shifts of
protons altached 1o oxygen merease with increasing acidity of the O-H
group; thus 4 = | —6 ppm for aleohols, 4-12 ppm For phenols and 10-14
ppim for carboxylic scids, Hydrogens bound Lo itrogen (1° and 2° amines)
are found at & = 3-8 ppm. The approximaite chemical shifi regions are
shown in Fig 29.5,

Integration of peak areas

The arex of ewch peak gives the relative number ol protons and i produced
drrectly om the spectrum (Fig. 2506). On CW-NME spectrometers the height
of the peak area integration line must be measured using a ruler, whereas on
FT-NMR machines the area is calculated and displayed as a number. You
must remember that:

# The areas are rarios, not obhsolute values, and vou must find a peak
attributnble to a specific group to oblxin a reference area, eg. a single
peak &t & = L0 ppm is likely to be o CH; group and thus the area
displayed or mensured i equal to three protons.

» You must ensure that you inchede integrations from all the fine-structure
{coupling) peaks in the peak area.

194 Irsirumantal technigues
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Fig. 26.6 "HW-NMR spectrum of mathosyethane.

# Do not expect the peak area integrations 1o be exact whole numbers, eg.
an aren of 2.8 s probably three protoms (CHi) 5.0 B probably five
protons (eg. A CgHa groupl, but 1.5 is probably a CH; and all the penk
arca integrations must be doubled.

Conpling  spin-spin splitting }

Many 'H-NMR signals do not consist of a single line but are wsually
associnted with several lines (splitting patterns). Protons giving multiline
mgnals are said to be coupled. This coupling arses from the magnetic
influence of protons on one atom with those on an adjocent atomis). This
information abouat the nature of adjucent protons can be determined and fed
inte the structural elucidation problem. To a simplke first approximation the
following three general points are useful in the interpretation of coupling
pallerns:

1. Aliphatic systems: il adjacens carbon atoms have different fypes of
protens {a and B) then the protons will couple. IF a proton is
coupled to m (=1, 2, 3. 4, §, elc.) other protons on an adjacent
carbon atom, the number of lines observed is n+ |, a5 shown in the
examples below.

CH;CHO0CH;  Protons a are coupled to two protens b n = 2

a b © therefore the peak for protons a is split inte Uthree
lines (a tripleth
Proloms b are coupled to three protons a: m= 1
therefore the peak for protons b @ split into four
limes {a guartet).
Protons ¢ have no adjacent protons and therefore are
nol coupled and give a single line (singlet) (Fig. 29.4).
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CHyCHBrCH:Br Protens a are coupled 1o ome proten be s = 1;

a b c therefore the peak for protons a i split into twe lnes
{dowbiet)
Protons b are coupled 1o three protons @ and two
prodons o n = 5 therefore the peak for protons b is
aplit into six lines (sextet).
Protons ¢ arc coupled to one peoton b = 1;
therefone the peak for protons ¢ is sphil ino two lines

(doublen).
Prodons a and protons ¢ an nol adjacent and do naot
couple (Fig. 29.7)
i
ab
O et &
1 g
J_ | l
L] i I:I I =T lll'l i (] Y

(1]
& ipomi
Fig, 2.7 "H-NMR spectrurm of 1.2-Sbromopropans.

The intensily of each peak in the resulting singlet, doublet, triplet,
quartel, ete., is caloulated from Pascal's triangle (Fig. 20.8).

The separation between the coupled lines is called the coupling
consdant, f, and, for aliphatic protons CH, CH; and CHy, it is wsaally
= B Hz.

m ﬂuln—llnﬁnﬂrmﬂ-hmmt}-
= 9 o is the sama. Fortunately this

2. Alkene hydrogens: hydrogen aioms on double bonds have different
coupling constants depending wpon the stereochemistry of the alkene.
Alkene hydrogens in the & (cis) configuration have J=5-14Hz
whereas those i the E {trans) configuration have J = 11-19Hz (Figs
29.9a and b ).

3. Aromatic hydrogens: coupling of hydropens, which are son-adjscent, 1=
readily observed in aromatic compounds. Different protons arshe o exch
other couple with f = 7—10 Hz, while those in & meta relationship have
§=21-2Hz Parg couwpling (f = 0-1Hz) 5 01 usually seen on the
specirum, The types of aromaiic compound you are likely 1o meet most
often are:
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in) Moposubstitnted aromatic compounds, in which three basic paiterns
are found in the aromatic region of the spectrum. IF the substituent
exerts @ weak electronic effoct on the ring, the § values of the ring
provons are similar and e prolons appear as a single peak of area
fiwe (Fig. 29.10a). Il the group is strongly eleciron releasing (OH,
MHy, OCH,, ete.), the protons appear as complex multiplets (orpbo
andd mera coupled), below 8 = 7.27 ppm of relative areas two to
three (Fig. 29106} If the group is electron attrcting (eg. NOs,
COOH, ete.), then ihe complex multipleis have 8 = 7.27 ppm (Fig.
20.10c);

(b} para disubstituted aromatie compounds, which are of two types, IF
the subsiiluents are the same, then all the ring protons are ientical
and a singhet, of relative anea four, 8 seen (Fig. 29010d). I the
substituents are different, then Lhe pairs of hydrogens ortko 1o each
suhstituent are different und srrhs-couple to give what appears 1o be
pair of doublets, each of relative area twe (Fig. 29.10c).

{c) Increasing numbers of subsiituenis, which decrease the number of
aromatic hydropens and the spectrum becomes simpler. Thus the
common |2 4-trsubstituied pattern (Fig. 29,100 i recognized casily
as an ortha-coupled doublet, 8 mere-coupled doubler and a doublet
of doublets (coupled ortho and mei).

The chemical shifis of aromatic protens can be caleulated from
detailed correlation tables.

C.NMR spectra

The "C nuclews has F=4, like 'H, and the "C-NMR spectrum of a
compound can be observed using o different radio Frequency range {in the
same magnetic field) to that for "H. The '*C spectrum will give peaks for
ench different type of carbon atom in a molecule but the properties of the “'C
nucleus give some important and wseful differences in the specirum oblained:

& The natural abundance of "*C i only 1.1% compared with 98.9% for "°C
- in any molecule no two sdjacent aloms are hkely 1o be "C and
therelore coupling between ''C nuclei will not be seen, giving a very
ssmple specirum.

* In 2 sample of a compound, which contains many molecules, the C
isotope is randomly distributed and all the different carbon atoms in a
sample of a compound will be seen in the “C-NMR spectrum.

& The sensitivity of the ““C nucleus is low and this, wgether with its low

natwral abundance, means that FT-NMR is the only practical system Lo
produce a spectrum by accumulation of specira by repetitions, Larger
sampde size i bigger NMR tubes also assist in solving the semsitivity/
abundance probiem.

»  The chemical shift range for C is greater (dg = 0250 ppm) than for 'H
(fy = 0-15 ppm) giving greater spectral dispersion. ie. the peaks for
curboms with very slight differences in chemical shifis are separated and
o nat overlap,

o "C nucki will couple with the 'H nucki 1o which they are directly
bonded. e.p CH, will appear as a quariet, CH; as a tripler, CH as a
doublet, but € with no hydrogen atoms attached will appear as o singlet.
This introduction of conplexity in the "C-NMR spectrum is removed by
‘broadband decoupling (see p. 198,
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# The peak areas of the different carbon atoms are mer refated o the
number of carbon nfoms having the same chemical shift, as in the case
for "H-NMR spectra.

Interpreting ""C-NMR spectra

Mormally you will be given two "C-NMR spectra (Fig. 29,115, The upper
spectram, which is more complex (more lines) is calbed the offresemance
decoupled spectram and  shows the PC-H coupling to enable wou
determing which carbon signals are CH;, CH;, CH and C. Then overlapping
of peaks may make the identification of different carbon atoms diffeull. The
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Fig. 20,11 "*C-NMR spectra of 1-methooypropanane: (i) off-resonance docoupled;
Hiil brosdband decoupled.

lower spectram is a browdbond deconpled spectrum in which the molacule is
irraddiated with a second radio frequency mnge for the protons in the
molecule and effectively removes all the ""C—"H couplings from the spectrum,
The resultmg smaplicity of the spectrom makes identification of the different

Mass spectrometry

Mass spectrometry (M3) involves the bombardment of molecules, in the gas
phase, with electrons. An electron is lost from the molecule o grve a calion.
the molecular jon (M*) which then breaks down in charncteristic ways to
give smaller fragments, which are cations, neutral molecules and uncharged
radicals {Fig. 30.1).

The mixture of molecular jon and fragments i accelernied to specific
velocities using an electric feld and then separated on the basis of their
different masses by deflection in o magnetic or electrosiatic fGeld. Only the
cations are detected and a mass spectrum is @ plot of masslo-charge R
{mt/z) on the x-axis against the number of jons (relative abundance, RA. %)

on the puxis. A sch i ol the of 8 mass specirometer is
shown m Fig. 3.2 and an example of a bne-graph-type mass specirom m
Fig. 30.3,

There are many types of mass spectrometer, from high-resolution double-
focusing instruments, which can distingwish molecular and frngment masses
to six decimal places. to ‘bench-top” machines with a quadrupole mass
detector which can resolve masses up to about sz = 300, but only in whole-
number differences. Routinely you are most likely 1o ercounter data from
“bench-lop’ instruments and thercfore only this type of specirum will be
comidered.

rypes of carbon in the molecule relatively easy.
The chemical shifls of "'C atoms (&} vary in the same manner as those of

Sample handling
] protane (FLg. 2013} For low-resolusion spectra obtsinablc from a *bench-top” MS, samples shoald
I dc moves downfield as the hybridizaton of the carbon atom changes he presented in the same form and quantity as demanded for gas
i i e L R G froms sp (0-30 ppan] 1o sp (35105 ppa) G sp® (100-140 ppm); chromatographic analysis (p. 2113, For high-resolation spectra conamination
2 Tor sp” hybridised carbon: d; moves further downlield with the change of any sorl must be avoided and ssmples (tvpically less than 500 ug) shoald
Fig. 28.12 wwmunln from CHjy 1o CHjp 1o CH 1o C; be submitted in glass sample tubes with screwcaps containing an aluminium-
pogltians in 3. for sp’ hybridized carbon: aromatic carbons occur further downfield fioil insert. M35 is so sensitive that the plasticizers from plastic wbes or plastic
(de = 1153—145 ppm) than alkens carbon atoms ($- = 100=140 ppm]; push-cn caps will be detected, as will contaminating grease from ground-glass
4. bonding more dectronegative atoms o carbon deshickds the carbon et joinis and taps.
atom and moves the peaks downfield, &g CHyC (dc ~ 6 ppm) and ]
CH; 0 (A ~ 55 ppm), C=C (§c ~ 123 ppm} and C=0 {f ~ 208 B S
ppm). Mass specira
‘i‘. The standard kwe-resoclution mass spectrum (Fig. 30.3) s computer
=L — O* 4 C=0 peneraled, which allvas easy comparion with Enown spectra in a computer

database for kentification. The peak at the highest mass number is the
maolecular iom (M*), the mass of the moleculs minus an electron, The peak at
RA = 100%, the base peak, is the most abundant frapment in the spectrum
and the computer automatically scales the spectrum fo give the most
abundant ion as 100%. The mass specirum of a compound gives the
following information about s chemical struetare:

# molecular ion mass, which includes information on the number of
nitrogen aloms and the presence of chlogine and bromine atoms (ses
below), - which is notl easly obtained from IR and NMR spectra;

® the most stable major fragment (base peak), which can be correlated to
the structure of the mokecule;

« other important fragment jons, which may give information on the
stnuctune

Fig. 307  Formsticn ard Iragrmaentation of a
mnlecular s (M ).
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Fig. 30.7 Comgaonants of an elactran-imgact
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Fig, 303 Mass spectrum for methanol; miz =
mass-to-charge ratio.

& ihwe detiled fragmentation patiern, which can be wsed to confirm o
structure by referencs 10 a library database, o, the ‘fingerprint’ regien in
IR spectrometry (p. 156).

Molecular ions

The ez value of the molecular ion 15 the summaton of all the atlomic masses in
‘the madecule, inchfing the nmtwrally eecurring eropes, For onganie molecules
you will find a small peak (M 4 1} above the apparent molecular ion mass
{M*} value dus to the presence of °C. The impartance of isstope peaks is the
detection of chloring and bromine in molecules since these two elements have
large natral abundances of isptopes, g *C1:Y'C1 = 3:1 and ™Be:*'Br =
1:1. The mass spectra produced by molecules containing these atoms are very
distinctive with peaks at M + 2 and even M + 4 and M + 6 depending on how
marry chloring or bromine atoms are present. The identification of the number
and type of halogen atoms is illustrated m Box 30.1.

Since the low-resalution mass spectrum produces integer values for m)z,
the mass of M* mdicales the number of nitrogen atoms in the molacule. 17
mj= for M is am ool imseger, thene is an sdd marher of W atoms in the moleculs
and. if the value is an evewn mmber, then there is an ever sumber of N atoms,

Base peak
The molecular ion M* fra 15 inte cations, radicals, radical cations and
neutral molecules of which only the posuvely charged species are detected.
There are several possible (ragmentations for each M’ bul the base peak
represents the most energericafly favoured process with the miz value of the
base peak representing the mass of the most abwndany (and therefore most
stable) positively charged species. The fragmentation of M° into the base
peak folkwws the simplified rules outlined in Bex 30.2, and for a more
delailed interpretation you should consalt the comelation tables to be found
in the specinlist texts referred fo at the end of the sction,

Fragmentation parterns

“The muss spectrum af a molecule is unique and can be stored in a computer. A
maitch of the spectrum with those in the computer Fbrary is made in terms of
molecular weight and the 10 most abundant peaks and a selection of
possibilities will be presented. Al this point vou need to correlale all the
inf fon obtained from the sp pic bechnigues described in Chaplers
26, 28, 29 and 3 together with the chemistry of the molecule o attempl o
identify the structure of the molecule.

‘When you altempt fo interpret the mass spectrum remember thai

@« Only the base peak is almost ceriain to be derived from the molecular
ion.

« Some lesser peaks may resuli from aliernative fragmentation pathways,
bun these may be uselul in assigning siructural features.

o M35 s often wsed o confirm information from 1B and NMRB spectra;
interpretation of the mass spectrum alone is very difficult, except for the
simplest molecules.

Interfacing mass spectrometry
Benchelop mass spectrometers are to be found interficed with other
amalytical instruments such as gas chromatographs (p. 215) and high-
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performance bquid chromatographs (p. 222) giving rise to the “hyphenated
technigques’, GO-MS aod LC-MS, respectively.

In both technigues the sep d compounds from the chromatograph are
sampled automatically and the mass sp of each d is
Comparson of the mass specira with a library in an ‘on-board’ dninbase
permits identification af the componerts of the mixture.

Instrumentsl tochniquas 208 204 Instrumental bechniques



n

Fig. 3.7 Adsarption chromatagraghy Ipolar
Elatignary phasa).

Chromatography - introduction

Chromatography is used to separate the individual components of & mixture

om Lhe basis of differences in their physical characteristics, e.g. molecular size,

shape, charge, volatility, solubility and o adsorption properises, The essential
components of o chromatographic system are:

& A stationary phase, where @ solid, a gel or an immobilized liquid is held
by @ support matriz,

s A chromatographic bed: the stationary phase may be packed info a glass
or metal column, spread as a thin layer on & sheet of glass or plastic, or
adsorbed on cellulose fibres (paper).

®» A mobile phase. etther a bgusd or a gas which acts as a solvent, carrying
the sample through the stationary phase and eluting from  the
chromatographic bed.

® A delivery system to pass the mohile phase through the chromatogruphic
el

® A delection system 1o visualioe the test substances.

The individual substances in the mixture interact with the stationary phase 1o
dillerent exients, as they are carried through the sysiem, enabling separation
1o be achieved.

m |umwmmuumm

gly with y phase will MMMH‘W
-mmnmmmm will pass
inirmal delay, leading to diff in i Mhdorm
timaes.
Chromatography is sub-divided according to the mechamism of i iom af
the solute with the stationary phase,
Adsorprion

chrommatography

This is a form of solid-lquid chromatography. The stationary phase is a
porous, linely divided solud which adsorbs molecules of the mixiure on its
surface by dipole dipole interactions, hydrogen bonding andjor van der
Waals” inteructions (Fig- 31.1}. The range of adsorbents = Limited o
polystyrene-hased resins for non-polar molecules and silica, aluminium oxide
and caleium phosphate for polar molecules. Most adsorbents must be
actrvated by beating to 110-130°C before use, since their adsorptive capacity
is significantly decreased if water &5 adsorbed on the surface. Adsorption
chromatography can be carried owt in column (p. 217) or thin-layer (p. 216)
form, using a wide range of erganic solvents.

Partition chromatography

This is based on the partitioning of a substance between two liquid phases, in
this instance the stationary and mobile phases. Substances which are more
saluble in the mobile phase will pass rapadly through the system while those
Mhmrﬂwmmnurphmmﬂhemarﬂﬂd[ﬁ; 3.2 In mormal
please partition wpraphy the ry phase is a polar solvent,
usually water, supported hg- a solid matrix [eg_ cellulose fibres in pape
chromutography) and the mobile phase is an mmiscible, son-polar organe
solvenl. For reversed-phase partition chromatography the stationary phase is
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a mom-polar solvent (e.g. a Cpy hydrocarbon, such as coadecylsilane) which i
chemically bomded 1o a porous support matrx (eg. silica), while the mohile
plase can be chosen from a wide mnge of polar solvents, usually water or an
agueous buffered solution containing one or more organic solvenls, eg.
acetonitrile. Solutes imternct with the sationary phase through non-polar
interactions and so the least polar solutes lute lnst from the column. Sofuie
retention and separation are controlled by changing the composition of the
mobile phase (e.g. % v/v acetoniirile). Reverse-phase high-performance liguid
chromatography (RFHFLC, p. 218) is used to separate 8 brosd range of noa-
polar. polar and jonic molecubes, including environmental compounds (e.g.
phenols) and phamaceutical compounds jeg. sterojds).

Ton-exchange chromatography ( IEC)

Here, separations are carmied out using a column packed with a porous
matrix which has a barge number of iondzed proups on its surfaces, Le the
statlonary phase is an jon-exchange resin. The groups may be calion or anion
exchangers, depending upon their affinity lor positive or negative jons. The
net charge on a particular resin depends on the pK, of the ionizable groups
anl the pH of the solution, m accordance with the Henderson-Hasselbalch
equation (p. 58

For most practical applications, you should select the ion-exchange resin
and buffer pH s0 that the st substances ane strongly bound by slectrostatic
attraction o the ion-exchange resin on pussage throegh the system, while the
other components of the sample are rapidly eluted (Fig. 31.3% You can then
elute the bound components by raising the salt concentration of the mobilke
phase, either slepwise or as o conlinuows gradient, so that exchange of ions of
the same charge occurs at oppositely charged sites on the siationary phase.
Weakly bound sample modecules will elute first, while more strongly bound
molecules will elute at o higher concentration.

Computerscontrolled gradient formers are available: i twoe or more
components canndgd be resolved using 8 linear salt gradient, an sdapted
gradient can be wsed in which the rate of change in salt concentration is
decreased over the mnge where these componenis are expected o elute. 1EC
can be usad to separate mixtures of a wide range of anionic and cationic
compoands, Electrophoresis (Chapier 33} is an aliernative means of
separating charged molecules.

el permearion chromatography (GPC) or gel filtration

Here, the stationary phase is in the form of heads of & cross-linked gel
contnining pores of a discrete size (Fig. 3140 The size of the pores i
controlled 5o that at the molecular level, the pores sct as “pates” that will
exclude large molecules and admit smaller ones (Tahle 31.1). Howewer, this
gating effect is not an all-or-nothing phenomenon: molecules of inpermediate
size partly enier the pores. A column packed with such beads will have within
it twin effective volumes that are powentially available to sample molocules in
the mobile phase, ie V. the volume surrounding the beads and V. the
volume within the pores. If a sample is placed at the top of such a column,
the mohile phase will carry the sample components down the colummn, but ot
different rates according 1o ther molecular stze. A very large molecule will
have acoess to all of ¥ but 10 none of P and will therefore elute i the
minimum possible volume (the ‘void volume', or Mo equivalent w Fgh A
very small molecube will have acoess to all of ) and all of ¥, and therefore it
has 1o pass through the wotal liguid volume of the column (¥, equivalent o



Chromatography - introduction

Twhin 21,7 Fractionation ranges of seloctad
GPC media

50-1000 Senhadex G15. Biogel P2
105 00O Sephadax G-25

A500-30 000 Sephasdex G-50, Biogel P-10
4 000-150 000 Sephadex G-100

Sephadox G-200
20000-1500000  Sephacryl 5 300
BOO0-20 000000 Scephaross 2B

Biaspecific used in
affinity chromatagraphy include;
e il oraeafactonsf -
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Fig. 315 Alinity chromatography.

¥y + ¥ before it emenges. Molecules of intermadiate size have asoess 1o all
ol ¥ bul only part of ¥, and will elule at a volume between Py and ¥, in
order of decreasing size depending on their access o .

Cross-linked dextrans fe.g. Sephadex™), agarose (e.g. Sepharose™) and
polyacrylamide (eg Bio-gel™) can be wied 1o separate mixiures of maceo-
maolecules, particularly enocymes, antibodies and other globular proleins,
Selectivity in GPC is solely dependent on the stationary phase, with the mobile
phase being used solely o transport the sample components through the
column. Thus, il B possible (o estimate the mobecular mass of a sample
companent by calibruting a grven column using molecules off known malecular
s amd similar shape. A plot of dution volume { Fy) against logy, molecular
miass is approximaiely linear, A farther appheation of GPC is the general
separntion of components of low molecular mass and high molecular mass,
e.g “desalting’ a protein extract by passage through a Sephadex™ G-25 column
is faster and more efficient than dialysis.

Affinity chromatography

Affinity chromatography allows biomolecules 1o be purified on the basis of
their hiological specificity rather than by differences in physico-chemical
properties, and a high degree of purification (more than 1000-fold) can be
expected. It is especially uselul for isolating small quaniities of material from
large amounts of inating The 1 i imvolves the
immashil of a T tary banding {the ligand) anio o
solid matrix in such o way that the specific hinding affimity of the ligand is
preserved. When a biological sample is applied 10 &8 column packed with this
affinity support matrix, the modecule of interest will bind specifically 1o the
ligand, while contaminating substances will be washed through with the
buffer (Fig- 31.5). Elution of the desired molecule can be achieved by
changing the pH or ionic strength of the bulfTer, 1o weaken the non-covalkent
interactions between the molecule and the ligand, or by addition of other
substances that have greater affinity for the ligand.

The chromatogram

A plod of the detector response present at the column outlet a5 o fanction of
time is called a chromatogram (Fig. 31.6). The time from injection of the
sumple until the peak elwies from the column is called the retention time, ..
The amount of compound present for a given peak can be quantified by
memesuring the peak height or area (most wseful) and comparing it with the
response for 8 known amount of the same compound.

The aim of any chromatographic system i8 (0 resolve o oumber of
components in a sample mixture, Le. o ensure et individual peaks do not
overlap or coincide. To achieve this you need to consider severn] important
factors: capacity factor, sepummtion factor or sclectivity, column efficiency and
asymmelry [aclor,

Capacity factor, &' This is 8 more useful measure of peak retention that
retention time, as it & independent of column length and fow rale To
cabulate k' you need to measure column desd time, ¢, This is the time it
takes an unretxined component o pass through the column without any
imieraction with the stationary phase. 1t is the time taken from the point of
sample injection until the first dsturhance in the hase Ene caused by the
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Fig. 31.8 Pesk charpcteristics in 8
chromatographic separation, iLe. a
chromatagram. For symbols, see egre [31.1]
ard [31,3],
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unretained component. The capacity factor for other components can then be
caleulated secording 1o the following equation:

k,:fgr—l'n [311]
Separatiom factor, @ The scparation factor, or selectivity, identifies when the
peaks due relative to cach other. It i3 defined For two peaks as the ratio of
the capacity factors (£} = k)

- Ky fa=1

- Fl - fr.J——Tn 3.7
where I anmd 1.3 are the retention times of peak | and peak 2, respectively.
1If two peaks are present the wparation (actor must be greater than one to
achieve an effective separation.

Colwmn cfficlency (plate nomber), N An additional parsmeter wed to
charactenize a separation system is the plate number, N It represents, in
general terms, the narrowness of the peak and s ofien caleulated as Follows:

f 3
N-E.M( ' } By
W

where I, is the retention time of the peak and wy s is its width at one-half of
its height (Fig. 31.6).

For @ compound emerging from o column af length L, the number of
thenretical plates, ¥, can be cxpressed as

N=— 24

where i is the plate height (or heighl equivalent to a theoretical plate). In
generul, chromategraphic columns with larger values of & give the narmowest
peaks and generally betier separation,

Asymmetry factor, 4, The plate number, ¥, assumes that the peak shaps is
Gaussian, bul in practice this is rare. It is more likely that the peak is
asymmelrical, Le. it “wils’. This is quantified using the asymmetry factor, 4.,
calcubated as shown in Fig. 31.7.

A wertical line is drawn between the peak maximom and the base Hve. AL
10% of the peak heighi, the width of the peak to the leading edge and the
trailing edge is measured (@ and b in Fig. 31.7). The asymmetry factor is then
caloulated as follows:

b
Ay== 31
i [31.5]

In peneral. A; values betwesn 0.9 and 1.2 are acceptable, If A, = | peak tailing
is in evidence; if 4, < | peak fronting i evident. The practical impact of peak
tailimg or fronting is that adjacent peaks are nod as well separated as they would
b i they were symmetncal, kading o difficulties in peak quantitation.

Resolution

It is often important to be able 10 separate a larges number of compounds, A
visual imspection of the chromatogram (Fig 31.8) will usually indicate
whether the sepamation is appropriate. 11 is desirable that the valley between
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Fig. 318 Inflisence of &, 2 ard N on
resolution.

adjoining peaks retumns to the base line and resolution B a guantitative
measure of the scparation. The influcnce of &, = and & on resolution. R, is
shown in the fellowing expression:
AN o 4 - a=]

4 K+l x
Three conditions must be satisfied in order 10 achieve some degree of
resalution:

1. Peaks have to be retained on the column (& = 0).

2. Peaks have to be separated from each other (x > 1)

3. The column must develop some minimum valwe of ¥

These different effects and thesr mfluence on resalution are shown in Fig.

319, using high-performance liguid chromatography (HPLC) as an example
{see Chapter 32).

R= [31.6]

1. Initinl conditions result in inadequate separation of the two components.

2, Effect of varying the capacity factor, &' from an initial mobile phase
of 501% methanal : 5% water (v/v) two scenarios are possibile. Firsily,
on the lefi-hand side, the influence of increasing the percentage of
organic solvent (70% methanol: 30% wiler) allows a fuster through-
put, but the peaks are wnresolved. Secondly, on the right-hand side,
the percentage organic solvent is redoced (3% methanol : 70% water)
allowing the components to remain in the sysiem for & longer time,
giving some scparation, but causing peak broadening. This is the
casiest change 1o make and will affect resolution. As a guide. & two- 10
three-fold change in &' will result for each 10% change in mobile phase
composlion.

3. EfMect of increasing the plate number, N reducing the particle size of the
HPLC packing from 5 gm to 3 jom allows & more efficient separation. It
should be noted that the reiention times of the peaks are not aliered
{from the initial chromatogram) provided the stationary phase is not
altered. Alternatively N can be increased by placing columns in series
with ome another. However, you should note from egn [31.§] that R has
A square-root dependence on N, ie. a four-fold increase in N is required
to double 8.

4. Imcrease separation factor, = resolved peaks can be ohtained by
changing the mobile phase (e.g. methanol to acetonitrile) or the column
stationary phase (eg Ci to Cgl Unfortunately this is the least
prediciabl: approach.

Detectors

Adfter separating the components of the mixture it is necessary to detect them.
A description of a range of detectors suable for chromalography is
described in Chapler 32, As chromatography is oflen used as a quantitative
technique it is essential to be familiar with the following terms:

o Unmiversal derector: this responds 1o all compounds eluting from the
column, irrespective of their composition.

®  Selective/specific delectar: this responds fo cerfain elements or functional
groups, This is & useful approach if the components of the mixture are
known,
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Semsiztviry: the ratio of detector signal to sample size (or deteclon response
per amount of sample).

Minimam derecioble level (MIDL): the amount of sample in which the
peak height is at least twice the noise height.

Linear dynamic range: the conceniration range of the sample that is
detectable and where the detecior response is linear (hetween the MDL
and detector saturation).
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Fig. 321 Components of a GC system,

Types of capillary columns
& ‘Wall-coatad open tubular (WCOT)

on solid support attachad to inside
wall of column.

# Porous layer open tubular [PLOT)
salid stationary phase on inside MI
of column.

Applications of gas—ligusd
chromatography — GLC is used 1o
separata volatile, non-polar compounds:
substances with polar groups must be
comvered to less polar derivatives prior
e analysls, in crder to pravent adsooption
on the column, resulting in poar
resalution and peak tailing.

Analysing compoinds by GO in the split
mode — make sure no hamandous
materials enter the labaratory
through tha split vent. A
charcoal split-vent trap may be reguined
o eliminate potential hazards.

Gas and liquid chromatography

Gas chromatography

In gas chromatography (GC), a gaseous solute {or the vapour from a volatile
liquid) is carried by the gaseous mobile phase. In gas-liquid parition
chromatography. the stationary phase is 8 pen-volatile liquid coated on the
inside of the column or on a fine support. In gas—solid adsespibon
chromatography. solid particles that adsorb the solute act as the statonary
phiase.

The typecal components of a gas chromalograph ane shown in Fig. 321 A
wodatile Bquid i injected throsgh a seplum imlo a beated port, which
volatilizes the saumple. A gaseous mobile phase corries the sample through the
heated column, and the separmaied compopents are detected and recorded.
Two types of columns are available: packed and capillary. Open tubular
capillary columns offer higher resolution. shorter analysis time and greater
sty than packed columms, bul have lower capacity [or the sample.

Sample injection

Samples are injected omto the Hop’ of the column, through a sample inpection
port containing a gas-light seplum. The twoe common sample inpection
mithods for capillary GC are:

I Split/splithess injector: in the split mode only a portion of the injected
samphe (ypically. | part in 50) reaches the columa. The rest is venled 1o
wasle. A splil ingector is wsed for concentrated samples (= 0.1 mgml.~"
for FID; see p. 215). In the splitless mode all the sample volume injected
passes through 1o the columa. [Lis used, in this mode, for trace samples
{= 0.1mgmL~" for FID¥).

Cold on-column injector: all the sample is injected onto the column. It is
used for thermally unsiable compounds and high-boiling solvenis

]

In both cases a syringe (| pL) B wsed o inject the sample. Examples of ssch
type of injection system are shown in Fig. 322, The procedure for injection
of a sample is shown in Fig. 313, In Fig. 323a the syringe {see p. 213) is
filled with the sample/standard solution (ypecally 0.5 gL). Then the outade
of the syringe i wiped clean with a tissue (Fig, 32.3%h). The syringes is placed
mia the imjector of the gas chromatogrph (Fig. 32.3c) and, finally, the
plunger on the syringe is depressed to inject the sample (Fig. 32.3d). The
procedure for the preparation of a series of calibration solutions is shown in
Box 32.1.

The column

Maodern GC uses capillary columns (internal diameter 0.1-0.3mm) up 10
6iim in kength. The stationary phase is penerally a cross-linked siboone
polymer, coated as a thin film on the inner wall of the fused silica (Si0;)
capillary: at normal operating temperatunes, this behaves in a similar manner
to a liquid flm, but is far more robust. Cammon stabionary phases for GO
are shown i Fig. 32.4. The mohile phase {"carrier gas’) is usually rrjlr\:.l_lcn or
helium. Selective separation is achieved as a result of the differential
partitioning of individunl compounds hetween the carrier gas and silicons
polymer phases. The separation of moss organic molecules is infuenced by
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How to prepare a set of Tive calibration

Assuming that we are starting with a 1000pgmL-"
stock solution of a particular organic compound, eg.
Zchlorophanal, then you will need the Ffollowing:
&« 1000mL grada A volumetric flasks and a syringe
A0-100.00 uL 1.

1. Ensure that all the glassware is clean (sae p. 130,

2. Add = 3L of organic salvent, .9, dichloramathane,
toa 1000 mL with dichloromethane,

3. Quantitatively transfer 20.004L of the stock
solution into the 10.00mL volumetric flask. Inject
the solution from the syringe below the surface of
the dichloromethana. Then, dilute to 10,00 mL with
dichloromathane.

4. What is the concentration of this new solution?
Remember that we started with an  nitial
1000 sgmlb ' 2chlarophanal stock solution.

=] o perge
7 == ek
anplen
sasiy |
L -
P ot e
I
s . |
|
— 12 ph? e

slutions in the concentration range =10 g ml

‘"":;_“‘9 20 % 10 ml ~ 2041 2-chlaraphenal
13211

50 20 g 2-chloraphenol was placed in the 10.00mL
volumatric flask, 5o,

Wpg _ =
TomL 2pgml l—d‘lﬂmphﬂml [32.2]

You now have 8 2 g mL ™" calibration solution of 2-
chloraphenol.

Similarty transfar 0, 40,00, 60.00, 80000 and 100000 L
volumes into separate volumatric asks and dilute 1o
mummmmmum;ns
and 10 jag miL—* 2-chiorophenel calibration

Tﬂlhﬂ.ﬂ,l,'.i.ld'lﬂ,u‘lll.‘ 2-chlorophenod
calibration 1o the ch tegraph for anal-
o
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Fig. 32.7 Sample intradustion in GC: al spliveplitess injector; (b) on-column injecior.

the temperature of the column, which may be constant during the amalysis
(Yisothermal’ — usually 30-250°C) or, more commonly, may increase in 2 pre-

programmed manner {e.g. from 50°C to 250°C at 10°C per minute)
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i 30w s D8 mm L

1 n Fig. 32.7 Sampla Injection in GC. (al Fill the syrings, (b} wips clean the outside of
Thea syrinpe nesdle, {cl place the ayrings nesdle iro the injector and (di depress.
the plunger on the syrings 1o injsct the sampla.

[T e —
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- - - - : J - Fig. 324 Common stationary phases for capillary GC.
« 8 70| W M

L Selectling an approprizte column for cupillary GC is a difficult task and
Fig, 32.8 Influence of BC column intemal one which B usally lefl 1o the technician. However, it is imporiant 1o be
dismeter on ssparation: 1. phenol; 2. 2- aware of some peneral ssues and what influence they cin have on the
chiorophencd; 3, Z-nitrophanal; 4. 2.4 separation. The column internal dameter can alfect both resclution and
d'mm ":"f‘;"""mmﬂ .-nuL speedd of analysis. Smaller internal diameters colamns (0.25mm id) can
B.za—dlnhmmnml a. l—nllr.:‘ur 'L I “_“1_' provide good resolution of early eluing peaks (Fig 32.35a). However, the
1,6-dinitrophencd; 11, problem is that the analysis tmes of the cluling components may be longer
pamachiorophenol. and that the ncar dynamic range (see p. 210) may be restricted. In contrast,
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Fig. 326 Influnrcw af calumn langth on analyais tima, Analysia of phenols under isathermal conditions: 1. phanol; 2, e-cresol; 3. 2.6-
wylancl; &, p-présol: 5. r-crasal; G oethyliphencd; 7, 2 4-xylenal; B, 2.5-xylenol; 8. 2 3-xylanal: 10, p-athyip ; 11, m-athylp 12,
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Fig 327 Irflsence of column kength on anabysis tima. Analysis of bacterial ackd methyl esters under temperature-programmssd
conditions.

larger internal diameter columns {0,533 mm id.) provide less resolution for
early eluting compounds (Fig. 32.5b), bui this is reflecied in shorier analyss
times and a greater linear dynamic range (see p. 2000, This type of column
may provide sufficient lution for the bysis of plex mixtures. Fig.
32.5 illustrates the effects of column internal diameter,

Another important cofumn effect is the length of the column and the
influence this can have on the resolution of eluting components. 1 was
previously shown (p. 208) that resolution was influenced by &, o and ¥
Substituting eqn [31.4] inte egn [31.6] produces the following equation:

1 & -l
E‘/;”rﬁ" x L
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Fig. 329 Companants af an skactron capture
detector (ECDL

The importance of this equation can be shown by comsidering the influence
an resolution, B, of column lengih, L. Under sothermal analyais conditions,
iLe. the syme column temperature, the retention of eluting compounds s more
dependent upen column length. For example, dowbling the column length
doubles the analysis times and increnses the resolution by 41%. This is shoan
in Fig. 326 for the analvsis of phenols. In contrast, under temperaiure-
programmed analysis, eg. 130°C to 230°C at 4°Cmin~'. the retention time
ol cluting components is more dependent on temperature. For example.
doubling the column length has minimal elfect on analysis tmes. This s
showm in Fig. 32.7 for the analyss of bacterial acid methy] esters.

GC detectors

The output from the GC column is monitored by a detector, The most
commonly wsed detectors for GO analysis of organic molecuks are as
Tolbows.

The fame ionization detector (FID) & particularly useful for the analysis
of & brond mngs of organic melecules. It involves passing the exil gas stream
fram the calamn through a hydrogen flame that has a potential of more than
100V applied across it (Fig. 328). Moest organic compounds, on passage
throwgh this flame, produce ions and electrons that create a small current
across the chectrodes, and this is amplified for measurement purposes. The
FII} is very sensitive (Lypically down 1o = 0.1 pg). with a linear response over
a wide conceniration range. One drawback s that the sample is destroved
during analyss.

The thermal conductivity detector (TCD) is basad on changes in the
thermal conductivity of the gas stream brought about by the presence of
separabad sample molecules. The detector elemenis are (wo electrically heted
platinum wires, one in a chamber through which only the carrier gas Nows
ithe reference detector cell). and the other in a chamber that takes the gas
Neve from the column (the samphe detector oell). In the presence of & constant
gas fow, the temperature of the wires (and therefore their ehoctrcal
resistines) is dependent an the thermal conductivily af the gas. Analyles in
the pas stream are by bemy pes i
based on the thermal conductivity of each szpnrur.td mobecule; the siee of the
signal is directly related 1o concentration of the analyie.

The advantages of the TCI include its applcability to a wide range of
organic and inorganic molecules and its non-destructive natwre, since the
sample can be colketed for further stedy. [is major Emitation is its low
semsitivity (down 1o = 10 ngh, compared with other systems.

The electron capture detector (ECD) is highly sensitive (Fig. 32.9) and is
uselul for the detection of certam compounds with electronegative funciional
groups, eg. halogens, peroxsdes and quinomes. The gas stream from the
wolumn passes over a f-emitler (p. 235 such as **Ni, which provides electrons
that cause wnization of the carrier gas (e.g. nitrogen). When carrier gas alone
is passing the S-cmitter, its iondzation resulis in a constant current flowing
between two elecirodes placed in the gas flow, However, when electron-
capturing sample molecules are present in the gos Aow, & decrease in current
is detected. An example of the application of the ECD is in detecting and
quantifying chlorinated pesticides.

Mass spectrometry {see alse p. 200) used in conjanction with GC provides
a powfl.l iool for sentifying the components of complex mixtures, e.g.
en | palk synik products, ete. (Fig 3210} The procedure
raq'uq'rﬁ. computer control of the instrument and for dala storge ‘analysis.
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Fig. 32 70 Schematic diagram of a GCME
instrumant.
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Fig. 32,77 How to make microplpenes.
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Compounds eluting [rom the eolumn are bombarded by electrons (electron
impact, E1, mode) causing fra jon and production af charged species.
These charged species are sef by the mas spec on the basis of
their mass-to-charge ratio, lons passing through the mass spectrometer are
detected by an electron multiplier tube. The mass spectrometer can be wsed in
two modes: total ion and selected ion monitoring. In the former mode, the
complete mass spectrum of each of the components of the mixture eluting
from the column is recorded. In the latter mode, only lons of specified mass-
li-charge rutios are detected. Selectsd jon monitoring offers  increased
sensitivity and selectivity.

Liquid chromatography

The basic chromatographic system comprises & stationary phase (adsorbant),
usually alumina, silica gel or cellulose, through which a mobile phase travels
({elutes). Separation of a mixture of compounds is achisved by & combination
of the difening “sdsorption” and solubility characteristics of the compoments
on Lhe stationary phase and in the mobile phase respectively.

Liquid chromatography is used both as an analytical method w determine
the complexity of mizures and the purty of compounds, and as a
preparalive sysiem for the separation of mixtures, Liguid chromatography is
divided info two general Lypes

1. Thin-layer chromatography (TLC): in which a glass or plastic plate is
coated with a thin layer of the stationary phase and the mobile phase
asvevsts Lhe plate by capillary action. TLC iz essentially an analytieal toal
and preparative TLC has been largely ded by Mash oh
graphy.

2. Column chromatography: in which the stationary phase is packed into 2
glasx column and the mohile phase is passed dows the column, either by
gravily {gravity chromatography) or under low pressure from a pump or
nitrogen cylinder (flash chromatogruphy). These are the preparative
sysbemis.

Thin-layer chromatography

The essentinl components of u TLC system are;

® The siationary phase comprising the layer of adsorbant on a solid backing
the chromatoplate. Aluminium or plastic-backed chromatoplates are now

the norm having replaced glass plates, which needed to he prepared ‘in-
house”. The chromatoplates (20cm = X)cm) can be cut down to the more
wseful size (lem = Sem) for analytical work, using & puillotine, The
adsarbant ofien contains a Muorescent compound (ZnS) 1o enable
visualization of the compounds after elution,

& The development tank: for plotes of (2cm = $oem) o clean, dry beaker
(100 mL} covered with a watch-glass is ideal. The eluting solvent ghould
be about 3mm deep and flicr paper should be placed in the tank w
saturate the tank atmosphene with solvent vapowr (Fig 32000

# The application sysicm: 8 micropipetic of 4 microsynnge to place the
solution of the mixture on the chromatoplate. Maeropspettes (Fig. 32.12)
are the more common and Box 322 gives the instructioms for their
preparaiion.

® The eleent: finding the eluent, which will give the best separntion of the
components of the mixture, is by experiment — you may need o try
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1. Heat the middle of an open-ended malting point 3. Allow the tube 1o cool and then braak in the cantre

tube a8t the tip of the hot flame of & microburner
until it begins to sag. If the melting paint tube is
saaled at one or bath ands, carefully break off the

soaled and(s)

of the capdllary. You now have two micropipettes. If
the capillary is too long, break it near to each pnd
and immediately dispose of the fine waste glass inta
U tha broken-glass bin. Do not lesve the waste glass

ring glowes for pr

2. Duickly remove the tube from the flame and pull

on tha laboratory bench.

gently, forming a short capillary. Do not pull the 4. Make at least 10 micropipettes and stose them ina

tube while it is in the flame,

Flnding an abugnt - & madium-polarity
solvanl such a8 dichloremethans {DOM)

i penerally & good starting point.

Tabiw 32.1 The aliAropic sediss of solants Tor
chramaragraghy

MNon-polar Light pefroleum ib.pt. 40-60°C)
Cyelohaxana
Taluang
Dichloroemsthane
Dt vpherthamr {ethiery
Exhd athimnaate {athyl acotate)
Propanone (scefone)
Ethanpéc acid lacetic acid|
Polar Mathianal

Salety note  Greal care must be taken
wihen using UV light. Do not look directly
&t the UV source and wear gloves il you
put your hands into the UV cabinat.

"
E;!n:rl-r+- T
e ——

Fig. 3213 A thin-layer chromatogram.

plastic-cappad sampla tube for future usa.

several solvents of dilfering polarity (Table 32.1) or mixtures of solvents
o find the best eluent.

® A wpualistion sysiem 1o be able 1o e colourdess separated components
on the chromatagram. If the plate contains a Meorsseer, it can be viewed
ungler UV Fight (4 = 254nm} in a special box or cabinet, The ZnS in the
sationary phase fluoresces green, whereas the “spots’ of separnted
compouands appear dark, Aliernatively, the plite can be placed in a sealed
jar containing a few iodine crystals. The iodine vapour stains the plate
light brown ard the “spots’ dark brown

You can express the movement of an individual compound up the TLC plate
10 Lerms of its By (relative frontal mobility) value, whene:

Ry = distance moved by compound distance moved by solvent [31.4]

The Ry value is a constant for a particular substance and eluent sysiem on a
specific stationary phose, bw variations in chromatographic conditions
adsorbant, eluent {in  particular solvent mimtures), tEmperature  and
atmosphere make the application of & values 1o absolue identificion
rather problematical. Usually an aothentic sample B nun alongssde the
unkpowns in minture (Frg. 32.13) or on lop of the mixiure - *double
spiing’ — as shown in Fig. 3214, to enable entification. The general
procedure for running a TLC plate is deseribed in Box 32,3,

Colurmn chromatography

This is used for the preparative scile srparation ol mixtures of compounds.
There are many varations in detail of equipment and techmigue such as
column ivpe, column packing. sample applicaon and [raction collection,
many of which are a matter of personal choice and apparatus available,
I'ypical arrangements are shown in Fig. 3215 and for o detailed description
al these vamations you should consult the spe st fexis such as
Ermnglon (1997, p. 163), Harwood e of (200, po 175) and Fumiss o af
(1989, p. 209).

Ciravity chromatography is usad to sepamite the components of & mixture
which have a difference in Rr value of at least 0.3, Flash chromatography.
because of the smaller size of the adsorbant particles, is more effective
separiling mixtures componenis of ARy = 0,15 and is also faster

Before attempting a pr o
by column chromatography, you must always analyse the mixture hr
TLE to establish the stationary phass and solvent paramaters for sffec-
tive separation and to determine the &) values of the components,
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Hows to run a thin-layer

1. Prepare the TLC development tank using & clean,
dry beaker, a5 shown in Fig. 32.11, and allow it to
equilibriate for 10 minutes,

2. Prepare the plastic-backed TLC plate by drawing a
fine line ithe basae linel in penci about 1om above
the bottomn, Take care not to scrape off any of the
statlonary phasa, Put threa pencil dota on the bage
lina - one in the centre and the others equidistant
on either gide, bul no closer than Imm 1o the
edges of the plate,

3. Dissobve the minture [1-3mg| in two or threa drops
of a suitabla volatile sobvent (dichloromathans or
athar are the most commonl, in 8 small sampde tube.

4. Dip the tip of a mier nto the solution and
capillary action will draw tha solution into the
pipatte.

5. Touth the tip of the micropipette onto one of the
pencil on the base line. Capillary action will
drawr the sslution from the micropipette anto the
plate a5 a spot. Do not allow the spot be more than
2mm in diameter. Pui the micropipette back indo
the sample tube containing the mixture.

6. Spot other samples [2.g. reference compaunds) onto

the plate as appropriata, using a new micropipetts in
aach case.

7. Evaporate the solvent from the plate by waving it
in the air, holding the plate by the adges.

8. Lower the plate into the developing tank, holding
it by the adges and make sure that the slwant does
nof cover the base line. i it does, discard the plate,
prepare another and empty some elusnt from the
tank,

8. Put the lid on the tank and allow the sluent to rise
up the plate to about 1cm from the fop of the
plata.

10, Remove the chromaioplate from the tank and
quickly mark the height reached by the eluent,
using & pancil.

11, Wave the chromatoplate in the air to avaporate
ﬁlaulmmfmmlfmﬂala.

12, Visuali . by il pl e
dl'l'dmn-hphu in the UV cabinet and using a
pancil to draw round the spots [remembaer to wear
gloves when your hands are in the UV cabinefl or
putting the plate in the lodine jar umtil the dark
spots develop.

Problems with thin-layer chromatography

Cartoading the chromatoplate with sampla, TLC & an
extremely sensitive technigue and It is easy to put teo
much sample on the plate. The sample solution must
not be too concentrated and you must not repest

plate. Dilute the solution or don't put 5o much on the
plate.

Putting the spots of sample too close together. The
separated spots ‘hleed” into each other and you can't
tell from which sampla they criginate.

Futting the spots too close to the edge ol the plate.
This results in inasccurate B values (spots travel faster
up the edge of the plate] and “bleeding’.
Contarnination, which produces unexpected spots.

um“uwummumu-
and use a fresh g

High-performance liquid chromatography

High-performance Bgukl chromatogrphy (HPLC) wses high pressure to
lorce the mohile phase through a closed column packed with micrometre-
sized particles. Thas allows mapid separntion of complex mixtures. Several

Safety note  lodine vapour is ioxic and
1he koding tank should ba stared in the
Tume supbonrd.

eperaling modes of HPLE are possible (see also p. 265 These are:

= MNormal

phase (WPHPLCYE the sample should be soluble in a
hydrophobic solvent, €@ hesane, and should be pod-wonic.

phase is non-polar while the stationary phase is polar, e slica, cyano,

UV vigualization — if you use an eleant amino.

such as toluane, which absorbs in tha UY #» Reversed phase (RPHPLCE the sample should be soluble in water or a

regian, you mugt allow all the aluent 1o polar org
evBporate or you will see onty & dark
platy.

{octyl). phenyl.

18 Instrumantal WeemniGuas

The mobile

c solvent, e.g. methanel, and should be non-ionic. The mobile
phase is polar while the stationary phase is non-polar, &g, C18 (0DS), C,
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— e Size exclusion chromotography (SECk this is used when the major
Hrol difference between compounds in o mixture is their mekcular weight. It is
normally used for compounds with molecular weights preater than 2000 b
o o HEfA-RASZY s » 8 The mobike phase should be a strong selvent for the sample. Agquesus :
ELLEL ] SEC i called gel filtrtion chromatography (GFC) and is used for
n—— separation of proeins and other biomolecules, while orpanic SEC is
'] B A AeB B A A+E B called gl permeation chromatography (GPCy and 5 used for the
& s P separation of polymers.
» [on exchange chromotography (IECE: it is used when compounds are ™
Fig. 32.14 Double-spotting technigue: () iome, or polentially ionic, eg. anions, calions, organc ackds amd hases,
compaunds A and B with dloss A, values; (b amino acids, catecholumines, peptides. The mobile phase is typically
:m‘a’:‘: f‘;‘l;”: W;""‘“ that A ”'::;" buffer and the choice of pH is critical. Two types can be differentinted:
that & and B mm;-wn-;-u s SAX (strong-anion exchange) and SCX (strong-mtion exchange).
The essential components of an HPLC system are a solvent delivery system, a
method of sample introduction, o column, a detector and an associated
readout device (Fig. 32.16),
Salvent delivery system
This should kil cenain requirements:
(] L]

It should be chemically inen

Codumn chromatography: (ad

hvy; (b flaesh chiro

gravity

.
® i should be capable of delivering a wide flow-rate range.
e 1 should be able 1o withstand high pressures.

® i should be able 1o deliver high flow-rate precision.

® [ should have n kw infernal vilume,

& [ should provide mmimum flow pulsation,

Although several svabems are available that meel these requirements, the most
common is the reciprocating or piston pump, The choice of solvent defivery
sysbem depends on the iype of separation 10 ke performed:

® lsocraiic separalion: a singhe solvent (or solvent mixture) is used
throughout the analysis,

& Gradient cution separation: thee composiion of the mobile phase is
altered using a microprocesor-controlled gradient programmer, which
mixes appropriate amounts of two different solvents 1o produce the
roquired gradicnl.

The main advaniapes of gradient HPFLC are that you can control mobile
phase compaosition. This allows vou 1o resolve closly related compounds and
provide [aster elution of strongly retained compounds therehy producing
reduced analysss times and faster method development time, However, these
advantages have to be d with some disad such as the initial
higher cost of the eguip compared with an & ic syslem. Alse, after
each pradieni run, a re-equilibration of the system is required to return 1o the
mitial mobile-phage conditions.

Sample introduction

The most common method of sample introduction in HPLC s via a rotary
valve, e.g. 8 Rheodyne™ valve. A schematic disgram of & rotary valve is
shown in Fig. 3207 In the load position. the sample is introduced vin o
syringe to fill an external loop of volume 5, 10 or 20ul. While this ooours,
the mobile phase passes through the valve to the columm. In the inject
position, the valve is rotated so that the mobile phase s diveried through the
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Fig. 5218 Sample injection in HPLC.

sampe loop, thereby introducing a reproducible volume of the sample into
ithe mobdle phase. The procedure lor injecison of a sample B shown in Fig.
3118 In Fig. 32.18a the syringe (see p. 11) is filled with the sample/standard
solution {typically 1 mL). Then the outside of the syringe 5 wipsd clean with
a imsue (Fig. 32.18b). The syringe is placed into the Rheodyne™ injector of
the chraomatograph while in the “load’ position (Fig. 32, 15c) and the plunger
om the syringe is depressed to fill the sample loop. Finally, the position of the
Rheodyne™ valve is switched 1o the ‘imject’ position Lo introduce the sample
inler the chromatograph (Fig. 32.18d) and then the syringe is removed from
the mpection valve. The procedure for the preparation of o series of
calibration solutions is shown in Box 32.1.

The column

This &5 usually made of stainless steel, and all components, valves, cte., are
manufactured from materials which can withstand ihe high pressures
imvolved. The meost common form of liguid chromatography is reversed
phase HPLC. In RPFHPLC the most common colums packing material
comsists of Cjp or octadecylsilane (ODS) A chemically bonded statbonary
phase is shown in Fig. 3219 However, some of the surface silano] groups
remain unaffocted. These unreacted groups lead 10 undesirable chromato-
graphic effects, such as peak tailing (p. 208). One approach to remove the
unrcacted silanod proups is end capping. In this way, the silanol group &
reacted with a small silylating group, eg inmelthvichlorosilane. An
aliernative approach to nulkfy the action of the slanol groups is o add
triethylamine 1o the mobile phase, which modifies the silica surface while in
e,

HPLC detectors
Maost HPLC systems are linked 10 a continaous monitoring detector of high
semsitivity, eg. phenols may be detected spectrophotometrically by
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momitoring the absorbance of the eluent at Z80nm as it passes through a Mow
cell, Other detectors can be used o measure changess in Muorescence, current
ar potentinl, ns described below. Most detection systems are non-destructive,
which means that you can colkxt eluent with an automatic fraction collsstos
for farther study.

UV visible detectors are widely used and have the sdvaniages d‘m[iliry_
sensitivity and stability, Such detectors are of two tvpes: lined wavelengih and
variahle wavelengih. Fined-wavelength detectors are simple fo use, with low
operating costs. They usually contain a mercury lamp as a light source,
criliing a1 several wavelengths between 234 nm and 578 mm: a particular
wavelengih 8 selecied using suitable cutofT filiers. The most frequently ussd

war pihs for analkyvsis of organic molecules wre 258 nm amd 280 nm. Viriable
wavelength detectors use a denterium bmp and a continuously adjostable
monochromator for wivelengths of 190-600nm. For both types of detector,
sensitivity is in the absorbance range 0.001-1.0 {down te == | ng), with noise
leveds @s low as 4 = 107%, Note that sensitivity is partly infloenced by the path
length af the Mow cell (typically 10mm), see Fig. 32.20. Manitoring at shorl-
wavelength UV {eg. below 240nm) may give increased sensilivity bui

Gas and liquid chromatography

all constituents

Mnss spectrometry (p. 20M) used in il ion with chr eruphi
methods can provide a powerful 1ol for identifying the components of
complex mixtures, ¢.g. pharmaceuticals. One drawback is the limated capacity
of the mass spectrometer — due to its vacuum requirements — companed with
the valume of material leaving the chromatography column. Similarly, in
HPLL, devices have been developed for sobving the problem of large sehent
valumes, e.g, by splitting the cluent from the column s only & small fraction
renches the mass speciromeier

The computer-generated outputs from the mass spectrometer ane similar to
chromatograms  obtained  from  other  methods, and  show  peaks
corresponding 1o the elation of paricular components. However, it is then
passible 1o select an individual peak and obtain a mass spectrum for the
component in that peak to asd in ns ideniification (p. 200). Ths has belped
o idemily hopdreds of components present in a single sample, mcluding
flavoar moleculs in food. drog metabolites and water pollutarts.

Recording and interpreting chromaiograms
For analylical purposes. the detector ouwtput is usually conpected to a

decreased specificity. since many organic mobecules absorb in this range. | v never computer-based data acquisition amd amalysis system. This consisis of a
Additienal problems with short-wavelength UV detection include instrument - meEurne thel & singhs pesk B 8 guaranlss personal computer (PC) with data acquisition hardware 1o comvert an
instubility, giving 1 varinble base line, and absorption by components of the purity: there may be momthanone - apalogue deteetor signal 1o digital format, plis software to contred the data
mohile phase (e.g. organic solvents, which ofien absorbat = 2 10nm), : Ap 3 aoquisition process. store the signal information and display the resulting

Amn important development in chromatographic monitoring is diede armay T Bkt T chromatogram. The software will also detect penks and coloulate their

detection (DAD. The incident light comprises the whole spectrum of Hght
from the source, which is passad through a diffracion graling and the
diffracted light detected by an army of photodiodes. Typical DAD can
mieasure lhe abiorhance of each sample component at 1-10nm intervals over
the mnge 190-600nm. This gives an absorbonce spectrum for each eluting

relention limes and sizes (wosas) lor quantilative analysis. The software oflen
incorparaies funcions 1o contral the chromategraphic squipment, enabling
aulomatic operation. In sophisticated sysiems, the detecior outpul may be
compared with that from a ‘Hbrary’ of chromatograms for known
compounds. o sugpest possible identities of unknown sample peaks.

substance which may be used 10 identify the compound and give some Prablarns with —W In simpler chromatographic systems, you may nesd to use o chan recorder
m::r"-'?'m- indication as 1o its purity. An example of a three-dimensional diede array peaks ray rasull from ophirmn e for detector output. Two imporiant seitings must be considered befiore using
spectrum is shown in Fig. 32.21. eo-elution of solutes, poor a charl recorder:
Fi.8220 UV deuctor o for L, i e R Tt TR T B T S AT S R —
I'I::m{m by |Im-enl1.|m pRer— Hor. vk 5 B & tha support matarlal, of mobik phase has passed through the column (prior to injection of the
Fluorescence detection is mor:sl:r.muve |;an UV visible dms;.:iu:u;n;l m.n smplc) sl stability 2 csinblished. The chart reconder B usually st o
all sl b e ik ek’ ¥ A fhuoremenoe d " Iittle above the edge of the chart paper grid, to allow for base-line drift.
i ifret 2L, 50 [FEORRIMY { gl TARSE . . e 2. The detector range — this muwst be set to ensure that the kargest peaks do
comsists of a lght source (e.g. a xenom lamp), a diffraction gruting to supply not go off the top of the chart Adjustment may be based on the
light at the excitation wavelength. amd a photomultiplier to monitor the expected quantity of analyte, or by a traland-error process. Use the
emitted light (wsaally arranged to be at right angles te the excitation beam). mexitmum sensitivity that J.m'ﬂ intact peake, If poaks are still too lrge
The use of instramenis with a laser light source can give an extremely narow on the mimimum sensitivity, you may nesd to reduce the amount of
excitation waveband, and increased sensitivity and specificity. sample used, of prepare and analyse a diluted sample.
Electrochemical detectors offer very high sensitivity and specificity, with the
possibility of detection of femtogram amounts of electroactive compounds
such as catecholamines, vitamins, thiols, purines, ascorbate and uric acid, The Interpreting chromatograms
S N, R T BB el i RN i, operniz on sinkilar Make sure you know ihe dircction of the herizontal axis of the
principles, Le. by measuring the change in cusrent or patential ns sample chromatogram (usually, either volume or time) — it may run from right 1o len
companitils pads between twa electrodes within the flow cell. Ome of these o vice versa — and meake o pote of the detector sensitivily on the vertical axis.
electrodes acts as a reference (or counter) lectrods {e.g. calomed cketrode), Ideally, the base line should be “flat’ between peaks, bul it may drifl up or
while the other - the working electrode — i beld ar a voltage that s high down owing to a number of factors including
§ enouph to cause either oxidation or reduction of snmple molacules, In the
f:::’;,,?:m:;'g;'_,"ﬁ;;gmmm oxidative mode, the working electrode s wially glassy carbon, while in » changes in the composition of the mobile phase (e.g. in gradient chution,
of 8 mixturs of fowr steroids, taken svery 15 reductive mode a mercury elecirade is wed. In either case, a curreni flow p._'.t_l'?l]: . )
saconds. between the electrades i induced and detected. o tailing of maserial from previous peaks;
222 Instrumentsl technigues
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L] mrr)‘\-um nl' material [rom previous samples; thas can be avosded by

g of runs — allow sulficient tme for the

presious um'ple to pass through the column before vou introduce the
next sample;

# |oss of the stationary phase from the column (column “bleed”), caused by
extreme clution conditions;

» akr bubbles (mn liquid ch hyl: if the buffers wed in the mobile
phase are not effectively degassed, air bubbles may build up in the Dow
cell of the detector, leading to a gradual upward dnft of the base lme,
followed by o sharp full when the accumulated air & released. Small air
bubbles that do not become trapped may give spurioss small peaks as
they pass through the detoctor.

A peak close to the origin may be due 0 non-relai sumiple
Mowing at the same rate os the mobilke phase, or to arefacts, e.g. nir (GC) or
solvent (HPLC) in the sample. Whatever its origin, this peak can be wsed to
measure the void volume and dead tme of the column {p. 207). No peaks
[rom genuine sample components should appear belore this type of peak.
Peaks can be denoted on the basis of thelr elution volume (used mainly in
liguid chir ¥} or their r ion times (mainly in GO 11 the peaks
are not narrow and symmetrical, they may contain more than one companent.
Where peaks are more curved on the trailing side compared with the leading
side (peak tailing, p. 208), this may indicate too great an association between
the component and the stationary phase. or overloading of the column.

Optimizing nl'!\nnutn’aplﬁ: separations

In an weal chromalographic amalysis the sample molocules will be completely
separaled, and detection of components will resull in a seres of discrele
mdividual peaks corresponding 1o each type of molecule However, 1o
minimize the possibility of cverlapping peaks, or of paaks composed of more
than one sabstance, it i important ¢ moximize the separation efficiency of
the technigue, which depends on:

» the selectivity, as measured by the relative retention times of the o
componenis (p. 208}, or by the volume of the mobile phase beltween the
penk maxima of the two components after they have passed through the
column; this depends on the ability of the chromatographic method 1o
separate two components with similar properties;

e the band-broadening propertics of the chromatopraphic system, which
mfluence the width of the peaks; these are mamly due 10 the effects of
diffusson.

The resalution of two adiscent compaenents can be defined in terms of &', =
and N, using eqn [31.6]. In praciical terms, good resolution is achieved when
there is a kange “distance’ (either tmme or volume) between peak maxima, and
the peaks are as narrow as possible. The resclution of components @ alio
affected by the relative amount of cach substance: for systems showing low
resolution,, it can be difficull o resclve small amounts of a particular
component in the presence of larger amounts of a second component. IF you
cannot obdain the desired results from a poorly resolved chromatogram,
other chromatographic conditions, or even different methods, should be tried
in an Lo imyp resalution. For liquid chromatography, changes in
the following factors may improve resalution:
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24 Inmiramental fechaigues

® Siationary-phase particle size — the smaller the pariscle, the greater the
ares available for paritioning between the mobile phase and the
stationary phase, This partly accounts for the high resolution observed
with HPLC compared with low-pressure methods,

e The dope of the salt gradient in eluting 1EC columns, eg using
computer-controlled adapted gradients.

& In low-pr ligquic ch graphy, the flow rate of the mobile phase
must be optimized because this influences two band-broadening effects
which are dependent on diffusion of sample mokeoules: (@b the flow rate
musi be slow encugh to allow effective panitioning between the mobile
phase amd the sianonary phase: and (i) it must be fast enough to ensure
that there is minimal diffusion along the column once the molbecules have
been separated. To allow for these opposing influences, a compromise
Mow rate must be used.

o I you prepare your own columns, they must be packed correctly, with no
chanpels present that might result in uneven flow and eddy diffusion.

Quantitative analysis

Most detectors and chemical assay systems give a linsar response with
increasing amaounts of the lexl substance ower a piven ‘working range’.
Alernative ways of converting the messured respomse 1o an amount of
suhstance ane

& External sandardization: this is applicable where the sample volume is
sulliciently precise to give reproducible resulis {e.g. HPLC)L You measure
the peak areas (or heights) of known amounts of the substance 1o give a
calibration facior or calibration curve which can be wsed 10 Gilculate the
amount of test substance in the sample.

& Iniernal standardization: where you add a known amount of a reference
substance (not originally present in the sample) to the sample, 1o give an
additional peak in the elution profile. You determine the response of the
detector to the lest and reference substances by analysing a standard
containing known amounts of both substances, 10 provide a response
factar (r), where:

L peak area {or height) of wst substance B8]
~ peak area {or height) of reference substance
Use this response factor 1o quantify the amount of test substance () in
a sample containing a known amount of the reference substance ({3,
from the relationship:

[peak area (or height) of test sub e Q, 1
[pmlm(w}zghl}u!m‘emln :ulnla:ruz] B24)
Intermal standardization should be the ol chosce

possble, since it is unaffected by small variations in samiple volume (e.g.
for GO microsyminge imjection). The internal stamdard showld be
chemically similar o the fesi substunce(s) amd must give a peak that s
distinct from all other substances in the sample. An additional advantage
af an internal standard which is chemically related to the test sabstance &
that it may show up problems dee to changes in detecior response,
incomplete derivatization, tc. A disadvantage is that it may be difficult
1o fit an internal standard peak into a complex chromatogram.



Electrophoresis

Ekctrophoresis is a separation fechnigue based on the movement of charged
madscules in an electric fisld, Dissimilar molecules move at different mies
amd the compenents of a mixture will be separated when an ehectric field is
apphied. It 15 a widely used lechnique, particularly for the amalysis of
complex mixtures or for the verification of purity (homogenaty) of isoksied
madecules.

While elecirophoresis is mostly wsed for the separation of charged
macromoleeules, technigues ane available for high-resolution separations, e.g.
capillary elecirophoresis, of small molecules such as amine acids. anions and
catecholamines.

The electrophoretic mohddity of a charged molecule depends on:

»  Mel charge — negatively charged molecules (anions) migrate towards the
anade (+), while positively charged moleculs: (cations) migrate lowands
the cathode (~k highly charged molecules move faster towurds Che
electrode of opposite charge than those with lesser charge.

® Size - frictional resistance exerted on moleculs moving in o solution
means that smalker molocubes migrate faster than large molecules.

e Shape — the effect of friction alio means that the shape of the molecule
will alfect mobality, e.g. globular proteins compared with fbrows provens,
Emcar surfactants compared with micellular surfactants.

#  Electrical field strength — mobility increases with increasing field strength
(woliage), bui there are praciical limitations to wsing high volinges,
especially due to heating effocts.

The combined influence of net charpe and size means that mobility &
determined by the charge-to-density or the charpe-to-mass ratio, according 1o
the formula;

pmt (33.1)
where g i the pet charge on the molecule, r s the mobecular radins and £ s
the Field stremgth.

Most types of electrophoresis using supporting media are ample 1o cary
out and the apparatus cam be casily construcied, although inexpensive
equipment is commeraally available. High-resolution techniques such as two-
dimersional electrophoresis  and  capillary  electrophoresis  require  more
sophisticated equipment, both for separation and analysis (see ker).

Simple electrophoretic separations can be performed either vertically (Fig.
L0 or horizontally (Fig. 3320 The electrodes are normally made aof
platinum wire, each in s own buffer compariment. ln vertical electro-
phoresis, the buller solution forms the elecirical contact between the
elecirodes and the supporting medium in which the sample wparation takes
place. In horizontal electrophoresis electrical contact can be made by buffer-
soaked paper ‘wicks” dipping in the buffer reservoir and laid upon the
supporting medium, The buffer reservoir normally coniains & divider acting
&t @ barrier to diffusion (but not 1o electncal currenth, so that localied pH
changes which occur in the region of the electrodes (a3 a result of electrolyss,
r 232) are nod transmitied o the supporting medium or the sample.
Individual samples are spotted onto a solid supporting medium coniaining
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Fig. 331 Apparatus for vertical slab slectrophoresis icompanents mones
dawirresards from wells, through the gel matrix,

L

Fig. 33.7 Agarcas gal sksctrophonesia,

buffer or are applied 1o “wells’ formed in the supporting medium. The power
pack wsed for most types of eketrophoresis should be capable of delivering
approximately 500% and approximatsly 100mA.

The supporting medium

The effects of convection currenis (resulimg from the heating effect of ihe
applied electric field) and the diffusion of moleculss within the buffer solution
can be minimized by carrying out the elecirophoresis in a porous supponing
miedivm. This comtains baler eclecirolytes and the sample is added in a
discrete bocation or zone. When the eectric field is applied, individual sanple
milecules remain in sharp zomes as they migraie at different rates. After
separation, post-clectrophoretic diffusion of schected molecules (g proteins)
can be avoided by “fixing’ them in position on the supporting medium, g
using trichlorcetic acid (TCA)

The heat generated during electrophoresis is proportional to the square of
the applied current and 1o the 3l resi of the i even when
a supporting medium is uwsed, heat production will lead o zone broadening
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by increasing the rate of diffusion of sample components and bufler ions

Hent denaturation of cerfain sample types may also occur, eg. proteins

Another problem is that heat will reduce buffer viscosity, leading to o

decrense in resistance, If the electrophoresis is ran at consiant voliage, Ohm's

law diciates that as resistance falls, the curreni will increase, leading to
further heat production. This can be avoided by using a power pack that
provides constant power. In practice, most elecirophoress eguipment
incorporates a cooling device; even so, distortions of an elecirophoretic zone
from the &eal “shanp, linear hand’ can ofien be explained by incMicient heat
dissipation.

Supporting media can be sub-divided into:

w» Inert media — these provide physeal support and minimize convection:
separation s based on charge density only (eg. cellulose acelale),

& [Porous media - these introduce molecular sieving as an additional effect:
their pore size 5 of the same order as the sie of molecuks being
separated, restricting the movement of larger molecules rdative to smaller
ones. Thus, separation depends on both the charpe density and the stze of
the malecili.

‘With some supporting media, e.g ccllulose acctate, a phepomenon called
electro-endesmaosis or electro-osmotic Mow (EOF) ocours, This is due 1o the
presence of negatively charged groups on the surface of the supporting
medium, atiracting cations in the elecirophoresis. buffer solution amd creating
an electrical double layer. The cations are hydrated (surrounded by water
maolecules) and when the ebectric field is applied. they are anmetesd 1owands
the cathode, creating a flow of solvent that opposes the direction of
migration of anionic molecules towards the anode. The EQF can be so great
that weakly anionic molecules may be carried towards the cothode.

Where necessary, EOF can be avoided hy using supporting media such as
agarose or polyncrylnmide, but it is not abways a hindrance 1o electrophoretic
separation. Indeed, the phenomenon of EOF is used in the high-resolution
techmigue of captllary elecirophoness.

Capillary electrophoresis

The technigue of capillary electrophoresis (CE) combines the high resolving
power of electrophoresis with the speed and versatility of HPLC {p. 218) The
technique largely overcomes the major problem of carrying out electrophoresis
without a supporting medium, i.e. poor resalution due 1o conveclion currents
and diffusion. A capillary tube has a high surfsce-area-to-volume ratio, amd

j ly the heat g as o result of the applied eleciric current is
rapidly dissipated. A further advantage is that very small sample volumes (35—
10nL) can be analysed. The versatility of CE is demonstrated by its use in the
separation of a range of molcules, e.g. amino acils, proieins, nucleic acids,
drugs, vilamins, organic acids and inorganic ions; CE can even separate
newiral species, ¢.g. steroids, aromatic hydrocarbons.

The components of a typical CE apparars are shown in Fig. 33.3. The
capillary is made of fused silica and extermally coated with a polymer for
mechanical srengih. The intermal dinmeter is wsally 25-30um, a
oompromise between efficient heat dissipation and the nesd for a light path
that is neot too short for detection using UV visible spectrophotometry. A gap
in the polymer coating provides a window for detection purposes. Samples
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Fig. 33.3 Companenis of a capillary
Fyem,
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are injected info the capillary by a variety of means, eg electrophoretic
leading or displacement. In the former, the inbet end of the capillary is
mm\ened in the sample and a pulse of high voltage & applied. The

methad i forcing the sample into the capillary, either by
nmmg pressure in the sample vial using an inert gas, or by inreducing a
vacuum at the outlet. The deteciors used in CE are similar to those used in
chromatography (p. 220), e.g. UV wisible specirophotomeiric sysiems. Fluo-
rescence  delection i mone  sensitive, bul  this may require sample

dertvitization. Electrochemical and ductivity o are alo used in
some icali g vty ion of inorganic cations such as
Nat, K*.

EOF, described above, is essential to the most commonly wsed types of
CE. The existence of EOF in the capillary is the result of the mel negative
charge on the fused silica surface at pH values over 3.0. The resuliing solvent
Movw towards the cathode is greater than the attraction of anions wards the
anode, 30 they will flow towards the cathode (note that the detector is
situated a1 the cathodic end of the capillary). The greater the net negative
charge on an anion, the greater is 1% neastance Lo the EOF and the lower its
mobility. Separated components migrate towards the cathode in the order:
(1) caticns, (2) neutral species, (3) anions.

Capillary zone electrophoresis (CZE)

This is the most widely used form of CE, and is based on elecirophoress i
free solution and EOF, as di above. Separati
charge-to-mass ratio of the sample P s, amd Lhe igue can be
used for almost any Lype urchnrp!mhnlk,uduwmlmfar
pharmaceuical compound separation and confirmation of purity,

Micellar electrokinetic chromatography (MEKC)

This technigue involves the principles of bob  electrophoresis  and
chromatography. Its main strength is that it can be used for the separation of
neutral molecules as well as charged ones. This is achieved by including
surfactants (g SDS, Triton M-100) in the clectrophoresizs buffer ar
concentrations that promote the formation of spherical micelles, with a
hydrophobie interior and a charged, hydrophdlee surface. When an cleciric
field iz applied, these micelles will tend 1o magrate with or against the EOF
depending on their surface charge. Anionic surfactants like SDS are attrcted
by the anode, but if the pH ol the buffer is high enough to ensure that the
EQF i faster than the migration velocity of the micelks, the net migration is
in the direction of the EOF, i.e. towards the cathode. During this migraiion.
sampsle companents partition between the buffer and the micelles (acting as a
pieudo-stationary  phasek  this may invebe both hydrophobic  and
elecirostatic imieractions. For newtral species it is only the partitioning effect
that is imvolved in separation: the more hydrophobic a sample molecule, the
more it will imteract with the micelle, and the longer will be its migration
time, since the micelle resists the BOF. The versatility of MEKC enables it 1o
be used for separations of molecules as diverse as amine acids and pelycyclic
hydsocarbons,
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Electroanalytical techniques

Electrochemical methods are used 1o quantify a broad range of different
malecules, including ions, gases, metabolites and drugs.

The basis of all electrochemical analysis is the trans-
hdmﬁmmmmwnﬂuuhumnmmmh—
cule in an obligat reaction [a redox
reaction],

It is convenient to separaie such redox reactions into two half-reactions and,
by comvention, each is written as:

et
oxidized form < electron(s) (Fe ) s———reduced Form [34.1]
axidarion

You should note that the half-reaction is reversible: by applying suitable
conditions, reduction or oxidation can take place. As an example, & simple
redox reaction occurs when metallic zine (Zn) s placed in 8 solution
contalning copper ions (Cu™ ), as lollows:

Cu™* 4 Zn = Co 4 Zn** [34.3]

The half-reactions are (i) Cu** + 2¢ — Cu and (i) Z0* + 2e~ — Zn, The
oxdizing power of (i) i greater than that of (i), 50 in & coupled system, the
latter halfereaction proceeds in the opposite direction to that shown above,
ie s Fn =20 = Fn’*. When Zn and Cu electrodes are placed in separate
solutions containing their ions, amnd conmecied elecirically (Fig. 34.1),
electrons will flow from the Zn clectrode to Cu™ via the Cu electrode owing
1o the difference in oxidizing power of the two hall-neactions.

By convention, the elecirode poteniial of any half-reaction is expressed relative
to that of a standard bydrogen elecirode (half-resction ZH* + 2o~ — Hg)
and ix called the standard electrode potential, £°. Table 34.1 shows the values
ol B for selected hall-reactions. With any pair of half-reactions from this
series, electrons will flow from that having the lowest elecirode potential 1o
that of the highest, £ is determined at pH = 0. It & often more appropriate
to express slandard cectrode potentials at pH 7 for biological systems, and
the symbol £ is used: in all circumstanoes, 1 8 impomant that the pH =
clearly siated.

The arrangement shown in Fig. 34.1 represents a simple galvanic cell
where two electrodes serve as the interfaces betwesn o chemical system
and an electrical system. For analytical purposes, the magnimde of the
potential (voliage) or the current produced by an electrochemseal cell is
related to the concentration (strictly the activity, o, p. 48) of a partscular
chemical species. Electrochemical methods offer the following advantages:

-

excellent detection limits, and wide operating ronge (10" 1o 107" mol L~k

& measurements may be made on very small volumes (ul) allowing small
amaunts {pmel) of samiple 10 be measured in some cases;

& minature elecirochemical sensors Gan be used for certain i vive

mensurements, e.g. pH. gheoose, oxygen content.
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Tatde 34.1 Standard electrods patentlals*

LE2) for salocted hald-reactions
E® st 25°C

Hadf-reaction i
Cly & 20~ = 201 +1.36
Oy +4H" +de~ = 2Ha 0 +1.23
By + 26 = 181 +1.08
Ag-+m =Ag +0.B0:
Fe' 48 = Feol' +0.77
b+ 28 = +.54
Cu' + 3 =Ly +0.34
HygyOly = 20~ = IHg + 201 +0.27
AgCl+ e = Ag+C 40232
AatS 00+ = A+ 25,057 001
H* 4 2e = Hy 0,00
Agl+e™ = Ag+1 =0.16
PBS0, + 2o = Ph+ 507 -0.36
C™ + e = Cd —0.40
It 20 = P —076
*Fram Milazzo ar s, (1978).

a calomel slectrode
m--un%m“ saturated
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Potentiometry and ion-selective electrodes

Operating principles

These systems imvolve galvanic cells (p, 22%) and are based on measurement
of the potential (voltage) difference between two electrodes in solution when
na met current flows between them: no net electrochemical reaction sccurs
amd measurements are made under equilibrium conditions. These systems
include methads for measuring pH., bons, and gases such 88 OOy and NHa. A
typical potentiometnic cell is shown in Fig. 342 It contains two electrodes:

1. a‘semsing’ elecirode, the half-cell potential of which responds 1o changes
mn the activity | 1on) of the suk Lo be el; the most
commaon type of indicator electrodes are ion-selective electrides (ISEs)k

2, n ‘reference’ electrode, the potential of which does not change, forming
the second half of the cell,

To assay a particular amalyle, the potential dilference between these

electrodss is measured by an mV meter (e.g. a standard pH meter).

Reference electrodes for potenfiometry are of three main types:

1. The standard hydrogen electrode, which is the reference halfscell
clectrode, defined as 0.0 at all temperatunes, against which values of £
are expressed. H: gas an | ammosphere pressure is bubbled over a
platinum electrode immersed in an aeld solution with an activity of
umity. This elecirode s rarely used for analytbcal work, since it =
uistable and otlser refermes electrodes ane asier 1o construct and wse.

2 The calomel electrode (Fig 34.3) which consiss of a paste of mercury
covered by a coat of calomel (HgxCh), immersed in a saturated solutlon
of KOl The half-reaction HgaCly + 26~ — IHg + 2017 gives a stable
standurd clectrode potentinl of +0.24V,

3. The slver/silver chloride electrode. This ie o silver wire coated with AgCl
and immersed in a solution of constand chlorde concentration. The half-
reaction ApCl+ e — Ag+Cl™ pgives a stable, standard electrode
potential of +0.20'V.

lon-selective electrodes (ISEs) are based on measure-

Rt EY POt
ment of a poiential across a k which is selective for a particular
analyte,

An I5E consists of o membrane, an internal reference electrode, and an internal
rference electralyte of lved activity. The 15E 15 immersed in a sample salution
that contamns the asalvie of inlerest, along with a reference elecirode. The
miembrang is chisen 1o have a specific affinity for a particular jon, and if sctvity
of this ion in the sumple differs from that in the reference slectrolyte, a potential
develops across the membrane that s dependent om the mtio of these activities.
Since the poteniials of the two refierence dectrodes (internal and external) are
fized, and the internal electrolyte is of constant activity, the measured potentzal,
E. ie dependent on the membrane polestial and i given by the Nermst equation:

E= K+ 2300 5; log [] [34.3]

where K represents a constant potential which is dependent on the reference
electrade, = represents the nel charge on the analyle, [a] the activity of analyle
in the sumple and all other symbols and constants have their wsual meaning
(. T0). For a series of standards of known activity, a plol of E against log [a]
shoukd be linear over the working range of the electrode, with a slope of
2HART=F (0.059Y an 25°C). Although I5Es strsctly measure acsivity, Uhe
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potential differences can be approximated to concentration as long as {i) the
analyte is in dilute solution (p 48), (i) the iomc strength of the calibration
standards maiches that of the sample, c.g. by adding appropriate amounis of
a high ionic srength solution o the standards, and (6} the effect of binding
to sampl macromolecules (eg proteins, nocleic acids) B migimal
Paotentiometric measuremenis on undiluied biological Muids. e.g. K* and MNa™
levels in plasma, tssue Muids of wrine, are likely 1o give lower values than
flame emssion spectrophotometry, since the latter procedure messures total
ion levels, rather thamn just those in agueous solution.

All of the various types of membrane wsed in ISEs operate by incorpomating
the iom to be analysed indo the membrane, with the accompanying establish-
ment of a membrane potential. The scope of clecirochemical analysis has boen
extended 1o measuring gases and mon-tonie compounds by combimng 15Es
with gas-permeable membranes, enzymes, and even immohiliaed bacteria or
tissues,

Glass membrane electrades

The most widely wsed [SE s the phss membrane dectrode for pH
measurement (p. 57). The membrane is thin glass (50pm wall thckness)
made of slica which contaims some Ma™. When the membrane is soaked m
wiler, a thin hydrated kyer is formed on the surface in which negative oxide
proups (5i-07) in the plass act as ion-exchange sites. IF the elecirede is placed
in an acid solution, H* exchanges with Ma®* i the bydrated layer, produocing
an externad surface potential: in alkaline solution, HY moves oul of the
membrane in exchange for MNa™. Since the inner swrface potential is kept
constant by exposure 0 a fixed activity of HY, o consistent, scourate
polentiometne response is observed over o wide pH range. {flass clecirodes
for other cations (e.g. Ma®, NH]) have been developed by changing the
composition of the plass, so that it s predominantly semsitive 1o the
particubar analyte, though the specificity of swch electrodes is not absolute.
The operating principles and maintenance of such electrodes nre bromdly
similar to those for pH electrodes (p. &0),

Gav-semsing glass elecirodes

Here, an ISE in condact with a thin exiernal layer of agqueous clecirolyie (the
‘filling sobution”) is kept close to the glass membrane by an additional, cuter
membrane that s sehectively permeable 1o the gas of inweresi The
arrangement for a COy electrode is shown in Fig. 34.4: in this case the outer
membrans is made of CO;-permeable silicone rubber, When CO; gus in the
sumple selectively diffuses across the membrane and dissolves in the filling
solution (in this case an aqueous MaHCOwNaCl mixture), a change in pH
occurs awing Lo the shift in the equilibrium:

C0; + H:0 = HaCOy = H* + HOO [34.4]

The pH change is “sensed’ by the internal jon-selective pH electrode, and its
response i proportional fo the partial pressure of CO: of the solution
{POOL). A simdlar principle operates in the WH, electrode, where & Teflon™
membrane i used, and the Giling solutbon is NHCL

Liguid and polymer membrane electrodes

In these lypes of [SEs, the liguid s a waler-insoluble viscows solvent
containing a soluble ionophore, i.c. an organic ion exchanger, or a newtral
carrier molecule, tharn is specific for the analyie of interesi. When this liquid is
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soaked into a thin membrane such as cellulose acetae, it becomes effectively
immohilized, The arrangement of analyte (A*) and ionephore in relation 1o
this membrane is shown in Fig. 3.5, The potentiol on the inmer surface of
the membrane is kept constant by maintaining a constant activity of A% in
the internal solutien, 5o the poiential change measured o5 thal which results
from A' in Use sample imieracting with the jonophore in the outer surface off
the membrune.

A relevant example of a suitable ionophore is the antibiotic valinomyain,
which specifically binds K*. Other ionophoses have been developed for
measurement of, for example. NHJ, Ca?*. CI™. In addition, chkctrodes have
been developed for organic specics by using specific jon-pairing reagems in
the membrane that interact with jonie forms of the organse compound, e.g.
wilh drugs such as 5,5-diphenylhydantoin.

Solid-state membrane electrodes

These contain membranes made from singhe crystals or pressed pellets of salis
of the analyte. The membrane material must show some permeability 1o ons
and must be virmeally insoluble in warer. Examples inclade:

e the Meoride electrode, which uses LaF; impregnaied with Ew®™ (the latier
1o increase permeability 1o F~). A membrane potential is set up when F
in the sample solution enters spaces in the crystal lattice;

o ihe chloride electrode, which uses a pressed pellet membrane of Ag-S and
ApCl

Vahlammetric methods

Voltammetric methods are based on measurements made using an
clectrochemical cell in which electrolysis is ourming.  Voliammetry,
sometimes also called amperometry. involves the use of a potenizal applied
betwoen two electrodes (the working ebectrode and the reference electrode) o
cause oxidation or reduction of an electroactive analyte. The loss or gain of
electrons &t an electrode surfsce causes current to fow, and the size of the
current (usually measured in mA or pA) is directly proportonal to the
concentration of the ebectroactive analyle. The materials used for the working
electrode must be good luctors and electroch lly inert, so that they
sumply transher electrons to and From species in solution, Suitable materials
inclode P, Au, Hg and glassy carbon.

Two widely used devices that operate on the vollammetnc princple are the
onygen cloctrode and the glucose dectrode. These are sometimes referred 1o
A% AMPETMIEInG SEnsoTs.

Oxygen electrodes

The Clark (Rank) oxygen electrode

These instruments measure oxygen in selution wsing the polarographic
principle, i.e. by monitoring the current flowing between two electrodes when
a voltage is applied. The most widsspread electrade is the Clark wvpe (Fig
34.8), manufactored by Rank Bros, Cambridge, UK. which is suitable for
measuring 0 concentrations in cell, organelle and enzyme suspensions. Pt
and Au electrodes are in contact with a solution of elecirolyte (narmally
saturnted KCT). The electrodes are separated from the medium by a Teflon®
membrane, permeable to O3, When a potential is applisd across the electrodes,
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Fig. 346 Transwerse section through a Clark [Rank} owygen slectrode.

this gemerutes a current proportional to the Op concentrabion. The nsclkns
can be summed up as:

dAg — dhgT +de {at silver anode)

O + 2 + 2H* = Hy04 {in clectrolyie solution: Oy replenishbed
by dlafTusion from iest solution)

Hy0; + 2e~ + 2H' = 2H,0 {al platinum cathode)

Oxygen probes

Clark-type oxygen electrodes are alse available in probe form for
immersion in the test solution (Fig. 34.7) ep for field studies. allowing
direct measurement of oxygen status it gim, in contrast to chemical assays.
The main point 1o pote s that the solution must be stireed during
measurement, 1o replenish  the oxygen consumed by the electrode
("boundary layer” effect).

The glicose electrode

The glucase ehectrode is a simple type of hiosensor, whose basic design is
shown m Fig. 3.8 I consists of a Pr oelectrode, overluid by two
membranes. Sandwiched between these membrunes 13 a layer of the
immaobilized enzyme gheeese oxidase, The outer membrane is glucose
permeable and allows glucose in the sample to diffuse through to the
plucose oxsdase layer, where it is converted 1o gluconie acid and HaO,. The
inner membrane is selectively permenble to H;Oy, which is oxidized 10 0
a1 the surfuce of the Pt electrode. The current arising from this release of
clectroms is proportional to the ghacose concentration in the sample within
the range 1007 to 10~ mol L0,

Elecirochemical deteciors used in chromatography operate by voltam-
metric principles and currents are produced as the mohile phase Nows over
cleciroddes set at a fived potential: to achieve maximum sensitivity, this
potentinl must be set at a level that allows electrochemical reselions to sosur
in all analytes of interest.
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Coulometric methods

Here, the charge required 1o electrolyse a sample completely is messured: the
time reguired Lo titrate an analyle is messured al constant carrent and related
to the amount of analyte wing Farday's law. There are few biochemical
applications of this technique. though it is sometimes used for determimation
of €1~ in serum and body Muids.

Cyclic voltammetry

The techni provides g information abowt  electrochemical
reactions, eg. the redox behaviour of compounds and the kinetics of electron
trunsfer reactions. In praciice, o iriangular pobential wavelorm s apphied
linearly 1o the working electrode in a unstirred solution. After a few spoonds,
the ramp is reversed and the potential s returned o its mitial valee. The
process may be repeated several limes. The resulting plot of currenl versus
potential is termed a cyclic voltammogram. Fig. 3.9 shows a typical cyclic
voltammogram for a reversible redox couple after a single potential cvele. It
is assumed that the oxidized form, O, B the only species present ai the stan.
Therefore, the first scan & towands the (more) negative direction,
commencing al a value were no reduction oocurs. As the applied polential
approaches the chamcteristic E° for the redox process. a catholic current
siarts o increase, wp to o maximum. Afler exceeding the potential ai which
the reduction process takes place, the direction of the potential current is
reversed. During this stage, reduced molecules B, generated during the initial
process, are reoxidized back 1o O, resulting in an anodic peak.
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Radioactive isotopes and their uses

The isotopes of a particular element have the same number of protons in the
nuclens but @ different number of neutrons, giving them the same proton
number {atomic number) but a different nuclecn number (mass number, Le.
number of protons + number of neutrons), lsotopes may be stable or
radioactive. Radioactive isotopes (radinisotopes) disintegraie sponiansously
al random 1o yeekd radiation and a decay product.

Radioactive decay

There are three forms of radicactivity (Table 35.1) arising from thres main
types of nuclear decay:

Tabie 357 Types of radicactivity and their propertiss

Unnecassany

Alpha ix) -8
Plastic tl.g.'.!pme‘]
Laad

Bata (i} 0m-2
Gamma [y] 0033

*Mote that 1 Me' = 1.8 = 16-9J,
**[istance at which radlation intensity ks reduced fo half.

e Alpha decay involves the loss of a particle equivalent 1o a belium nucleus.
Alpha (z) particles, being large amd positrvely charged, do not penetrate
far in living tissue, but they do couse jonization damage and this makes
them generally unsuitable for tracer studies,

o Beta decay involves the less or pain of an electron or ils positive
counterpart, the positron, There are thiee sub-types:

{a) Megawon (f ) emission: loss of an electron from the necleus when a
nentron transforms into & proton. Examples of negatron-emitting
sotopes are: *H, C, P, ¥Ca and *'Co.

(b} Positron (f) emission; bess of & pesitron when a proten translorms
inte 8 newtrom. This only occurs when sufficient energy is available
froma the transition and may invelve the production of gamma rays
when e positron s later aneihilated by collision with an e

{c} Electron capture {BEC): when a proton ‘capiures’ an electron and
transforms into a neatron. This may iovolve the production of x-rays
as ckecirons ‘shuffle” about in the atom fas with '51) and it
frequently involves electron emission.

& Internal tramsition involves the emission of chkoiromagnetic radintion in
mfmdwa{}}mafmambﬂsluammrm
always lollows mitial alpha or beta decay. Emision of
leads to no further chunge in atomic number or mass.

Note from the above that more than one (ype of radiation may be emitied
when a rubioisotope decays. The main mdiod used in chemistry and
their properties nre listed in Table 35,2,

Each radicactive pariicle or ray camies emergy, usually measured in
electron valis (eV). The particles or rays emitied by a panicular radiolsolope
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i1 ta i
Fig. 357 Decary of 0 radicactive isotope with
tima, Thi tima takan for tha radioactivity te
decling from & 1o 0.6x & the same as the lime
taken for the radioactivity to decline from 0.8x
to 0.5x, and so on. This time Is the half-life
(fy 2} of the isciope,

Tabls 35.3 Rslationships betwssn unite of
radinacthvity

1B8a = 1d.ps
18g = G0d,

18g =27

1d.ps. = 1Bq
Td.pm = 00167 By
1Ci=31

TmEi = 37 M|
100 = 37 kBa
15y = 100 ram
1Gy = 100rad

1Gy = 100roenpen
Tram = 0.01 5w
1rad = 001Gy

1 resntgen = 0.01 Gy
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exhibit a range of energies, lermed an energy spectrum, chamclerized by the
maximum energy of the radiation produced, En,, (Table 35.2).

Tabde 35.2 Properties of selected isotopes

bl - 00186 123 years.
Me B 0,156 5730 yiarg
wp 'S 11 14.262 days
. £ ] ‘3
b1} & 0ET1 12701 hours
B OLEST
¥ o117
Hipy s a2 22 3 yoars
T D45

The energy spectrum of o particular radicisotope is relevant to the following:

& Safely: isotopes with the highest maximum energies will have the greatest
penctrating power, requiring appropriate shielding (Table 35.1).

@ Detection: different insirumenis vary in their ahility to detect isclopes
with different energies,

& Discrimination: some instrumenis can distinguish between isotopes, based
o the energy spectrum of the radiation produced (p. 237).

The decay of an individeal atom (a ‘disiniegration’) occurs ai random, but
ﬂmufapupdmafammmln:pmdnuhhm The
rvily deciys exg by, having a ct 1stic hall-life (#) ;) Thas
is the time taken for the radionctivity to fall from a given value 1o half’ thay
value (Fig. 35.1). The ryy valees of different mdioisotopes range from
fractions of a second to more than 10 years (sce also Table 35,20 If 1y is
very short, as with "0 (¢3 = 2min), then it is penerally impractical to use
the isolope in experiments because vou would nesd o account for the decay
during the experiment and counting period.
To calculate the fraction (f) of the onginal radioactivity left after a
particular time (1), use the following relationship:

F=c¢", where x = —0.6930/1 [35.1]

Miste that the same units must be used for 1 and 13 in the above eguation,

Measuring radioactivity

The 51 unit of rdiactivity is the beoquerel {Bq). equivaleni to one
digintegration per weomd (dp.s), bul disniegrations per minule (d.pam.) are
also wsed. The curie () is a non-51 unit equivalent to the number of
disintegrtions produced by 1 g of radium (37 GBq). Table 35.3 shows the
relationships between these units. In practice. most instruments are not able
to detect all of the disintcgrations from a particular sample, ie their
cfficiency is bess than 100% and the rate of decay may be presented as counis
min~! je.p.m.) or counts 5 (c.ps) Most modern instruments correct for
background radiation and inelficencies in counting, converiing count data 1o
d.p.m. Allernatively, the results may be presented as the measured count e,
although this is only valid where the efficiency of counting does not vary
pgreatly among samples.
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The ucﬂuiwhlnnuuuullh'mnkvof
radioactivity present in a known amount of the substance

radioactivity (Bg. Ci, dpam., ete)
amount of substance (mol, g et}

specific activity = [35.7]
This is an important concepd in practical work involving radioisotopes, since
it allows interconversion of disintegrations (activity) and amouni of substance
(see Box 3510

Twa 51 unils refer 1o doses of rudioactivity and these are wsed when
cakoulating exposure levels for a particular source. The sievert (Sv) is the
amount of radicactivity giving a dose in man equivalent to | gray (Gyh of
x-rays: 1 Gy = an energy abscrption of 1 kg™, The dose received in most
hiological experiments iz a negligible fraction of the maximum permitted
exposure limil. Conversion factors from older units are given in Table
35.3,

The mosi imporiand methods of measuring rudwactivity Tor chemical
purposes are described below.

The Geiger-Miiller (G-M) tube

This opernies by deiecting radiation when it ionizes gas beiween a pair of
electrodes across which o voltage has been applied. You should uwse o hand-
held Geiger-Miller tube for routine checking for contamination. It is not
possible 10 detect low-energy f- and 2 pardeles as they are not able w
penetrate the window of the tube. In addition, prays (of medium to high
energy) pass through the filling gas causing littde ionization, and hence have
low efficiency.

The scinillation couwnter

This operates by detecting the scintillations (fluorescence “oshes’) produced
when radiaiion interacis with ceriain chemicals called fluors. In solid (or
enternald scintillation counters {often referred to as ‘gamma counters’) the
radioactivily causes sanlllations in a crysial of (uorcssoont material held
close o the sample. This methad is anly suitable for mdiotsolopes producing
penetrating radiation,

Ligquid scintillation counters are mainly used for detecting beta decay,
The sample is dissolved in a suitable solvent containing the fluon(s) - the
‘scintillation cocktail'. The radiation first interacts with the solvent, and
the enerpy from thss interaction is passed to the fluors which prodwss
deteciable bght. The santillations are measured by photemulizpler tubes
which turn the light pulses inte electronic pulses, the magnitude of which
is direqily related to the energy of the onginal mdionctive event. The
spectrum of electronic pulses i thus related 1o the energy spectrum of the
radinisolope.

Moderm bquad scintillation counters use a series of electrome “windows” 1o
aplit the pulse spectrum into two o thres components. This may allow mone
than one 1=otope o be delecled i a single sample, provided their energy
specira are sufficiently different (Fig. 35.2). A complication of this approach
is that the energy spectrum can be altered by pigments and chemicals in the
sample. which absorb scintillations or interfere with the transfer of energy 1o
the Muor; this s known as quenching (Fig. 35.2). Most instruments have
computer-operated quench correction facilities (based on measurements of
stundards of known activity and energy spectrum) which correct for such
changes in counting cfficiency.
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Suppose you need to make up & certain volume of an

experimental solution, to

6.

arimental sol

MMMH a known volume of the

in & p of

radinactivity. For example, 50mlL nlI a manninl solution
at a concentration of 25mmolL~", te contain 5Bgul™"
- using & manufacturer's stock solution of “C-labelled
mannitol ispecific activity = 001 Cimmol~"),

Calculate the total of radioactivity in the
experimental solution, in this pla 5= 1000
o convert gl to ml) x 50 (GDmL  required)
= 2.5 « 10° B (ie 250kBql.

Establish the wolume of stock rediclsotope
solution required: for example, a manufacturer's
stock solution of "“C-laballed r ital contains
50pCH of radiolsotope in TmL MmmMI.
water. Using Table 35.3, this ks equivalent to an
activity of 60 x 37 = 1850kBg. So, the voluma of
solution required is 2501850 of the stock volume,
i.e 0.135 1ml (135 L),

Caloulate the R e L T
raquired as for any caloulation involving concen-
tration (see pp. 17, 148} e.g. SOmL {0.05L)
of & 2B mmol L {0,025 mol L' mannitol {relative
molecular mass 182.17) will contain 0.06 < 0.025 =
18217 = 0.227 Tg.

Check the amount of radioactive isotope to be
added. In most cases, this represents & negligible
amount of substance, a.g. in this instance, 750kBg
of stock solution et a specific sctivity of 14.8=
109 kBgmmal ' lconverted from 0.ACH mimal-?
using Teble 3531 is equal to 250114800000 =
1669 nmol, which g eguivalant to approximately
Apg mannitol. This can be ignored in ulnulaﬂng

i you are uging  an

Inmnmvdﬂl automatic corraction to Bg, your

sample should contain the predicted lmwm-nf
8.0, an eccurataly dispensad volume of

redinectivity,

100pl of the mannitol solution should give &
correcied count of 100 « 5 = 500Bq (or 500 < 60 =
30000 d.p.m.].

Naote the specific i
lnﬂ-nm.‘lw;d.ﬂxiu L!uflh-mwr-ml
solution at a concentration of 0.026moll™' will
conain 25 = 10 "mol (25 pmol) mannitol. Dividing
the radioactivity in this volume (30000 d.puil by the
amount of substance ieqn [362]} gives a -edﬁu
activity of anm,-‘z:a-um:tmm
12d.p.m.nmol- . This value can be usad:

{a} To assess the accurscy of your protocol for
praparing tha axparimantal solution: if the
maasured activity is substantially diffarant from
the predicted value, you mey have mads an
arror in making up the solution.

[[-1] To determing the counting n‘mﬂ'qr of an

1; by o ng the d count
rate with ﬂur walue predicted by your calow-
tatlons.

fel To mterconwert activity and amount of sub-.
stance: the most imporiant practical application

amounts of substance. This is only possible
wiare the substance has nol been metabolizad
or otherwise converted into another form; for
axample, a tizsup sample incubated in the

lution described above with 8

the mannitel concentration of the i
salution,

mwmmmwmlmw
amaunt of non-radicactive substance
-mnmrmmmm&m

rnnaundncﬁuw ulmd.p.m can be convertad
o nmol mannital by dividing by the specific
activity, axpressad in the correct form. Thus
245,12 = 20,417 nmal mannitol.

Liguid scintillation counting of high-

anargy bata amittars — bata particles with

anergles grester than 1May can be
courted in water |

with no requiremant for additional flusrs
te.g. P

&8

Irvtrurrapntal tachniguas

radistianl,

Many liguid santillation counters treal the first sample as a “hackground’,
subiracting whatever value i obtained from the subssquent measurements as
part of the procedure for converting to dpam. If not, you will nesd to
subtract the background count from all other samples. Make sore that you
use an approprate backgroond sample, identical in all respecis to your
radionctive sample but with no added radioisotope, in the correct position
within the machine. Check that the background reading is reasonable (15
Mepm). Tips for preparing samples For liquid scintillation counting ane
given in Box 35,2,
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Fig. 352 Energy specira for three radioactive
eamplag, dansctad uging & scnnillanan countar,
Sampla a5 8 high-anangy bsta amiter whils I
COARING & a-anargy Bata amimar, ghing &
leresttr spesctrad range. Sample b contains the
same smaent of lovw-energy bets emitier, but
with qussnching, shifting tha spectral distributian
1o & Krwear dnargy band, The countes can bs aat
up to record disintegrations within a selscted
rang® i “window'l. Hese, ‘window 8 could ba
uaid b count isgtaps & whill ‘windaw B could
giwe & valus of isatope b, by applying &
‘correction for the counts due to isciope a, based
‘on tha results from ‘window a”. Dual counting
Bl B pRrITIBNGE 10 De CARTR DU USING TWi
isotopes |double labellingl.

» Sides can be carried oul in synihetic chemisiry uang radiolobelled
compounds, e.g. *H or “C,
# Prolocols are relatively smple compared with equivalent methods for

hwdhmmmu

mmmﬁmm | idi F

s vial) and then acd the cockiail. e L g . : : ;
Hmm"q-ﬁmnhhm ih*-*ﬂ-’h'ﬂ This approsch is not suitatle instrumental chemical analysis.
ol the scintillation vial - suspend them wmu i The tuin dissdvantsges are
y -ummnmm SR & The ‘isolope effect’. Mokeules containing different isotopes of the same

: T T - ; = atom may react al slightly different mies and behave m slightly dafferent

Jeray spectrometry

This is a methed by which a mixture of -ray-emitting radionuclidss can be
resolved gquantitatively by pulse-height analysis. It is based on the Fact that
pulse hexghis (voltages) produced by a photomultipher tube are proportional
1o the amounts of p-ray energy arriving at the scintillant or a lithiem-drifted
germanium  detectar. The Ethium-drified germanium  detector, which is
ubbrevinted to Ge(li) - pronounced ‘jelly’ provides higher resolution
{nnrrower peaks), essential in the analysis of complex mixiures,

Auntevadiography

This is a method where photographie film is exposed 1o the isolope. 15 used
mainly Lo |locate radsoactive tricers in thin sections of an organism or on
chromatography papers and gels, bui quantitative work is possible. The
rudhiation nterncts with the film in a similar way to light, silver grins being
formed in the developed film where the particles or rays have passed through.
The radiation must have enough energy 1o penetrate into the film, but i’ it has
oo much energy the gram formation may be oo distant from the point where
e isotope was located Lo ddentify precssely the point of ongin (e.g high-energy
bela-emillers). Autoradiography is a relatively specialiced method and
individual lab protocols should be followed for particular solopes/applications.

Chemical applications for radioactive isotopes
The mixin advantages of using radioactive isotopes in chembcal experiments are:

s Radioactivity is rendily detected. Methods of detection are sufficiently
semsitive to measure extremely small amounts of mdieactive substances.
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wiays 1o the natural iselope. The isdope ellect is more exireme the
smaller the aom angd & most mportant for !H’nhbellad compounds of
low molecular mass.

The possiblility of mistaken identity. The presence of radioactivity does
not fell you anything about the compound in which radicactivity is
present: it could be different from the one in which it was applied, owing
e chemical breakdown of a “C-containing organic compoursd.

The main types of experiments ine:

Radsolabelled compounds: the wse of radiolabelied compounds in
synlletsc and tracer studies B important as it allows the scentist 10 locate
the labelled atom, ie. ", 'H, in, for example, chemical synthesis and
laboratory environmental fate (degradation) studies. 17 using radiolabelled
compounds several isswes arise and these include deciding upon the
radionuclide itself, s position in the mobecule, the specific activity, the
solvent and cost.
Radio-dating: the age of plant or mineral samples can be determined by
measuring the amount of a radiolotope in the sample. The age of the
specimen can be found using n; by assuming how much was onginally
menrporiled.
Medical uses: in radiotherapy the wse of gamma radiation from “'Co to
destroy cancerous cells; *'Na can be introduced info the blood stream to
follow the flow of blood and identify ohstructions; heant disease can be
assessed using 'T1 and ™Te where the former concentrates in bealthy
beart tisswe and the latier concentrates in abnormal heart tissoe.
Assys: rdioisolopes are wsed in several qnnnulnl.nr: detection methods of
valee 1o chemists. Radiokn 5 a guanti methad for
of a subst: {the Imlﬂ:} using antibadies which bind
specifically 1o that analyie. Isotope dilution analysis works on the
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assumption that mtroduced radiolabelled molecules will equilibrate with
unlabelled molecules present in ihe sample. The amount of substance
initially present can be worked out from the change in specific activity of
the radwotsotope when it i diluted by the “cold” materal. A method is
required wherehy the substance can be purified from the sample and
sulficient substance must be present lor its mass Lo be measured accurately.
Activation lysis is @ it hanis for the delermimation of
element concentration. 1t i bassd upan sclectivity inducing radioactivity in
some of the atoms of the elements comprising the sample and then
sefectively measuring the radiations emined by the mdionuclides. After
bombardment with switable nuclear particles, the induced radionuclides
are identified or guantitatively measured. Meutron activation analysis is
the most common method of analysis.

Working practices when using radioactive isotopes

By law, undergraduaie work with radicactive iseiopss must be very closely
supervised, In practical classes, the protocols will be clearly outlined, but in
praject work you may have the opportuniy to plan and carry out your own
experiments, albeit under supervision. Some of the factors that you should
take imlo account. based om the asumpiion that vour depaniment and
laboratary are registered for radioisotope use, ane discussed below:

e Mlust you nse radicactivity? If nod. it may be o begal requirement that you
use the abiernative method,

&  Have you registered for radioactive work? Mormal practice is for all users
1o pegister with a local Radiation Pretection Supervisor. Details of the
project may have 1o be approved by the appropriate administeatons).
You may have to have a short medical examination before you can start
ek,

o What labelled compound will you wse? Radicactive isotopes must be
ordered well in advance through vour department’s Radiation Protection
Supervisor, Aspects that need 10 be considered include:

{a) The radioruclide. With many organie compounds this will be
confined to *H and "C (but sse Table 352). The risk of n
significant “isotope effect” may influence this decision (see above).

(b} The labelling position. This may be a crucial part of a metabolic
study. Specifically labelled compounds are normally more expensive
than those that are unaiformly (‘penerally’) labelled.

ie} The specific activity. The upper lmit for this iz defined by the
isctope’s hall-life, bat below this the higher the specific activity, the
more expensive the compound.

& Are suitable facilitics available? You will need a suitable work area,
preferably out of the way of general lab traffic and within a fume
cupboard for those cases where volatile radioactive substances are used or
may be produced,

Each pew expenment should be planned carefully and experimental
protocols lakd dewn in advance so vou work as safely as possible and do not
waste expensive radicactively labelled compounds. In conjunction with your
supervisor, decide whether your method of application will introduce enough
radicactivity imto the system, how you will accoumt for any los of
radioactivity during recovery of the isotope and whether there will be enough
aclivity 1o count ai the end, You should be able 1o predict approximately the
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Fig. 35,3 Taps showing the internatianal

s

symiol for radioactivity.
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amount of radioactivity in your samples, based om ihe specific activity of the
isotope used, the expected rate of uptake/exchange and the amount of sample
1o be counted. Use the isotope's specific activity 1o estimate whether the non-
radicactive (“eold’) compound mniroduced with the radiolabelled (“hot')
compourd may lead to cxcessive jons being adminstered. Advies
for handling data is given in Box 35.1.

Safety and procedural aspects

Make sure the bench surfuce is one that can be easly decontaminated by
washing (e.g. Formica™) and always use o dispesable surfacing material such
as Bemchkote™. It is pood practice to carry oul as many operations as
possible within a Benchkote™-lined plastic tray so that any spillages ane
contaimed. You will need a lab coal 1o be used enclusively for work with
rudioactivity, sfety spectacles and a supply of thin latex or vinyl dispeanhle
gloves. Suitable vessels for liquid waste disposal will be required and special
plastic bags for solids — make sure you know beforehand the disposal
procedures for liquid and solid wastes. Wash your hands after handling o
vessel containing a radioactive solution and again before removing your
gloves. Gloves should be placed in the appropriate disposal bag as soon as
your eaperimental procedures are complete.

Il s important 1o comply with the following guidelines:

Read and obey the local rules for safe usape of radiochemicals.

Maximize the distance between you and the source as much as possible.

Mimmize the duration of exposure.

Wear prodective clothing (properly fastened lab coat, safely plases,

glovesh ag all times,

& Use appropriate shiclding a1 all times (Table 35.1).

= Monitor your working area frequently for contamination.

o Moark all glassware, trays, bench work areas, etc.. with tape meorporaiing
the international symbol for radicactivity {(Fig. 3530

»  Keep adequate records of what you have dene with a radiolseiope — the
sbock remaming and that disposed of in waste form must agree.

®  Store radiolabelled compounds appropriately and return them 1o slorage
areas immediately afier use.

»  Dispose of waste prompely and with due regard For Jocal rules.

®  Make the nocessary reporis about waste disposal eic. te your departmental
Radiation Protection Supervisor.

»  Clear up aller you have finished sach experiment.

»  Wash thoroughly after wing radicactivily.

®  Momilor the work area and your body when finished.
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Air

Mitrogen

Thermal analysis

Thermal methods are technigues in which changes in physical and/or
chemical propertis of o substance are messured 85 & function of
temperature. Several methods of analysis are used:

# Thermogravimetry (TG) is a technigue in which a change in the weight of
the substance under investigation (s monjored with respect o
lemperatiung or me.

s  Differential thermal analysis (DTA) is & technique for messuring the
difference in temperature between the substance under investigation and
an inert reference material with respect to temperatune or time.

#  Dhfferential scamning colorimetry (DSCh is o wechnique in which the
energy necessary to esiablish a mere temperature difference beiween the
substance under investigation and a reference material is monitored with
respect 1o temperature or time,

When carrying oul a thermal analysas procedure it is imporiant o consider
and record the following details:

« Sample: a chemical description of the sample, plus its source and any pre-
trealment. Also, the punty, chemical compostion and formaula, iF known,
Other important items to note are the particle size, whether the sample
has been mixed with o *binder” {ond, if so, what it has been mixed with
and in what ratio} and the ‘history" of the sample.

& Crucibde the material and design of the sample holder i important.
Oibwiously it is important that the crucible does oot react with the sample
during heating. In addition, the geometry of the crucible can influence the
gats Mow,

& Rate of henting: this is very important if you intend to repeat the
experiment on 8 subsequent occasion. Obvicusly the rale of heating of
the sample in the eruable is not instantanecus bul depends upon
conduction, convection and radiation within the system. Thermal lag is
therefore likely 1o be observed

®  Aimosphere The mature of the atmosphere syrrounding the sample is
imporiant in relation to the transfer of heat and the chemisiry of the
sampk: resction. Commen sample atmospheres are shown in Table 36.1.
In addition, the flow rate of the gas is important; o static system will nod
remowve reaction products from the sample.

& Mass of sample: obviously the amount of sample will have an effect on
the heating rate. Ako, sample homogeneity may be an issee with very
small snmples,

Thermogravimetry

The apparaius required for T analysis is shown in Fig. 36.1. TG is normally
carriad oul on sobd samples. Example operating conditions are us folkows:

Sample: calcium oxalate monohydrate
Crucible: platinum pan

Rate: 10K min "

Atmosphere:  mitrogen, 20mL min '

Mass: 105 e
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Fig. 2.7 Schematic diagram of a sysiem for

thermogravimetny.
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o interpret a thermal 2

1. Mdentify the start position of the trace |see Fig. 36.2); this is
usually indicated by tha scale on the traca,

2. Identify any regions of decomposition: these are whare there is
a rapid change in the verical axis. Three distinct regions af
decompaosition can be identified in Fig. 36.2 (a) betwean the
start and tha first plateau there is a loss of 12.65% istaga 1) (b)
betwaen tha first and sacond plateau & loss of 18.75% occurs
istage Z; and ich batween the second plateau and the final
residus thers is a loss of 20.75% (stage 3).

2. Determine the M, of the starting materlal. The A of
CaCy0, H;0 ig 146.1.

4. Using the M, determine the decomposition loss associated
with each region,

Siage 1: 1461 = 12,5100 = 16.3 (18 corresponds to the loss of
water)

CaCy 04 HyQyy, — CaCylyy, + HeOyey

Stage 2 1461 « 18.75/100 = 27.4 |2B.01 corresponds to loss of
COp

CaC;04y — CHCOyy, + O0jg,
Stege T 146.1 « 2575100 = 43.5 (44.01 corresponds to boes of
(=M

a0y — €Ak + COug
5. Datermination of the final product. In this case for CaC0, H:0
tha final rasidus is Call (M. — 56.081,

B. Check the M, of the ariginal compaund:
ariginal sampla (M) = [resldus (M1% residual = 100
Residue from Fig, 36.2 is 39%, Therefare,
original samgle (M) — [65.0839%] « 100 - 1438

Thus the calculated IHIHWEIMHHE
similar 1o the known M, of CaCy04H0 of 1461 gmel ",

5 m—umuum-ﬂumm'
purity of CaCy0, Hail s calculated as follows:

1438 = 100 = 1/146.1 = 96.43%

The result can be expressad as either a TG curve, a plot of changing weight
with respect to temperature or time, of a derivative of the cumve. Le. DTG,
where the first derivative of ithe TG curve is ploteed with respect 1o
tempernture or time. As well as providing information on the thermal
docomposition of inorganie compeunds. additional information can be
deduced, eg. sample purity and A,

The oxalate hydratss of the alkaline earth metals, e.g. calcium, strontivm
and barium, are all inscluble, IF & calcium salt made acidic with ethanoic acid
is treted with sodium oxalate solution, & white precipitate of calcium oxalate
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Fig, 36.2 A typical tharmal analysia trace for
Calz04,.Hy0.

monohydrate is formed quantitatively. After washing the precipitate with
ethanol it can be analysed. A iypical TG curve, lor ealeium oxalate
monohydrate, CaCy0y H, is shown in Fig. 36.2. Box 36.1 shows how 1o
interpret a thermal analysis trace for cobcium oxalate monohydrate

Applications

As well as inorganic compleses, thermal analysis is applicable o a wide range
of substances, e.g. polymers, drogs, sodls and eeals. 11 can also be applied 10
mixtures of, for example, polymer blemds.

Degradation of polymers The effect of heat on polymers varies according to
the type of polymer under investipation. In an inert atmosphere, polymeric
matedals react in two distinel ways: they dther depolymerize or carbonize.
For example, polyimethyl methacrylute) may degrade back (o the monomer.,

Soil  The composition of soil is complex and varies with location and
gelogy. Three general singes of soil decomposition on heating can be
dentified:

I, Loss of moisture and simple organic compounds (between room
tempaeraiune and 1309C).

2. lgnition of soil orpanic malter (belween 250 and 550°C).

3, Presence of minerals g carbonates. The process can be complicated by
the presence of hydrated minerals eg aluminium and iron oxides, and
micas (above 550°C),

Dregs The presence of water in both “free’ and ‘bound” states in
\ fcals can be kemiified
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Resources for instrumental techniques

General hooks

Christian, G. {(1994) Adnalyticad Chemistry, 5th Edn, John Wiley and Sons
Lid, Chichester,

Crawford, K. and Heaton, A. (199% Problem Sodiag o0 Analpticol
Chemistry, Boval Socety of Chemistry, Cambridge.

Currell, G. (2000) Aralyrical fstreresiation. Performance and cheractevistics
af quaality, John Wiley and Sons Lud,, Chichester,

Day, RA. and Underwood, AL, (1991) Quamirarive Amalysis, 6th Edn,
Prentice Hull, Harlow, Essex,

Harns, DUC. (1995 Qruandirative Chimical Analysis, 4ib Edn, Freeman and
Ca, Inc, Mew York.

Keflner, R {1998) Amaiyrival Chemiviry, John Wiley and Sons Lid, Chechesier.
Mendham, 1., Denney, B.C., Bamnes, 1D, and Thomas, MK, (2000)
Vagel's Texthook of Quantitative Chemical Amaysiz, 6th Edn. Prentice Hall,
Harlow, Essex,

Rouessac, F. and Rovessac, A, (200} Chemical  Analysls,  Modern
ingiramensarion methads and techniques, Jobhn Wiley and Sons Lid, Chichester.
Rubmson, KA. and Rubinson, LF, (200) Camtemporary fnsramental
Analysis, Prentice Hall, Harlow, Essex,

Schwedt, G. (1997) The Essential Guide to Analytical Chemisiry, John Wiley
and Sons Lid, Chichesier.

Skoog, DA, West, DM, and Holler, F.1. (1596) Fundwienrals af Amafyrical
Chemisrry, Tth Edn, Saunders College Publishing. Orlando, Florida.

Skoog, LA, and Leary, LL. (1992} Principles af Inatrumental Analysis, 4th
Edn, Saunders College Publishing. Ordanda, Florida,

Willard, H.H., Meritt, Jr, LL., Dean, LA, and Settle, Ir., F.A. (1958)
Trestrumental Methods of Anafysls, Tth Edn, Wadsworth Publishing Co..
Belmont, CA.

Specific books on atomic spectroscopy

Cresser, M.5. (1995) Flavse Specironserry b Envivammenyal Chemical Analpais:
A Practical Approach, The Royal Society of Chemistry, Cambridge.

D, LR, (1997} Atomic Absorption and Plasma Specirarcopy, ACDL, John
Wiley and Soms Lid, Chichester,

Ebdon. L., Evans, H.. Fisher, A, and Hill. 5. (1998) An [fereoducrion 1o
Ararmur Absorprion Speciromerry, John Wiley and Sons Lid, Chichesser.
Howard, AG. and Statham, P, (1993) feorgamic Trrce Amalyels. Philosopin:
and Practice, Iohn Wiley and Sons Lid. Chichester.

Lajunen, LH.J. (1992) Spectrochemical Analysls by Aweie Absorpiton and
Emizsion, Royal Society of Chemisiry, Cambridge,

Vandecasteele, C. and Block, C.B {1993) Maodern Methods of Trace Elesvenr
Dietermvingsion, John Wiley nnd Sons, Chichester.

Specific books on molecndar speciroscopy
Braun, 5. Kalinowski, H.O. and Berger, 5. (1998) /50 and more bavic NMR
experimenrs, A praciicl coirse, Ind Edn, John Wiley and Sons Lid, New York.



Resources

Kemp, W. (1991} Orgaric Speciroscapy, Ird Edn, Macmillan Publishers Lid,
Basingstoke.

Lambert, J.B, Shurvell, H.F, Lightner, DA. and Cooks, R.G. (1998)
Cheganie Stenciiral Spectroscapy, Prentice Hall, Harlow, Essex.

Lee, T-A. (1998) A Beginners Guide 10 Moo Speciral Interpretation, John
Wiky and Sons Lid, Mew York.

Nyguist, R.A. (20010 Imerprering bnfrared, Ravan aod meclear mungneric
resomance spectr, Vol, | and 2, Academic Press,

Pavia, DL, Lampman, GM. and Kris, G5 (2001) [ferroducrion g0
Speeivoseapy, 3rd Edn, Harcourt Pablishers Lid., London

Preisch, E. and Clerc, J.T. (1998) Specwra Iurerpresation of Orgamic
Campownds, John Wilsy and Sons Lid, New York.

Silverstein. R.M. and Webster, F.X. (1997) Speciroscaple Menifffeanion of
Qrpamle Congporeuts, Gth Edn, John Wikey and Sons Inc., Chichester.

Weber, L. and Thiek, H. (1998) NMR-Specrrozcop: Modem Specread
Analpsiz, John Wiley and Soms Lid, New York.

Williams, D.H, and Fleming, 1. (1995 Specreascaple Methods in Organic
Chenrisery, 5th Bdn, M*Graw-Hill. Maidenhead.

Whittaker, [y, (2000) fnterpretimg Qrgantc Specrra, Royal Society of Chemisiry,
Cambridpe.

Specific books on chromatography

Braithwaite, A, and Smith, F.J1. {1990 Chromarograplic Metbods, 4th Edn,
Chapman and Hall, London.

Fowlis, LA, {1995) Gay Chramatography, Ind Edn, Analytical Chemistry by
Crpen Learmang, John Wiley and Sons Lid, Chichesier,

Fritz, 1.5, and Gerde, D.T, (2000} lon Clhromarography, 3rd Ed., John Wiley
and Sons Lid., Chichester (2000).

Girab, K. (2001) Spilit and Splitiess fnjection in Capiflary Gas Chramatograpiy,
4th Edn, John Wiley and Sons Ltd, Chichester.

Hahn-Deirstrop, E. (20000 Appled Thin Layer Chramatography, John Wiksy
ard Sons Lid, Chichester,

Hanmai, T. (1999 MPLC: A Proctieal Guide, Royal Society of Chemistry,
Cambridge,

Hubschmann, HJ. (2000 Hamdbook o GC/MS, John Wiley and Sons Lid,
Chachester.,

Kromidas, 5. (20001 Pracrical Problem Sodving v HPLC, John Wiley and
Sons Lud, Chichester.

Schoenmakers, PJ. (1986) Optfmizadan of Chromatographic Selfecriviey. 4
Catde to Method Developmeny, Elsevier Science Publishers BV, Amsterdam.
Subramaninn, G. (2000) Chival Sepevarion Teclhngues, Ind Edn, John Wiley
and Sons Lid, Chichester,

Synder, LB, and Kirkland, 1I. (1979 fnroducrion o Modern  Liguid
Chrosarography, 2nd Edn, John Wiley and Sons Lid, New York.

Synder, L.R., Kirkland, 1.J. and Glajch, J.L. {1997) Proctical HPLC Method
Developeeny, 2nd Edn, John Wiley and Sons Lid, New York.
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Specific hook on electroamalyrical rechnigues
Wang, 1. (20000 Aralyrical Elecrochemiviey, 2od Edn, John Wiley and Sons
Lid, Chichester.

Specific book on radiochenistry
Mewton, G.W.A. (1999) Envirenmental Radiochemical Analysis, Roval Society
of Chemistry, Cambridge.

Specific book on thermal methods
Hatakeyuma T. ancd Fhenhai, L. (1998) Hamdbook af Thermn! Amafyeis, John
Wikey and Sons Lid, New York.

CD-ROMs

Chemstry Video Consortium, Practical Laboratery Chemistry, Educational
Medin Film and Video Lid, Harrow, Essex, UK - Chromatographic
techniques (TILC, column, ion exchange and gas chromatography).

Chemistry Video Consortium, Practical Laboratery Chemistry, Educational
Medin Film and Vides Lid, Horrow, Essex, UK - Electrochemical technigues
{using gahwnic cells, using cone ic oells, ining standard elecirode
patentials, determining solubility products, thermodymamic charsclerstics of
cells, conductometric tirations and using an automatic titrator).

Chemzstry Video Consortium, Practical Laboratory Chemistry, Educational
Media Film and Video Lid, Harrow, Essex, UK — Flame photometry, A4 and
TGA measurements {using o flame photomeler, using an atomic absorption
specirometer and thermogravimetne analysish

Chemistry Video Consortium., Practical Laboratory Chemastry, Educational
Modia Film and Video Lid, Harrow, Essex, UK - Microscale chromatography
(TLC, column chromatopraphy. gas chromatography and preparation of a
Cirignard reagent).

Chemistry Video Consortium, Practical Laboratery Chemistry, Educational
Media Fibm and Video Lid, Harrow, Essex. UK - Polarimetry, refractometry
and radiochemistry (using a polarimeter, determining the refractive indices of
hiquads, measuring the mies of radioactive processes amd measuring gas phase
emission spectri).

Video
Cireeves. M., Hodson, L. and Keedall. G. {1998) furermediore NMR Specieo-
seapy, Royal Secety of Chemistry.

Sotware

AAS softhook, Royal Scciety of Chemistry, Cambridge.

The advanced ICP softbook, Royal Society of Chemistry, Cambridge.

GO application and method  development  softbook, Royal Socety of
Chemistry, Cumbridge.

GC sofibook, Royal Sodety of Chemistry, Cambridge,

HPLC sofibook, Roval Society of Chemistry, Cambridge.

MS sofibook, Roval Socety of Chemistry, Cambridge.
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Fig. 37.1 Calbration curve for the detesmination
of lead in soil using FAAS, Vertical bars shoe
ssancard amars (n = 2.
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Fig. 37.2 Decompasition of M0, The firs-
ardes e conalan can be detarmined fram the
slope of the line.

Using graphs

Graphs can be uwsed 1o show detailed results in an abbreviated form,
displaying the maximum amount of information in the minimum space.
Graphs and tables present findings in different ways. A graph (figure) gives a
visual impression of the content and meaning of your resulis, while a 1able
provides an accurate numerical record of data values. You muost decide
whether a graph should be used, e.g 1o illustmie a pronounced trend or
refationship, or whether a table (Chapeer 38) is more appropriate.

A well-constructed  graph will combine simplicity, accuracy and clarity.
PManning of graphs is needed ai the carlicst stage in any write-up as vour
accompanying text will need to be stroctured so that sach praph delivers the
appropriate message. Therefore, it is besi 10 decide on the final form lor ssch
af your praphs before you wrle your text. The lext. dograms, graphs and
tables in a laboratory wrile-up or project report shoukd be complementary,
each contributing 1o the overall message In a formal scientific communi-
cation il is rarely mecessary 1o repeat the same data in more than one place
(e.g. as a table and as a graph), However, graphical representation of data
collected carfier in fabular format may be applicable in labomtory praciical
FEPOTTE.

Practical aspects of graph drawing

The following comments apply to graphs drawn for lnbomiery reporis,
Figures for publication, or similar formal presentation, are usually prepared
according o specific guidelings, provided by the publisher organizer,

Two examples of graphs are shown (Fig. 37.1 and 37.2), The first is typical
in quantitative analytical chemistry (Fig. 37.1), whils the second is typical in
physical chemistry (Fig. 37.2)

Graphs should be self-cormained - Illf should include
all material necessary to comy the
whm!mmﬂm“nmﬁmmwﬂm
the content. i seversl graphs are used, they should be numbered, so they
can be quoted in the tet.

# Consider the layout and scale of the axes carefully, Most graphs are used
1o illostrate the relationship between two vamables (v and ¥) and have
two axes at right angles {e.p. Figs 37.1 and 37.2). The horizontal axis is
known as the abscissa {x-anis) and the vertical axis as the ordinate (p-
axis).

® The axis asigned 10 each varable st be chosen carelully. Ususlly the
x-axis ig wsed for the i L {eg. ion) while the
d!pmdzrll. wariable [e.g concentrution response) is plotted on the y-axis
When neither variable & determined by the other, or where the varinbles
ire interdependent, the axes may be plotied either way round.,

# Each axis must have a descriptive label showing what is represented.
together with the appropriate unils of measurement, separated from the
descriplive label by a solidus or “slash’ (), as in Fig. 37.1, or brackets as
in Fig. 37.2.

# Each axis must have a scale with reference marks {*tics’) on the asis to
show clearly the location of all numbers nsed
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Fig. 37.4 Bar chart. showing the number of
studants balanging to each ABD blood group
in = 201
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o A figure legend should be used o provide explanatory detall, inclsding
the symbols used for esch data et

Handling very large or very small numbers

To smplify presemtation when your experimental dala consist of either very
large or very small numbers, the plotied values may be the measured
numbers multiplied by a power of 10: this multiplying power should be
writien immediately before the deseripiive label on the appropriate axis (as in
Fig. 37.5), However, it is often better to modify the primary unil with an
appropriate prefic (p. 70) to avoid any confusion reparding negative powers
of 10.

Size

Remember that the parpose of your graph is to communicate information. [t
st mot be 100 small, so use at beast hall an A4 page and design your axes
and Inbels 1o fill the available space without overcrowding any adjacent text.
If using graph paper, remember that the white space around the grnd is
usually too small for effective labelling. The shape of a graph is determined
by your choice of scale for the x- and j-axes whach, in turn, 5 governed by
your experimental data. It may be inappropriate 1o start the axes ol zero. In
such instances, it & particularly important to show the scale clearly, with
scale breaks where necessary, so the graph does not mislead.

Graph paper

In addition to comventional lincar (squared) graph paper. you may need the

following:

s Probtahility graph paper. This is useful when ome axis is 8 probablity
scale.

# Log-linear graph paper, This is approprisie when one of the scales shows
u logarithmic progression, e.g. in chemical kinstics. A plot of Ink against
1T is usad to determine the activation coergy (£.), where &k & the mie
constant and T is the temperature. Log-linear paper s delined by the
number of logarithmic divisions covered (usually termed ‘oycles’) so make
sure you use a paper with the appropriate number of cycles for your data.
An alternative approach i o plot the log-transformed values on ‘normal®
graph paper.

s Logtog graph paper. This is appropriate when both scaks show a
logarithmic progression, ¢.g. the large linear mnges achievable with some
analytical instruments,

Types of graph
Different graphical forms may be used for different purposes, including:

e Ploted corves - used for data where the relationship betwesn two
warinbles can be represenied as a continuum.

& Scatier diagrams - used to visualize the relationship between individual
data values for two interdependent variables (eg. Fig. 41.6) ofien as a
prediminary pan of a cormelation analysis (p. 27H).

&  Three-dimensional graphs show the inber-relats ips of three variahl
(e.g- Fig. 3Z.21)

#* Hisiograms for frequency distributions of continwous variables (eg.
Fig. 37.3).
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]

Fig. 375 Pis chart: ralative aburdance of ABD
blood groups in man,

s Freg polygons hasize the form of a frequeney distribution by
Jodning the co-ordinates with siraight lines. in contrast 0 a histegram.
This is particularly useful when plotting (wo or more sets of dam valses
an the same gruph.

& Bar chans ref frequency distr
quantitative varinble (e.g. Fig. 37.4)

»  Pic charis illustraie portions of 0 whole (e.g Fig. 37.5)

The plotted curve

This is the commonest form of graphical tion used in chemistry.
The key feanares are outlined befow and in checklist form (Box 37,1

of a discrete qualitative or

Dara points

Ench datn point must be shown accurately, so that any reader can determine
the exact values of x und y. In addition, the results of each treatment must be
readdily sdentifimble. A useful technigue is to use a dod for each data point,
surroumded by a hollow symbal for each treatment. An alternative is to use
symbols only, though the co-ordinates of cach point are defined less
accuralely. Use the same symbal for the same entity if 0 occurs m several
graphs and provide a key 1o all symbals.

Stavistical measures

If you are plotiing average values for several replicates and if you have the
pecessary slalisiical knowledge, vou can caboulare the standard ermor (p. 268),
or the 95% confidence limits (p. 278) for each mean value and show thess on
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vour graph as a series of veriical bars (see Fig. 37.1). Make it clear in the
legend whesher the bars refer to standard errors or $5% confidence limits
amd quote the valee of n (the number of replicates per data point). Another
approach is o add a beast significant difference bar (p. 277) 1o the graph.

Tt

Onee you have plotted each point, you must decide whether 1o lnk them
by straight lines or a smoothed curve. Each of thess techniques conveys a
different message to your reader. Joining the points by straight lines may
soem the simplest option, but may give the impression that errors are very
low or non-existent and that the relationship between the variables is
complex. Joining points by straight lines is appropriate only in certain
graphs, c.p. recording a patient’s 1 ture in & hospital, o hasi
any varation from one lime poinl 1o the next. Howeves, in moat plotied
curves Lhe best straight line or curved boe should be drawn (accordimg 1o
appropriate mathematical or statistical models, or by eye), 1 highlight the
relationship between the variables - after all, your choice of a plotted curve
implies that such a relationship exists! Don't worry i some of your points
do not lic on the line: this is caused by errors of measwrement and/or
sample varation. Most curves drawn by eye should have an equal number
of poiats lying on either side of the line. You may be puided by 93%
confidence limits, in which case your curve should pass within these limis
wherever posable.

Curved lines can be drawn wing a fexible curve, a set of French curves, or
freshand. In the last case, tum your paper so that you can draw Lthe curve in
a single, sweeping stroke by a pivoting movement at the clbow (for larger
curves) ar wrist (for smaller ones). Do not try 1o force your hand 1o make
as the resulling ling will not be smoaoth.

Extrapalation

Be wary of extrapolation beyond the upper or lower limit of your measured
values. This b8 rarcly justifiable and may lead to serious errors. Whenever
extrapolaiion is used, a dotted line ensures that the reader {s aware of the
unecertainty involwed. Any assumplions behind an extrapolated curve should
also be stated elearly in your lexi

The histogram
While a plotted curve asumes o conlinuows relalionship between the
varizhles by imterpolating between individual data points, a histogram
mvnlves no such assomptions and is the most appropriate represeniation if
the number of data points is oo few to allow a trend line to be drawn
Histograms are alio wsed to nip frequency distributions (p. 265, where
the y-axis shows the number of times a partscular valoe of x was obiained
{e.g. Fig 37.3). As in a plomed curve, the x-axis represents a conbinsous
variahle which can take any valwe within & given range, so the scale must be
broken down intoe discrele dlasses and the scale marks on the v-axis should
show erther the mid-points (mid-values) of each class (Fig. 37.3), or the
houndaries belwesn the clisses.

The columns are adjscent to each other in a histogram, in contrast to a bar
chart (Fig. 37.4), where the columns are separate bocause the x-axis of a bar
chart represents discrete valoes.
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Interpreting graphs

Whenever you look at gruphs druwn by other people, make sure you
understand the axes before you look at the relationship. 1t is all too easy to
take in the shape of a graph without first considering the scale of the awes, o
fact that some advertisers and politicians exploit when curves ane used 1o
murepresent information. Such graphs are often wed in newspapers and on
television, Examine them critically — many would not pass the simingent
requirements of scientific communication and conclusiens drasn from them
may be Mawed.
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Presenting data in tables

A table is often the most appropriaic way to present numerical data in &
concise, sccurate and struciured form. Laboratory reporis and project
dissertations should contain tables which have been designed to condense
and display resulis in o meaningful way and 1o aid numerical comparison.
The preparation of tables for recording primary data is discussed on p. 67,

Decide whether you need a table, or whether & praph is more appropriate.
Histoprams and plotied curves can be used to give a visual impression of the
relationships within your data (p. 2510, On the other hand, a table gives you
the opportunity to make detailed numerical comparisoens.

Always remembaer that the primary purpose of your
table is to communicate information and allow approprists comparison,
not simply to put down the results on paperl

Praparation of tables

Title

Every table must have a briel descriptive tithe If several tables are used,
number them comsecutively so they can be quoted in your text. The tils
within & repert should be compared with one another, making sure they are
logical and consistent and that they describe accurabely the numerical data
contained within them.

Structure

Thsplay the companents of each tahle in a way that will belp the resder
understand your data and grasp the significance of your results. Organize the
eolumns so thai each caiegory of like pumbers or properties is lisied
vertically. while cach horizontal row shows o different experimental
treatment, element, sampling site, etc. (as in Table 38,1, Where appropriate,
put control values near the beginning of the table. Columns that need o be
compared should be set out alengside each other, IF producing by hand, use
rulings 1o sub-divide your table appropriately, but avoid cluttering it up with
oo many lnes. Alternatively, for computer-generated iables, the use of boxes
is more appropriate, (o avoid confusion.

Tahis 387 Selected properties of slements in the Periodic Table

Abumindum Al 13
Cohalt Cao )
Iron Fa Ful
Manganese  Mn -

30

142 +3 ar AlyDy

125 +2, +3 a7 CM%L‘O&
126 +2, +3 748 0y, Fasy, FeClh, Folz
126 +2 +3,+4, 27 72 l.lan lb;ﬂp Mlhop iz cies

= Detarmined at 28°C.

“* Ralative to the slomic maess of =C (= 12).
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Presenting data in tables

Examples Quote the radius of an stom
a8 0L126 nm or 126 pm, rather than

0,000 000000 126 m o 0128 = 107 m (o
'lﬂall'“ﬂﬂ.]'buw;mhu;ﬂ
Lge QIMI{ BNQEIFOM

equivalent 1o 10" m; henca the radies of
an atom would be 1.238 4, in this exarngle,

Baving further space — in some instancas
a foatnate can be used to replace a whole
column of repatitive data,

Headings amd sub-feadings

These should identily ench set of date and show the units ol measurement,
where necessary. Make sure thai each column i wide enough for the
headings and for the longest data valee,

Numerical duta

Within the tmble, do not gquote values to more sgnificant fgures than
necessary, a5 this will imply spurious accuracy. By cureful choice of appro-
priate units for each column you should aim to present numerical data within
the range U to 10 As with graphs, it &s less ambagoows 1o we denved S1
unils, with the appropriate prefives, in the beadings of columns and rows,
rather than gqueding multiplving factors ad powers of 10, Allernatively,
include exponents in the main body of the table (see Table 7.1), w0 avoid any
possible confuson regarding the use of negative powers ol 100

Dther notations

Avoid using dashes in numerical tables, as their mesning is unclear; enter &
#ero reading as 07 and wse “WT for not tested or ‘NI if no data value was
obined, with a footneie 10 explain each abbreviation. Other fooinobes,
ulentified by astensks, supersemipls or other symbols in the table, may be
used o provide relevant expermmiental detail (if nod given m the lext) and an
explanateon of oodumn headings and mdividual resulls, where appropriate.
Footnotes should be s condensed as possible. Table 38.1 provides an
enample.

Statistics

In tables where the dispersion of esch data s s shown by an appropriale
statistical parumeter, you must state whether this 1 the (ssmple) standard
deviation, the standard error (of the mean) or the 25% confidence limits and
vou must give the value of & (the number of replicates). Chber descripiive
siatisiics should be quoted with similar dednil, and hypothesis-testing statisiics
should be quated aleng with the value of P (the prohability). Details of any
ezl used should be given in the legend, of in a footnoeie.

Text
Sometimes & table can be a wseful way of presenting textual infermation in a
condensed form (see example on p. 25).

preparing a table

&wmmﬂmmwmw

. A title, plus a reference number and date where necessany.
Headings for each column and row, with appropriate units of
measurement.

Data wvalues, guoted 1o the nearast significant ﬂguuihlnﬂh
statistical paramaters, acoording 10 your requirsments.
Fndn—tn-qidn modifications and indivi-

dual details. ]
mwmmmmummm
each other.

rr-h'n-

Analysls and presentation of data 257

Presenting data in tables

Using micropomputers and ward
procassing packagos - these can bo used
e prepare high-quality varsions of tables
for project work (p. 3131
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When you have finished compiling your tabulated data, carefully double-
check each mumerical entry apgainst the original information, 1o ensure that
the final version of your table is free from ranscriptional errors. Box 38.1
gives a checklist for the major ebements of constructing a table.



Hints for solving numerical problems

Chemistry, and in particular physical and analytical chemisiry, ofien requires
a numerical or statistical approach, Mot only s mathematical modelling an
important aid to understanding. but computations are ofien needed to turm
raw data inte meaningful information or to compare them with other daia
sets. Moreover, calcubations are part of laboratory routine, perhaps required
for making up solutons of known concentration (see p. 170 and below) or
for the calibrtion of an analytical instrument (see p. 171). In ressarch, ‘trial
dalculations can reveal what input data are requared and where errors in their
measurenent might be amplified in the final resuelt, cg Mame atomic
absorplion spectromedter (see Chapter 27),

Table 397 Sets of numbers and operations

Sets af numbere
‘Whale numbers: nLLER..
Hatural numbers: LZ3 ...

Integars: =R - -L0 %3

Raal naimibsn: Irmnm anil anything Datwean lo.g. -5, 4,376, 316, 1, &

Prima numbers: rstural numbers divisible by 1 and themselves
nnh' ﬁ.u L3673 ..0

Aaticnal numberss  pigwhare plinteger] and q-l:nuturull hawe no commian
factar leug. 34)

Eractiores: B WIsETE P ER &N ElEgET and O s netunel g, —68/81

lrrational pumbes; el numbens with no exact value {e.g. ok

Irifirity: {symbal =) is larger than any number Gechnically not &
numibar &4 it doas rat abey the kews of algsonal

apmhommm

io pparatars: &, =, & w0 5 will PO nasd mlumluﬂ PiaEar, .fmar

lI.II‘lI'lILmﬂ far +, « miay for = o this ap
B8 amilted

Pasvirs; &%, im, 810 the power &', means a multiplied by Itnalfnmm

g8 =axa="asquared, & = AKX 8="80

is sald 1o bo the Indox of sxponant. Note a% - 1 and 2" —a
Logarithms: the cammon logarithm Bagl of sy numbar x is the powsr

&0 which 10 would have to be reised to give  li.e the log of

100 is 2; 107 = 100); the antiiog of » is 10 Mata that thens i

o log Tor 0, 8o taka this imo aount whan draning log

axes by breaking the axis. Matural or Napierian logarithms

Oin} use the base & |= 2.T1B23 . .| instead of 10

Peciprocais: the reciprocal of a real numbar a i e s # 0
Ralatianal @ = b aang ‘& i grestes imone positivel than b, < means
Cperators: less than, < means less than ar equal io. and > means

graaiar than or equal o

Proporticnality: &= b méans ‘& s proporionsd 10 0° (Le 8 = kb, whene kisa
m::;h W&o 1/b, ais inversely propostional to b
[a = |

Sume: Far. iz shorthand for the sum of all & values from § - Do

= i {mose correctly the rangs of tha sum i apecified undar

the symbeall

Madull: || sigmifios modulus of & e, its abealute value
log. 4 =|-a8] = a)

Factorials: al signifies factorial x the product of al integers from 110 X
ta.g 3! =8} Note Q! = 11=1
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Hints for solving numerical problems

Tabde 39.2 Simple algebra = rules for
manipilating equalions.

Ha=bt+ethenb=p—_camde=a—-b
Fa=hu=gthenb=g/cande = a'b
then b = &' and ¢ = log a/log b

" =1/8"

P = u“' @ and aPfaF = g6
T oy LIl

& = i = amilogiog & + log bl
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H you have a ‘block’ about numerical work, practice

B LT PNt
at problem solving is espesially important.

Practising at protdem solving;

& demystifies the procedures involved, which are normally just the elemen-
tary mathematical operations of addition, subtraction. multiplicaton and
division (Table 39.1);

& allows vou to gain confidence so that you don’t become confused when
confromied with an unfamiliar or apparenily complex form of problem:

® helps vou mecognize the various forms a problem can take as, for
caample, in the different forms of tirations (Chapters 21-25 inclusive).

Steps in tackling a numerical problem

The slep-by-step approach oullined below may not be the fastest method of
wrmving at an answer, but most mistakes ooour where sieps are missing,
combined or not made obvious, so a kegical approach is often betier. Error
tracing is distinctly sasier when all stages in a caleulation are lasd out.

Hare the right tools ready

Scientific caloulators (p. 4) preatly simplify the numerical par of problem
solving, However, the seeming infallibility of the caleulator may lead you to
ageept an absurd result which could have arisen because of faulty key-pressing
or faulty legic. Make sure you know bow to use all the features on vour
calculator, especially how the memory works how o introduce & constant
multiplier or divider; and hnrw to obtain an exponent (nobe that the ‘exp’
hutton on maost ul:ululm w 0¥, mot 17 or ¢ 50 1 % 10° would be
entered asm x| ﬁ

Approach the probiem thowghifully

If the individual steps have been laid out on a worksheet, the “tacties” will

already have been decided. It is more difficull when you have 1o adopl o

strategy on your own, especially if the problem is presented in a descriptive

slyle and il 150"t obweous whach equations or rules need to be applied.

& Read the problem carefully as the text may pive clues as 1o how it showkd
be tackbed. Be cortain of what is required as an amswer belore starting.

w»  Apalyse what kind of problem it s, which effectively means deciding
which expuation{s) or approach will be applicable. IF this is not obviows,
consider the dimensions units of the information available and think how
they could be fited o & relevant formula. In examinations, a favourite
ploy of examiners is 1o present & problem such that the familiar form of
an equation must be reprranged {see Table 39.2 ond Box 39.1). Another is
to make you use two of more equations in seres, IF you are unsune
whether o recalled formula is correct, a dimensionnl annlysis can help
wite in all the units for the variables and make sure that they cancel out
to give the expected answer.

»  Check that you bave, or can derive, all of the information required Lo use
your chosen equationds). 10 5 unususal bat not unknown for examiners 1o
supply redundant information. So, il you decide not to wse some of the
information given, be sure why you do nol require it

& Dwvide on what format and units the answer should be presented in. This
is sometmmes supgested to you. If the problem requires many changes in
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 Problem: If.a = (b — ¢)/1d+ ¢°), find e
ki mwmmmn-ﬂl formula bacomes:
cald+e’l={b-cl

2 mmmw:mm

ik 11'-1-.‘-ﬁ ;

. t-.mdmmmmm

i o

L hhmmﬁwhmh‘mhmwm

the prefixes to units, it is a good idea 1o convert all data 10 base 51 units
{muliiplied by a power of 1) at the outser.
» Il'a problem appears complexs, break it down inlo companent parts,

Present your answer clearly
The wuy you present your answer obviously nesds to fit the individual
prablem. Guidelines for presenting an answer inchude;

#  Make vour assumplions explicit. Most mathematical models of chemical
phenomena require that certain criferia are met before they can he
legitimalely applied {eg. ‘sssuming the sample i homogeneous ...’}
while some approaches involve approcimations which should be clearly
siated (eg ‘1o estimate the volome of a twbe, it was approximaied o a
cylinder with radius x and length .. "),

o Explain your strategy for anmswering. perhaps giving the applicable
formula or definitions which suit the approach to be mken. Give details
of what the symbals mean (and their unils) an thas poant.

# Rearrange the formula to the reguired form with the desired unknown on
the lefi-hand side (see Table 19.3)

» Subatitnle the relevant valwes into the right-hand side of the formula,
using the units amd prefises as given (i may be convenient Lo converl
wvitlues 1o 51 beforchand). Convert prefines to appropriste powers of [0 as
soom as possible,

&  Convert i0 the desined units step by step, i.e. taking each variable in turn.

& 'When you have the answer in the desired units, rewrite U kefl-hand side
and underline the answer. Make sure that the resull is presented with an
appropriate number of significant figures (see p. 67).

Check your answer
Havang wnllen oul your answer, you should check it methodically, answerning
the lollowing questions:

® s the answer of a realistic magnitude? You should be alerted to an error
il an answer is absurdly barge or small, In repeated calculations, a result
standing out from others in the ssme series should be double-checked.,

Analysis and presentstion of data 281

Hints for solving numerical problems

Example 2-2c242-8

nurriber,

Example Avogadio’s
== B2 352 000 000 000 000 D00 000,

is more conveniently expressed as

602352 « 107,

Example (use to check the correct use

of your own caloulator)

o A

WATEE 0296296

mu—amuu_ﬂ

decimal places.} ; -
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T

& Do the units make sense and match up with the answer required? Domnt,
for example, present a volume in units of m?,

& Do you et the same answer if you reclculate in & diffesent way? If you
have time, recalculate the answer using a different ‘route’, entering the
numbers into your caloulator in a different form and/or carrying out the
operations in a different order,

Some reminders of basic mathematics

Errors in calculations sometimes appear bocause of faulis in mathematics
rather than compulational errors. For reference purposes, Tables 39.1 and
352 give some basic mathematical principles that may be wselul,

Expanents

Exponential notation is an aliernative way of expressing numbers in the form
a* (' to the power o), where g is multiplisd by itself ® fimes. The number a
is called the base and the number o the exponent (or power or index), The
exponent need not be & whole number, and it can be negative i the number
being expressed is less than 1. See Table 3%2 for odher mathematical
relationships involving exponenis,

Scientific notation

In scsentific notation, also known & “standard form’, the base 15 10 and the
exponent a while number. To express numbers that ane nol whobs powers of 10,
the form £ 5 107 is used, where the coelficient ¢ is normally between 1 and 10
Scientific nofation is valushle when you are using very large numbers and wish 1o
avoid suggssting spunous acourncy, Thus il you wiite | 23600, this seggests that
you know the number to 2005, whereas 1.23 x 1P might give o truer indication
of measurement accuracy (ie. implied to be £500 in this cose). Enginesring
natation is similar, bat treats numbers as powers of 10 in groups of three, ie.
% 10°, 10%, 108, 107, esc. This corresponds 1o the S1system of prefixes (p. 70)

A useful property of powers when expressed 1o the same base is that when
multiplying two numbers iogeiber, you simply add the powers, while if
dividing, vou subtruct the pewers. Thus, suppose you counded aight molecules
in @ 1077 dilution, there woukd be 8« 107 in the ssme volume of undiluted
solution: if you now dilute this 500-fold (5 = 107), then the number present in
thie same volume would be 875 = 10072 = 1.6 % 10° = 160000,

Logarithms
When a number & expressed as a loganthm, this refers o the power n that
the base number @ must be raissd 1o give that number, e.g. bog,qf 100) = 3,
simoe 10° = |00, Any base could be wsed, but the lwo most common are 10,
when the power is referred to as logy or simply log, and the constant e
(2. 718 282), used For mathematical convenience in cerlain situations, when the
power is referred to as bog, or In. Where a coefficient would be used in
scientific notation, then the log is not a whole number.

Ta obtain logs, vou will need 10 wse the log key on your caloalator, or
special log tables (now largely redundant), To convert back, use:

o ihe !Lé—'l kiey, with x = log value;
L lh: then the log key: or

= 10 and x = log value.
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With log tables, you will find complementary antilogarithm tables 1o do this.

There are many uses of logarithms in chemistry, and i particular physical
chemisiry, including pH ( = —log[H* ). where [H*] is expressed in mol L~
{p. 56), and chemacal kinetics, e.g. rate constants, where a phod of lnfreactant)
against time produces o straight line if the o s [irst oeder.

Hints for some typical problems

Calcwlations involving proportions or ratios

The ‘unitary method’ is 2 useful way of approaching calculations involving
propartions or ratios, such as those required when making up selwibons from
stocks (see alse Chapter &) or as a subsidiary part of longer caleulations.

o IT given a value for a multiple, work oul the corresponding value for a
singhe item or “unit’,
& LUse this “unitary value' to caloulate the required new value.

Calewlations involving series

Series (e.g. used in dilutions, see also p. 20) can be of two main forms:

1. arithmetic, where the difference belween two suocessive numbers in the
series is A constant, eg 1, 4,6, 8, 10,...;

2 peometric, where the ravio between two sucosssive numbers in the series
is & comstant, e.@ 1, 10, 100, 1000, 10000, ...

Mite that the logs of the numbers in a geometric series will form an
arithmetic series {e.g. O, 1, 2, 3, 4,.. . in the above case). Thus, if a quantity 3
varies with a quantity x such that the rate of change in p is proportional to
the value of ¥ (i it varis in an exponential manner), a ssmi-log plot of such
d.a.l.nwi.ll'oml alrmghtlnt.mmmnd’ulnumiupﬁmhm for

| kineties and radioactive decay (p. 236).
Siatistical calcalati
The need for long. complex caboulations in statisnes has largely been removed
b of the widespread use of dsh with statstical [unctions

(Chapler 47) and specialized programs such as Minitab® (p. 315 It s,
however, important (o understand the principles behind what you are trying
o o (see Chapiers 40 and 41) and interpret the program’s outpuit correcily,
either using the *help’ function or & reference manweal.
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Fig. 40,1 Two distributions with diffesern
locations but the same dispersian. The data set
labelied B could have been ooitained by adding a
conglan 10 asch dabum in 1he dats sel labeilad A,

erpardact imexnrediaristl
Fig. 40.2 Towa distributions with different
disparsicng But the same locstion, The dats sot
labslad & covers a relatively narmow range of
waluds of the dapandart imeasured) varable
while that labalied B cavers 8 wider range.
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Descriptive statistics

The purpose of most practical work is to observe and measure a
particular characteristic of a chemical system. However, it would be
exiremely rare if the same value was oblained every lime the characteristic
was measured, or with every experimental subject. More commonly, such
measurements will show variability, due to measurement error and
sampling variation. Such variability can be displayed as a frequency
distribution (e.g. Fig. 37.3). where the p axis shows the number of times
(frequency, 1) each particular value of the measured varsable { F) has boen
obtained. Descriptive (or summary) stalsiks quanily aspecis of the
frequency distribution of a sample (Box 40.1). You can use them o
condense a large datn set, for presenfation in fgures or tables. An
additionn] application of descriptive statistics is 1o provide estimates of
the truee values of the underlying frequency distribution of the population
being sampled, allowing the significance and precision of the experimenial
ohservations o be assessed {p. 272).

mwmmm»umﬂl
depend on both the type of data, ie.
:':ulwﬂuh Isee p. 65) and the nature of the —mlrm*-

In many instances. the normal (Gaussian) distribution best describes the
observed pilbnm. gmng a symmeirical, bell-shaped Hum.uﬁqy di.u.dbmmn p
174) for I of & parti char {eg
repeated m.cuummu of the end-point in a ur:unn:

Three important features of a frequency distribution thar can be
summarized by descriplive stalistics an:

l. the sample’s location, ie its position along a given dimension
repr ing the & den | d) varinble (Fig. 40,1k

2. the dispersion of the data, i.e. how spread out the values are (Fig 40.2x

3. the shape of the dismbution. Le. whether symmeirical, skewed, U-

shaped, e, (Fig. 40.3).

degendert (Taasared| sariabie

Fig. 40.3 Syrmrsstrical nﬁmdhqwmm showing relative
positions of mean, median and
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cs for a sample of grouped data

Valug Frequency Curnulative

(1] Ify Trequancy o !
1 1] o a o
2 1 1 2 4
] 2 3 L] 18
& 3 B 12 a8
& ] il & 200
(-] 5 " 30 180
T 2 21 14 98
-] o 21 o o
Totals N=F fl=nl M=% 548 = 3" fv?

in this example, for simplicity and ease of calculation,  Trequancy and list all the individual values of ¥ and 7
intager valuas of ¥ are usad. In many practical exercises,  in the approgriste columns, To gauge the underlying
whera continuous varisbles are measured 1o several  fraguency distribution of such data sets, you would
significant figures and where the nurmber of data values  nead to group individual data inte bropdar classas (g,
is small, giving frequencies of 1 for mo=t of the valuees of 811 values betwaen 1.0 and 1.9, all values batwaan 2.0
¥, it may ba simpler to omit the column dealing with  and 2.8, ete.) and then draw a histogram {p. 252).

‘Bratissic Wl How caloulated
Maan 485 Y n, L 10827
Median 5 Vialua of tha [0 + 112 wariaie, Le. the value ranked {21 + 142 = 11th
{otrtained fram the cumulative freguency calumak
Moda 5 The most common value | ¥ value with gl fregquansy)
Uppsr axbrems: ? Highest ¥ value in data sat
Lpasar autrema 2 Lowest ¥ value in dats se1
Rangi 13 Diffaronce between upper and IGwer sxtramog
3 s 3
Variines s 18 I;=Eﬂ“’—EEﬂ1.nﬂrME--1IDlJ’.-1'I
L] 20
Standard daviation (5] 128 o
Standard esvor (SE| 02E0 afyn
Coafficient of variation (Cov) 65% 1008, ¥

*Rounded to appropriate significant figures.

Lism of symbols - ¥ is used in Chapiars 40
and 41 to signify the dependent variabiba in
statistical calculations ting the
coample of Miller snd Malar, 2000, Nota,
hierrevar, that sorna authors use X or ¥ in
analogous foemulae and many caloulators
refor to, for axamgple, x, T x?, ate., for their
statistical unctions.

Measuring location

distribution,

Here, the objective B to pinpoint the “centre’ of the freque
i about which most of the data are grouped. The chiefl messures
arne the mean, median and mode.

L The v
of lacatio

Mean

The mean (denoted F and alio referred 1o as the arihmetic mean) is the
average value of the data. 1t is obtained from the sam of all the individal
data valses divided by the number of data values {in symbolic terms,
¥ ¥(m). The mean is a good measure of the centre o frequency
distributions of qualitative varables. It uses all of the numerscal valoes of the
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Definitions

&n outlier = any datum which has a value
much smaller or bigger than most of the
datn.

Rank - the position of a data value when
all the data are placed In ardar of
ascending magnitude. If tes oceur, an
avaraga rank of the tied variates is used.
Thus, tha rank of the datem & in the
sequencea 1,3,6,6,8,E,10 is 4: the rank of
each datum with value 8 is B.5.

40.2 Three cxample

4

T 7

-] 1
pH value [H]imal L 1)
B8 1% 909
T 11077
L] 1x 100
mean 37 =107

=By mean (]
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sampde and therefare incorporates all of the information content of the data
However, the value of a mean is preatly affected by the presence of outliers.
The amhmethc mean B 2 widely used staistic in chemisiry, but there are
situations when you should be carcful about wsing it (sec Box 402 for
examples).

Median

The medion is the mid-point of the ohservations when manked in increasing
order. For odd-sized samples, the median is the middle observation; for even-
sized samples it is the mean of the middle pair of observations. For a
quantilative varmble, the median may represent the location of the man
bady of data better than the mean when the distribution is ssymmetric or
when there are outliers

mple arithmetic maar appropriate

1. I means of samplas are thermealves meanad, an amor can arisa if
the aamples are of different size. For axampde, the arithmatic mean
of the means in the table shown left is 7, but this does not take
account of the different ‘reliabilities’ of sach mean due to their
sample sizes. The corroct weighted mean s obtained by
multiplying each mean by its sampla size Inl 18 “weight'} and
dividing the sum of these valugs by the tolal numbar of
ohservations, i.e, in the case shown, (24 + 48 4 8)/12 = B.75,

2. When making a mean of ratios le.g. percentages) for several
groups of different sizes, the ratio for the combined total of all the
groups = not the mean of the proportions for the individual
groups, For example, if 20 students from a batch of 50 ara mala,
this implies 40% are male. If 60 students from & bateh of 120 are
miale, this implies 60% ara male. The mean percantage of males
[50 4 40)/2 - 45% is not the percentage of males in the two
groups combinad, because thare are 30 + 60 — B0 malas in a total
af 170 students = 47.1% approx.

3. I the messurament scale = not linaer, arlithmetic means may give
a false valua, For example, if three media had pH values 6 7 and
B. the appeopriate mean pH is not 7 because the pH scale is
logarithmic, The definition of pH is -logwlH], where [H] is
expragsad In molL~" {‘molar’); therefora, 1o obtain the true mean,
converl data into [H] values (.. putl them on & linear scalel by
calculating 1007958 ae shown. Now calculate the mean of these
valuas and convert the anewer back into pH wnits, Thus, tha
appropriate answer |3 pHE.43 rather than 7. Note thet a similar
procedure is necessary when calculating stalistics of dispersion in
such cases, so you will find these almost certainly asymmatric
about the mean.

Mean walues of log med data are er wd in analytical
chamistry, &.q. the partiche size of the droplets formed by & nebulizar
used for flame o inductively coupled plasma (ICP) spectroscopy.
where logtransformad values are plotted (Figs 40.4a and B). The use
of geomatric means In such circumetantces serves o reduce the
affects of outllars on the mean.
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" g patiche sisa|

Fig #0.4 ial An approximatedy log-transformed
distribution: pamicls sive of droplats in Name
spoctrascopy. |b] The results in la) plotted against
iha legarithen of particle size.

Muode

The mode = the most common value in the sample. The mode is easily Tound
from a tabulated frequency distribution as the most frequent valee. The mode
provides @ rapidly and easily found estimate of sample location and is
unaffected by outliers, However, the mode is affected by chance variation i the
shape of a sample's distribution and it may lie distant from the obvious centre of
the distribution. Note that the mode is the only statistic 1w make sense of
qualitative datn, eg “the modal (most frequent) technique wsed in the
laboratory is infrared spectroscopy”. The mean, median and mode have the
same units as the variable under discussion. However, whether these statistics of
lecation have the same or similar valees for a given lrequency distribution
depends on the symmetry and shape of the distribation. IF it is near symmetrical
with a single peak. all three will be very similar: if it is skewed or has more than
ane peak, their values will differ 1o a greaver degros (see Fig. 40.3).

Measuring dispersion

Hexe, the ohjective is to quantify the spread of the data about the centre of
the distribution. The principal measures of dispersion are the mnge, varinnce,
standard deviation and cocfficient of variation.

Range

The range is the difference between the larpest and smallest data values in the
sample {the extremes) and has the same units a8 the measured variable. The
range is casy o determine, but is greatly affected by outlers. Its value may
also depend on sample size: in general, the larger this is, the greater will he
the range. These features make the range a poor mensure of dispersion for
many practical parposes.

Variance and standard deviation

For symmetrical frequency distributions of quaniiiative data, an ideal
messure of dispersion would take into account each value’s deviation from
the mean and provide & mensure of the average deviation from the mean.
Twe such statistics are the sample variance, which is the sum of squared
deviations from the mean (3J(F - 1) divided by m =1 (where m is the
number of data values), and the sample standard deviation, which & the
postive square rool of the sample vanance.

The sample variance h}} has umits which are the square of the origmal
units, while the sample standard deviation (5} is expressed in the oniginal
units, one reason 5 is often preferred as 8 measure of dispersion. Calenlating s
or & longhand is a tedious job and is best done with the help of a calculator
or computer. If you don't have a calewlator that caleulates s for you, an
alternative formula that smplifies calculations is:

[40.1]

To calculaie 5 using o calculabor;

1 Oibtain E ¥, square it, divide by m and store in memaory.

2. Square ¥ values, obaain 37 ¥2, subtract memory value from this.
3. Davide this amswer by r— 1.

4. Take the positive square root of this valwe.
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Take care o retain significant figures, or errors in the final value of 5 will
resull. If continuous duta have been growped into classss, the class mid-values
or their squores must be multiplied by the appropriate frequencies before
summation. When data values are large, Jonghand calculations can b
simplified by coding the data, eg. by subiracting a constant from each
datum, and decoding when the simplified caleulations are complete.

Coefficient of variation

The coeflicient of variation (CoV) is a dimensionless messare of variability
relufive 1o lecation which expresses the sample siandard deviation as a
percentage of the snmple mean, ie

CoV = 100x/ F{%) [40.2]

This statistic is useful when comparing the relative dispersion of dala sets
with widely differing means or where different units have been used for the
sarne or simdlar quantities.

A useful applcation of the CoV is 10 compare different analytical methods
ar procedures, so that you can decide which involves the least proporiienal
error — create o standard stock solution, then compare the results from
severn] sub-samples analysed by cach method, You may find it wsefel to use
the Co¥V to compare the precision of vour own resulls with thise of a
manulsciurer, e.g. for an autopipettor {p. 11). The smaller the CaV, the more
precise (repentabe} is the apparatus or technique (note: this doss not mean
that it is necessarily more accurare, see p. 65)

Measuring the precision of the sample mean as an
estimate of the true value

Most praciical exercises are based on a limited sumber of individual da
valugs (2 samphe) which are used o make inferences abowl the population
from which they were drawn. For example, the lead conmtent might be
measured in hlood samples from 100 adult femalks and wsed as an estimate
of the ndult femake kad content, with the sample mean (¥} and sample
standard devintion (s) providing estimates of the troe values of the underlying
population mean (u) and the population standard deviation (7). The
rebiability of the sample mean as an estimate of the true (population) mean
can be pssessed by caleulating the standard error of the sample mean {ofien
abbreviated to standard error or SE), from:

SE = s/ [40.3]

Strictly, the standard error is an estimate of the standard deviation of
the means of #-sized samples from the population. Al a praciical level, i is
clear from eqn [40.3] that the SE is directly affected by sample dispersion
and inversely related 1o sample size. This means that the SE will decreass
as the number of data values in the sample increases, giving inereased
precision.

Summary descriptive statstics for the sample mean are ofien quoted as
F+SE(n), with the SE heing given 1o one significant figure more than the
mean. You can use such information 10 carry oul a rlest between two
samples (Box 411} the SE is also wscful because it allows calculntion of
confidence limits for the sample mean (p. 278).
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Describing the ‘shape’ of frequency distributions
Frequency distributions may differ in the following characteristics:
& mumber of peaks;

& skewness OF &EVTINELTY;

®  kurtoss or polntedness.

The shape of a Frequency distribution of o small sample is affected by
chance varation and may mot be a fair reflection of the underlying
population frequency distribution: check this by comparing repeated samples
from the same population or by increasing the sample size, 1 the original
shape were due w0 random events, it sheuld not appear consistently in
wmmmmmm»mmm

i 1y i oF ""d.tmbmumyremdtl'mlh:
wmbmumoflmwm PP — Pl N Y ——
lh;umgmdu]gm;pnpulmmubemgnmpld{ﬁ;dﬂij.hnmqﬂanh
bimedal distribution is thebngl].lo\fldnh‘hmms{ﬁ:rnhlmimllﬂ
combined).

dependerm [nersured | varaiin
Fig, #0.5 Fraguency distribitions with diffarent numbers of peaks. A unimodal
distribution {ah may be symmetrical aor asymmetrical, The dashed linas in (bl
Iredicate haw a bimodal distribution could ariss from a combination af twa
ving unimodal Nate here have the term ‘bimedal’ is applied io
ary disfribution with two major pasks - thair requencies 00 RO heva 10 ba sxsctly
the same.

dapend et inansered| v
Fig 40.6 Exsrmples of the tao types of kurosis.

A distribution is skewed if it is nol symmetnical, a symptom belng that the
‘mein, median and mode are nol equal (Fig. 40.3). Positive skewness is whene
the: longer ‘tail” of the distribution occurs for higher values of the measwred
variable; negative skewmess where the longer fail occurs for lower values.
Skewed distributions frequently occur in the study of chemicn] measurements,
owing 1o the presence of occasional gross emors.

Kurtosis is the name given to the ‘pointedmess” of a frequency distribution.
A platykurtic frequency distribution s one with a Natened peak, while a
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keptokurtic frequency distribution is one with o pointed peak (Fig 40.6)0
While descriptive terms can be used, based on visual ohservation of the shape
and direction of skew, the degree of skewness and kurtosis can be quantificd
lndnlmnluuimsttnmlb:mlﬁum of observiad valwes, but the

qquired ane lex and best done with the aid of a computer,
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Fig. 41.7 Twa axplanations for tha diffarncs
betwenen bats eans. In casa (8l the two
'samples happen by chanoe to have come from
oppasits ends of tha sama fraguancy
disteibistion, Le. tharg i na true diffarance
between the samplss. In cass (b the two
marmples coams from different frequency
distributions. L.e. thare is a true differance
btwenan Fa aamplag. In both cei, (ha Maans
ol the bwo samples are the sana,

Choosing and using statistical tests

This chapter outlines the philosophy of hypothess-testing statistics, indicates
the steps to be taken when choosing a lest, and discusses features and assumgp-
tions of some important iests, For details of the mechanics of tesis, consalt
appropriate texis (eg Miller and Milker, 2000). Most tests are now available
in satitical packages for compulers (e p. 315).

To carry out a statistical test:
1. Decide what it 5 you wish to test (create a noll hypothesis and s

alternative).,

2, Determine whether your data fit a standard distribution patiern.
3. Select a test and apply it w your data.

Setting up a null hypothesis

Hypothesis-testing statistics are used to compare the properties of sumples
cither with other samples or with some theory about them. For instance, you
may be interested in whether two samples can be regarded as having dilTerent
meand, whether the concentration of a pesticide in o soil sample can be
regarded as randomly distributed, or whether soil organic maotter is lineary
related to pesticide rocovery.

STIEII Vou can't use statistics to prove any hypothasis, but
they can be used to assess how Mely it is to be wrong.

Statistical testing operates in what at first seems a rather perverse mannes.
Suppose you think a treatment has an cffoct. The theory vou actually test B
that it has no elfect; the test vells vou how improbable your data would be if
this theory were true. This “no effect” theory = the null hypothesss (NH). IF
vour data are very improbable under the MH, then you may suppose it to be
wromg, ard this would support your original idea (the ‘alternative hypothesis’).
The concept can be illustrated by an example, Suppose two groups of subjects
were treaied in different ways, and you observed a difference in the mean value
af the measured varable for the two groups. Can this be reparded as a “true’
difference? As Fig. 41.1 shows, it coubd have arisen in two ways:

I.  Becauss of the way the subjects were allocated to treaiments, e, all the
subjects luble Lo have high values might, by chance, have been assigned
Lo e group ared thiose with low values Lo the other (Fig. 41.1a).

2 Becawse of a genuine effect of the treatments, ie. sach group come from
n distinct frequency distribation (Fig. 41.1h).

A statistical test will indicate the probabilities of these options, The NH
states that the two groups come from the same population {ic. the treatment
effects are negligible in the context of random vanation). To test this, you
caleulate a test statisie from the data, and eompare 1L with tabulated cnitical
valoes giving Lhe probabality of obaining the observed or a more extreme
resull by chance (see Boxes 410 amd 412 below). This probability is
sometimes called the significance of the vest,

Mote that you must take inio sccouni the degress of freedom (d.0) when
looking up critical values of most fest statistics. The d.f is related to the
size(s) of the samples studied: formulae for calculating it depend on the test
bedng used. Chemisis aormally use two-lxiled tesis, e we have no certainty
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beforehand that the treatment will have a positive or negative ellect
compared with the control (im a one-lailed test we expect one particular
treatment to be higger than the other). Be sure to wse critical values for the
correct type of test.

By comvention, the critical probability for rejecting the NH is 5% (ie.
P =10.05). This means we reject the NH if the observed result would have
come up bess than | time in 20 by chance. If the modulus of the test statstic
15 less than the abulated critical value for P = 0005, then we accept the WH
and Use result is said 1o be ‘nol significant’ (M5 for short). I the modualus of
the LesL statistic is greater than the tabulated value for P = 0.05, then we
reject the MH in favour of the allernative hypothesis that the treatments had
different effects and the resualt is ‘statistically significant’,

Two types of ermor are possible when making a conclusion on the basis of
a statistical test. The first occurs if you reject the NH when it is true and the
second if you sccept the WH when it is false. To limit the chance of the first
type of error, choose a lower probability, eg. P =001, but note that the
critical value of the test statistic increases when vou do this and results in the
probability of the second error increasing. The conventional significance
levels given in statistical tables (usually 005, 0.01, 0.001) are arbitrary,
Increasing use of statistical computer programs is likely to lead to the actual
probahility of obtaining the calculated value of the west statistic being quoted
le.g P=0.03T)

Mote that if the NH is repected, this does oot wll you which of many
aliernative hypotheses la e, Abo, it s imporant 1o distingaish between

istical and ¥ il ulentifyving a siatistically significant
dilference bemam1wwup]=dna not mean that this will carry any
chemical importance.

Comparing data with parametric distributions

A parameinic test is one which makes particular assumptions about ithe
mathematical natare of the population distribution from which the samples
were taken. If these asumptions are not true, then the st is obviously invalid,
even though it might give the answer we expect! A non-parametric test does not
assume that the data fit a particular pattern, bul it may assume some things
about the distnibutions. Used in appropriate dreumstanoes, parametric tests are
better able to distinguish between true but marginal differences between
sumples than their non-parmetnc equivalents (i.e. they have greater “power’).

The distribution pattern of a set of dotn values may be chemically relevant,
bait it is alse of practical importance becawse it defines the type of matistical
tests that can be used. The properties of the main distribution types found in
chemistry are given below with both rulss of thumb and more rigorous tesis
fior deciding whether data fit these distributions.

These apply 1o samples of any size from populations when data values oegur
independently in only teo mustually exclusive classes (e.g. type A or type Bl
They describe the probability of finding the different possible combinations
af the attribute for a specified sample size & (eg out of 1 samples, what iz
the chance of 8 being iype A7), IT p is the probability of the attnbule being of
type A and g the probability of it being type B, then the expected mean
sample number of type A & kp and the standard deviation is /(kpgl
Expected freq can be using mathematical expressions (see
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. of individuals of rpe A s samgie

Fig, 41.2 of wln i
prababilitias. The #heres th s g
individuals of typs A in a samale of B Here P is mmmmm irividuss!
being type A rather than type B.

Miller and Miller, 200 Examples of the shapes of some bnomsal
distributions are shown in Fig. 41.1. Note that they are symmetncal in shape
for the specinl cuse p = g = (.5 and the greater the dispanty between p and g,
the maore skewed the distribution.

Chemical examples of data likely 1o be distributed in a binomdal fashion
ooour when an observation or o set of trial resulls produce one of only e
possible outcomes; for example, to determine the nhsenos or presence of o
plmmhrpunnd:mlmilumpk To establish whether o set of data is

| fashion: P frequenciss from probability
muaw&mﬂnaqmmumﬂumwm
frequencies using 4 -test or a G-lest.

Poisson distributions

These apply 1o discrete characteristics which can assume low whole-number
walues, such as counts of events occurring in area, volume or time. The events
should be “rare’ m that the mean number observed should be a small
propartion of the total that could possibly be found. Also, finding one count
should not influence the probability of inding another. The shape of Poisen
distributions is described by only one parameter, the mean number of events
ohserved, and has the special characteristic that the variance is equal 1o the
mean. The shape has o pronounced positive skewness al bow mean counts,
but becomes more and more symmetrical as the mean number of counts
increasss (Fig. 41.3).

An example of data that we would expect 10 find distributed in 0 Poisson
fashion is the number of radicactive disiniegrations per unit time. One of the
main uses for the Possson distribution is 1o quantify errors in count data swch
as Uhe number of minor accidents in the chemical laboratory over the course
of an acsdernic vear. To decide whether data are Poisson distribuied:

& Use the rale of thumb that if the coefficient of dispersion =~ |, the
digtribution s Hkely to be Poisson.

» Caleolate ‘expected’ frequencies from the equation for the Poissen
distribution and compare with actual values using a g’-test or & G-lest.

It is sometimes of imterest to show that data are mor distrbuted in a
Polgson fashion. IF +2/ ¥ > 1, the daia are ‘clumped’ and occur together more
than would be expected by chance; ifssz’-ql,ﬂzdlum‘mm'm
ocur together bess lrequently than would be expected by chance.
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Fig. 41.3 Examgles of Poigson Faguency distributions diffiehng in imsaan. The datribtions are abawn o lire chasts bacouss the
imdapendant variable (evamts per sample) is discrate.

Fig. 414

N { distributions (Gaussian diseributions b
Mwwﬁmﬁmmwmmmﬁhum-m
h istic itative varablel. This si oecurs fy in

chemistry, so pormal distributions are very uselul and much used, The bell-
like shape of normal distributions is specified by the population mean and
standard deviation (Fig. 41.4) it is svmmetrical and configured such that
68.27% of the data will lie within =1 standard destation of the mean,
95.43% within +2 standard deviations of the mean, and 99.73% within =3
standard deviatsons of the mean.

Some chemical examples of data likely 1o be distributed in a normal
fashion are ph of natwral waters; melting point of a solid compound. To
check whether data come from a normal distribution, you can:

o Use the rule of thumb that the distribution should be symmetrical and
that nearly all the data should Fall within =3¢ of the mean and about
twi-thirds within 15 of the mean.

#  Plot the disiribution on normal probability graph paper, I the distnbution
is normal, the data will tend to follow a straight Ene (see Fig. 41.5),

v differing in mean and standard deviation, The hosizonal bars represernt

af
mhﬁnn!lndlrudmmnbrmmmmqukmnh}hhl Vartical dashed lines are populstion means, while vartical
salid lines show positions of values 41, 2 and 3 standard deviations fram the reans,
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eumulilve ieguency %)

uUppeT Class limic

Fig. 41.5 Example of 8 mormal probabilty pled.
The plofied palris are frem a small data set
whare hs mesn ¥ = 693 and tha Mandard
dewintion 5 = 1.805. Note thet values
correspanding to 0% and 100% curmulatve
fraquasncy canmol be weed. The stralght line is
that predicted for a narmal distribution with

¥ =593 and 5 = 1,895, This is plonied by
caloulating the sxpected positions of points Tor
¥ =+ 5. SBince B8.3% of the distribution falls
witthin thess bawnds, the relevant points an the
cumulative frequency scale are 50 + 34 18%;

thius Ehis ling was draem Lsing the polnts 14,435,

15,651 ard {B.285, B4.15) ng iradicated an the
plat

Deeviations from linearity revenl skewness and/or kurtosis (see p, 269), the
significance of which can be tested statistically (see Miller and Miller,
2000

® Use a suitable statstical compuier program to geserale predicted normal
curves from the ¥ and 5 values of your ssmple(s). These can be compared
vismally with the actual distribution of data and can be wed to give
‘expected” values for o p*-test or a G-lest.

The wide availability of tesis based on the normal disiribation and their
relative simp“\‘:[]- MmEans you may wish 1o transform your data to make
them mire like a normal distribution. Table 41,1 provides transformations
that can be applied, The transformed data should be tested for nomakity
ns described above before procesding — don’t forget that you may nesd to
check that transformed variances are homopgeneous for certain tests (see
balow).

A very mportant theorem in stavstics, the central mit theorem, states
that as snmple size increases, the dstnbution of a serics of means from any
Frequency distribution will become normally distnbuted. This fact can be
used to devise an experimental or sampling strategy that ensures that data are
pormally distributed. 2. using means of samples as if they were primary
data.

Choosing a suitable statistical test
Comparing location {e.g. meas )

If you can assume that your data are normally disiribuled, the main test for
comparing two means from independent samples is Sudent’s slest (see
Boxes 41.1 and 41.2, and Table 41.2). This assumes that the variances of the
data sels are homogeneous. Tests based om the t-disirbubon are also
availahle for comparing paired data or for companng a sample mean with a
chosen value,

When comparing means of two or mone sxmples. anabysis of vamance
[AMNOVA) is a very useful lechnique. This method also assumes dala ame
normally distributed and that the vanances of the ssmples are homogeneous.
The samples must also be independent (e.g. not sub-samples). The nested types
of ANOYA are useful for letting you know the relative importance of different
sources of varahility in your data. Two-way and mulii-way ANOVAs are
useful for studying interactions between treatments.

Tatde 41,1 Saggested ransloemations ahering diffarant rypss of frequency
distributian ta the noemal type. To ues, madfy dats by the form ks showne
then examine effects with the tests described on p. 272-278,

Type of data; - i 0
fest ributi & d tranafarmetionsl

Propartions (incheding

percentagesl; binomial arcsing . x {alse called the angular transfonmation)

Eoores; Poisson o' % oF f|x + 1/2) i zarc values prosent

Maasuremnts; xd, x? w*, atc. {in order of incressing strength)
nagataly sknwed

Faasurerments, /=, /%, Inx, 1/ x G ander af increasing
pasithaly skawed strangyih
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The tHest was devised by a statistician who used the pen-
nam ‘Student’, 50 you may 500 it refermed to as Student’s
Hest. B ois used when you wish (o decide whether two
samples come from the same population or from different
anes (Fig, 4110 The samples might heve been oblsined
Trom wa different sources or by applying two different
treabments ta an ariginally homageneaus population.

The null hypathasis (MH) is that the two groups can be
mepresenied as samples from the same overlying pogu-
laticn (Fig. 41.1a). ¥, as & result of the tost, you accept this
hypothesis, wou can say thai there is no significant
difference betwesn the groups.

The alternative hypathesis is that the two groups come
from diftarent populations (Fig. 41.1b) By rejecting the NH
a5 a result of the test, you can accopt the albarnative
nypathasis and aay that there ia 8 significant differance
between the samples, o, whera an experiment has been
carried aut, that the hwo treatrments affected the samples
differenthy.

How can you decide between these two hypotheses?
On tha basis of cerain assumptions (see belowh. and
som relatively simple calculations, you can work out the
probability that the samples came fom the same
population. If this probability is very low, then you can
reasonably reject the NH in favour of tha alternative
nypathasis, and if it s high, you will accapt the MH.

To find out the probabdity thad the obsarved difference
hatwaan sample means arose by chance, you must first
calculate 8 7 valug’ for tha nwo samples in question. Some
COMPUTET programs (a.0, Minitab™) provide this probabilitg
&= pan of the oulpul, otherwise you can ook up statistical
tables jeg. Table 41.2). These tables show critical values’ -
tha bardors batwesn probability levals. If your value of ¢
eotcads the critical valus for probability £, you can ragect
the NH at this probabiliny Clevel of slanifcanca’,

Mota that:

for a givan differance in tha means of the tan samplas,
the valug of [ will gai larger ithe smaller the scatier
wyithan aach dats sel; and

for & given scatter of the data, the value of §will get
largar, the graater the dillerence betwesn the mesns.

Sa, at what probability showld you reject tha NH?
Mormally, the threshold s eedbitrardly sel &t 5% - in
scientific lileratere you often see descriptions like ‘the
sample means were significantly different [P < 0UDB). At
this “significance level” thers is still up to 2 8% chance of
the ¢ value arising by chance, so about 1 in 20 times, on
avarage, the conclusion will ba wiang, If P furng aut 1o be
Iowar, than this kind of arror is mauch lees liely.

Tabalated probability levels are generally given for 5%, 1%
and 0L13% sgnificance levels {see Table 41.2). Mote that this
1able is desigred for two-tailed” tests, ie. where the treat-
mant of sampling stralegy could have resulted in either an
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incraase or a decrease in the measured valuas, Thase ane

‘thie st likely situations you will daal with in science.
Exarnine Tabde 41.2 and note the following:

# Thae larger tha size af the samplas (i.e. the graatar the
‘dagrees of freadonyl, tha smaller ¢ reeds to ba o
et the critical vakie 81 & given significance kvel,

# Tha lower the probability, the greater ¢ needs to be to
exceed the critical value. .

The mechanics of the test

A calculator that can work out means and standard

daviations is helpful,

1. Work out the sample means ¥ ond ¥ and caleulate
the difference batwasn tham (¥ - ¥l

2. Work out the sample standard deviations 55 and s5.
IMote; it your calculator offers a chowa, chose the
“a — 1" optien Tor calculating & — &6 p. 267.0

3. Work aist the sample standard srmors 8E, = &/,
and SE; = &/, | vow aquare asch, sdd the sguanes
together, then take the square root of this (n and ny
are the respective sample which may, or may
not, be equal)  5E° + (5E;: 1L

4, Calculate tfrom tha fermulac

Ba Lk L1
E{ﬂiﬂ’l + [{SEF)

The value of ¢ can be negative or positive, depending
on tha values of the means; this does not matter and
wou should compare the modulus labsolute value) of £
wiith tha valisas in tablas, &
5. Work out the degrees of fresdom = iny - 11+ (g — 10
& Compars the  valus with the spproprists critieal
value in & table, 5.0, Table 41.2,
Box 1.2 provides a worked example = use this to check
that you understand the above dures.

Assumptions that must ba mat before using the test

Thix mast imgartant assumgptions arc

# The two samples are independant and randomiy drawn
lor if not, drawn in 8 way that doas not craate biash.
The tesi asswmes that the samplas ana quite (ange.

s The underlying distribustion of esch sarmps is noomal.
This can be tested with a special sustistical test, but a
rule of thumb is that a frequency distribution of the
data showld be (al symmetrical about the mean and {by
nearly all of the data showuld be within 3 standard
dieviations of tha mean and aboul twa-thinds within 1
sandard deviation of the maan (ses p, 2741

# The two samples should have equal variances, This
again can be testad |by an Fiesth, but may be gauged
from inspection of the two standard devistions,
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Tabie 41.2 Cﬂbuwwunlsmmrummmrmlmmm
ihe rull | hesis at probability P if your calculated # value sxceeds the
uhumhrlhmmwdm [ TR T R 1]

1 1n BI85 636,62

] 430 9.52 31,60
El 218 BB 1204

4 2.78 480 a6

5 2.57 A6 686
I 248 an 596
T 1.38 3.50 5,40
] 2.3 3.36 504
£l 2.28 3% 478
1w .23 317 459
12 218 06 432
14 AT 288 a1a
18 FAF3 282 402
20 2.09 285 385
25 2.08 279 372
30 2.04 278 185
4 02 7 355
[ ] 2.00 166 348
120 1.38 262 am
oo 1.96 158 329

For dats satsfying the ANOYA requirements, the least significant
difference (LS i3 wselul for making planned comparisons among several
means. Any wo means that differ by more than the LSD will be significanily
dilferent. The LS i useful for showing on graphe

The chiel non-paramelric 118 for comparing locathons are the Mann—
Whitney {-test and the Kolmogorov—Smirmnov test. The former assumes that
the Mequency distnibutions of the data sels are similar, whereas the kailer
makes no such assumption. In the Kolmogorov-Smimov fest, significant
differences found with the test may be duwe (0 differences in location or shape
af the distribution, or bath.
i L of location for paired quantitative
data (sample sze = 6) include Wilcoxon's signed rank fest, which assumes
that the distributions have similar shape.
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MNon-parametric comparisons of location for three or more samples inclode
the Kruskal-Wallis H-test. Here, the two data sets can be unequal in sie. bt
again the underlying distributions ane assumed 1o be similar,

Comparing dispersions (e.g. variances)

If you wish 1o compare the variances of two seis of data that are normally
distributed, use the Fest. For comparing more than two samples. it may be
sufficient 1o use the Fpg-test, on the highest and lowest vananoes. The
Scheffé-Box (log-ANOVA) e i recommended for testing the signilicance
ol dalf several vark Mon-paremelric tests exist but are
nodt widely available: you may need to tansform the duta and use a test
based on the normal distribation.

Determining whether frequency observations fif theoretical

e

The 7 -test is useful for tests of ‘goodness of fit", ¢.g. comparing expected and
observed progeny frequencies in genetical experiments or comparing ehserved
lrequency distrbations with stz |beofe1.ﬂ| function. One limiaton & that
simple fi for ca that no exy d number is les
tham five. The G-test (21 test) nmd in similar circumstances.

Comparring proportion data

When comparing proportions between two small groups {e.g. whether 3/10 is
sigmificantly different from 5/ 10), you can use probability tables such as those
of Finney et ai. {1963) or calculate probabilities from formulse; however, this
can be tedious for large sample sowes. Certain proportions can be transformed
50 that their distribution becomes normal.

Placing confidence imits on an estimate of a population paraneter
On many occasions, sample statistics are used to provide an estimate of the
population parameters. It is extremely useful to indicaie the reliability of
such estimates. This can be done by putting & confidence limit on the
sample statistic. The most sommon application is 1o place confidence limils
on the mean of a ample from a normally distributed population. This is
done by working out the limils as ¥ — (45,1 = SE) and ¥+ (15, = SE)
where tp, ) i the tabulated critical value of Stodent's ¢ statistic for a
two=tailed test with o — 1 degrees of freedom and SE {3 the standard error
of the mean (p. 268k A 95% confidence limit (i.e. P = 0.05) tells you that
on average, 95 times out of 100, this limit will contain the population
mean.

Regression and corvelation

These methods are used when testing relationships betwoen pl
two varizbles. If one variable is assumed 1o be dupnmdm.l on the other
then regression technigues are used 1o find the line of best fit for your
data. Thnsdaesnnl el you how well the data fit the line: for this. a

=, [Mictent must be calculated. I there 15 no a pron reason 1o
assume d.zpzl:dzuqf between wvarinbles, correlation methods alone are
appropriste.

If graphs or theory indicate a linear relationship betwotn o dependent and
an independent variable, Hoear regresson can be used to estimate the
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¥

Fig. 41.6 Exarnplos of cosralstion, Tha liness
ragrasaian lins is shone In {ah and b, tha
corralation batween x ard | iz good: for (sl
thers is a positive correlation and the
cormalation coafficiant vwould be close 1o 1: Tar
bl thare is & negativa comralalion and 1he
cormelation cosfficient would be dlose to —1.In
i) there is a weak positive cormeiation and r
wauld bo closs ta 0. In (d) the correlation
coefficient may be quite large, but the chalce of
linaar ragrassion is chearly inappropriate.

equation that links them. IT the relationship 5 nol Heear, & transformation
may give a boear relationship. For le, this is It used in
analysis of chemical kinetscs. However, ‘linearizations” can lead 1o errors
when carrying oul regression analysis; take care to ensure {i) that the data are
evenly distribated throughout the range of the independent variable and (i)
that the varances of the depends iahle are homogeneous. If these
crilerin canned be med, weighting methods may reduce errors, In this
situation, it may be beiter to use non-linear regression using a suitable
COMPULET Prgram,

Model 1 linear regression is suitable for experimenis where a dependent
variable ¥ varies with an error-free independent variable X and the mean
(expected) value of ¥ i given by o + 52X This might oocur where you have
carefully controlled the independent wvariable and it can therefore be
assumed to have zero error (eg o calibration curve). Errors can be
calculated for estimates of @ and b and predicied values of ¥, The ¥ values
should be normally distribuned and the variance of ¥ constant at all values
af X.

Musde] 11 linear regression & suitable for experiments where a dependent
variahle ¥ varies with an independent vorinble X which has an error
associnted with it and the mean (sxpected) value of ¥ is given by a+ X,
This might accur where the experimenter is mensuring two variables and
believes there to be a causal relationship beiween them; boih variables will be
subject to errors in this case. The exact method to use depends on whether
vour aim is 1o estimate the functional relationship or to estimate one vanable
from the ather,

A correlation coefliclent measures the strength of relationships bat does
not describe ihe relatbonship. These coefficients are expressed as a number
between —1 and 1. A positive coefficient indicates a positive relatiohakip
while a negative coellicient indicates a negatve relationship (Fig. 41.6). The
nearer the coelficient is 1o =1 or 1, the sironger the relationship betwesn the
wariahles, e, the kss scatier ithere would be about a Kine of best fit (node that
this does not imply that one wariable is dependent on the other!). &
coefTicient of 0 implies that there is no relationship between the variahles.
The importance of graphing data s shown by the case illustrated in
Fig, 41,6,

Pearson's product-moment correlation coefficient () i the most commonly
used correlation coefficient. I both variables are normally distributed, then r
can be nsed mostatstcal tests 1o test whether the degree of correlation is
sigmificant. If one or both varmables are nol normally distributed vou can use
Kendall's coefficient of rank correlation (7h or Spearman's coefficient of rank
correlation (re). They require that data ane ranked separately and caleulation
can be complex il there are tied ranks. Spearman’s coceflicienl B said o be
better il there is uncertainly aboul the reliability of closdy ranked data
varlues.
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Fig. 42.1 Muethans,

Drawing chemical structures

Dirawing the siructure of a chemical compound (8 probably one of the first
basic requirements of any chemist. It requires knowledge of the chemacal
compaosition of the structure to be drawn, an understunding of the type of
bonding. and frequently a mental visualization of the arrangement of atoms (or

toms). Onee this has been ssamilated i 15 not o draw a
representation of the structure on paper. What is ofien lacking is the realization
that the malecule should be rep in three di i Tiv soames extent it

is possible to rep a three-di ional ¢ structure on a piece of
paper. Fig. 42.1 shows ihe siructure of methane, CHy, whene standard symbols
eg. the latched line, are wed 1o imply & direction of the bond, and one that s
dalferent 1o, for example, the solid line. This simple notation is commonly used
t give o molecule the perception of three-dimensionality.

In co-ordination chemistry, a different approach is used; for examiple, in
the stracture for hexaamminecobaliate complex, [Co{NH.Wl™", there are
several alternative approaches. The simplest way to express this structure is
sbc-wnmﬁ;-tu_w}uhlhmmmct’u.l it does not corvey the thaee-
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ional aspects of the molecule. Therefore, an aliernative approsch 1o
exprossing the visumloation of this structure i3 possible (Fig. 423} the
complex is an oclahedron, ie a geometric figure with eight sides. Mote that
the ectahedron has six points of attachment where the ligands, ie ammine
{MH;) groups, are artached.

The general points Lo remember are as follows:

#  Always draw chemical stractures in ink (pensil Fades with time),

#®  Always ensure thai the chemical structure is drawn large enough, so that
nax amibiguity i possible.

» If drawing by hand, ensure that each wlom i clearly identified. This may
require the use of coloursd pens.

& Tryand keep the structure as simple as possible, highlighting only the key
features.

®  Aay teat should appear in & elear script (by hand or word pmccmnd}

® When possible, it i advisable to use comp software p o
generale chembcal structures. For example, Figs 42,1424 nul -L‘! i wiere
peneraled using ChemWindow™,

#  Always indicate the number of chemical bords.

# Make sure no confusion is possible berween different letiers of the
alphabet representing elements in the Perbodic Table.

& If necessary, show the number of electrons {pairs or individual electrons)
clearly. Remember, a . {full stop) may be mistaken for a mark in the
paiper.

& It may be necessary 1o indicate the structural formula of & moleule, g
in isomerism,

Selected examples of drawing chemical structures

Lewis structures

\\’bzudrlw'mg].zwillh:ndumitilimpurmu wﬂmmmm
number of electrons, For example, the Lewis structure for CO8- is shown in
Fig. 42.4a. Noie the position of the double bond. Also, both carbon and
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Fig. 424 Lowis dingrams for 00F

Fig. 42.5 Close-packing arrangement for ial
hexagonal dlase pasking (ABABA et and (k)
cubic closs paecking (ABCABCA etc).

oxygen obey the oclet rube, ie the number of electroms around each atom adds
up to gight (a single bond is composed of two electrons, o double bond of four
elecirons). Lewis straciures sometimes give rise o canonical forms, The three
possible canonical forms for ©03 are shown in Fig. 42.4b. 1t is noted that as
the position of the double bond moves the number of lone pairs of elecirons
changes. In reality, experimental evidence indicates that the C-0 bond in
carbonate is composed of neither s'rngk nor dowble bonds but is intermediate in
bmdhglhmd pih. A more appropriate method of represending this
structure is by dr]nr.ﬂuallan ul‘l:qmdmg ehectrons (Fig. 42.4¢).

Touic structures
In solid-slale y il s allen e v lo draw 3 “unil cell’. The most
commonly found are the hexagonal close-packed (HOP) crystal structure and
cubic closspacked (OCP) crystal structure. In the HCP structure stoms are
arranged i an ABABA repeating paitern, while in the CCP struciune the
arrangement is an ABCABCA pattern. In both cases it is difficult 10
represent the structures withoul resorling Lo the drawing of crcles. Fig. 425
shows the close-packing arrangement for both the HCP amd CCP crystal
structures. In the HCP structure the first and third layers of ntoms are
orientated in the same direction (directly above one onother) while in the
CCP structare, the first and third layers do not coincide, i no atom in the
third layer is directly above an atom in the first kayer.

It is usually not recommended 1o artempt drawing bonic stroctures of greater
complexity withoul resorting o a specialized computer-based drawing package.

Tsomerisin

The imponance of drawing chemical stractures can be Further dlusirated by
considering {somerism. lsomers ane substances that have the same molosular
formula but different structural formulae. Different types of isomerism ane
found in chemisiry, e.g. geometric, optical, ewc. Fig 426 shows the peometric
isomers of dichlorocyclopropane, ie. sis<Bichlorocyclopropane and  fras-
dichlorocyclopropane.

It is often important when drawing chamdcal strue-
tures fo impart some structural identity.

Aromic ovbitals

You may need to draw a visualization of atomic orbitals, useally the s p and
i orbitals. This can be simplified by the we of Cartesian co-ordinates which
allow a three<dimensional representation on paper. This is neither easy 1o
replicate or often necessary, A simplified approach is, for example, to replice
the spherical s orbital with o circle (Fig. 42.7). Similarly, the three p orhitals
can be represented in two dimensions by the use of correct labelling of the
axes (Fig. 417). Finally, the same approach can be replicated on the five d
orhitals (Fig 42.7). It is worthwhile remembering that the d,,, d.. and d,;
orbitals do not reside on the axes (x, p or =) but in the plane of their
respective aned. In addition, the d,: : orbital occupees the x- and j-axes and
the ds orbatal oecupies the =-axis.

Electronic configaration
It is often difficult o recollect the order of filling of the elecironic struciures
of atoms of different elements. Fig. 42.8 shows the usual order of flling of
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Fig. 42.8 Eloctronic configuratian.

Fig. #2.5 Mremonic for slecironic configuration determination based an the
Aufbau principle.

the orbitals of an atom according to the Aufbau principhe (lowest energy
first). However, a simple mnemonic exists 1o focilitate the correct order for
each clement in the Periodic Table (Fig. 42.%. In order to use the mnemonic
all you need 1o remember is that:

5 orbitals can have up to 2e”
p orbitals can have up 1o Ge”
d orbitals can have up 1o 1De
[ orbitals can have up 1o lde.

Themn, il ls simply a case of addition. In general terms, the onder of dectron
filling &5 as follows (smply ranslating the moemonic mto an order):

Is2s2p 35 dp4s 3d 4p S5 d4d Sp s 4T 5d 6p 75 ...
Far example, the atomic number of caldum is 20 (comesponding 1o 20
electrons). Therefore the electronic configuration is:

Is* 257 3p® 3 3p° 46
Valence shell electron pair repulsion { VSEPR ) theory
This is wsed to predict the shape of molecules, In order to be abke to predict

the geometry (or shape) of a molecule several simple steps are required. For
example, consider the case of BrFy In this case we have indicatsd by
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Fig. 4210 Geometries of molecules.

underlming that the central atom is bromine. The first step is 10 determine
the number of valence electrons for bromine; this is done by estahlishing the
electron configuration for bromine, ie |5* 2% 2p° 35" 3p° 457 33" 4p° We
can determine that the number of outer electrons is seven (from 4s° and 4p°)
We then delerming how many atloms ane altached to the central bromine
atom = the answer is three. By simple addition we have 7+ 3 = 1 electrons.
We know that two electrons are required per bond; therefore we have encugh
electrons for five bonds. Then, it is simply the case to deisrmine a geometry
that allows for five bonds to be at the maximum distance from each other.
Commonly. five different arrangements of atoms are found: Epear, trigonal
planar, tetrhedral, trigonal bipyramidal and octahedral. These armngements
are shown in Fig. 42.10. We can therefore see that the geometry of BrF; is
triganal bipyramidal, VSEPR alse works (or anions and calions usng the
same procedure. For a cation, a positively charged species, simply deduct one
electron from the total; similarly for an anion, a negatively charged species,
add one electron Lo the total. In all cases the total number ol elecirons
abtamed will be an even number,

L] Hﬁ L]

K 4— —i—g .H__;A— + -
K " ,,«—H—«T::: o

1% —H—ri

[ - akerrenis confguratian: 157 28" ap'
Fig. 42,11 Molsculsr orbital disgram far capgen,

Maoleenlar arbital

Molecular orbital diagrams {see Fig. 42.11) are required in the study of
chemical bonding. For a diniomic moleculs these consist of two atomic
orhitals (AOs) and two molecular orbitals (MOs). In the case of the two
MO, one i the bonding MO and the other the anti-bonding MO. An
asterisk (*) is used 10 represent an anti-bonding MO. Bonding MOs (ol
lower energy) are always occupied first. Two types of MO are shown, o
and =, using oxygen, O, as an example. The first task is to determine the
dectronic configuration for each oxvgen atom, ie |s* 25° 2p*. An outline
of the MO diagram s constructed such that ene AD is locaied on the lefi-
hand sude of the page and the ather on the right-hand side (the use of
indicates that a difTerent AQ iz represented) with the MOs positioned in
the centre (honding MOs in the lowest position). You then have an MO
dingram composed of three different energy levels corresponding 1o the 1s,
25 and 2p orbitals. Then, by simply adding the correct number of electrons
into the two AOs first. total up the number of electrons. Electrons ane then
placed into the MO in the following sequence: lowest available position
first; and then. individual elecirons prior lo pairing of electrons. The
completed diagram is shown in Fig, 42.11 where all solid lines (in both the
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AD and MO positions) represent places where up o two electrons can be
paired up (dashed lines simply indicate asseciation with a partieular AO)
Arrows (7)) indicate that the electrons are spinning (paired electrons have
opposite aping). The numbering of bonding amd antishonding MOs is
merely for numerical sequencing and has no other significance. It is also
worth noting that O has uspaired electrons i the anti-bonding MO, 1.e
F I
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Chemometrics

Chemometrics has been defined as the chemical discipline that uses
mathematical and statistical methods to design or  select  optmal
mesksarement procedures and experiments and to provide maximam chemical
information by analysing chemical data (Kowabski, 1978). It is a relatively
new discipline that assssts with (i) the planning of experimenis, and (i) the
manipulaion and interpretation of large dam sets. Some aspecis ol
chemometrics can be done using an appropriaie speadsheet bui the majority
of applicatiens require the use of dedicated software. The fundamental
principles of most of the proessses involved in chemometncs are those of
statistics. You are therefore advised to become Familiar with the material in
Chapters 40 and 41 before procesding.

When carrying out any experimental work, e.g. an underpraduate praciseal
vou shoukl always resd the emtire practical script before starting the
expenmentation. This is important as it allows you 1o plan each step of the
process and to organize space and fime to perform the experiment. This
imitial planming is further complicaied in project work and rescarch projects
when, oflen, there is no labortory seript 1o follow. In these siluations, you
finally come down ko f ing the mnitial exg after background
research (e.g. resding the approprinte scientific lterature on the suhject area
1o be investigated), purchasing'obtaining the appropriate chemicals reagents,
cte. (see also Box L0U1). It is at this stage that chemometrics can be of some
assistance. Assuming that vou are able to identify the dependent variables in
the experiment, then you can apply “experimental desipn’ which allows you to
gain the maximum amount of knowledge about the sysiem wou are
investigating from a limited number of experimenis.

(nce the experimental work has been completed you then need Lo consicder
how to interpret the results, ie how to maximize the chemical information
imherent in the data, Initial attempds are often centred around plotting the
data, to visualize trends and to allew conclusions 10 be drawn. The simplest
form of data visvalization is simply to tabulate the results (Chapter 38 As
an example, if a class of siudenis has determined the melting pownt of
naphthalene, it is & relatively simple matier 1o tabulate the data (see Table
43,1} Omne possibility For the data is then Lo caloulate the mean and standard
deviation, Ancther approsch would be 1w plot the data as a histogram, as in
Fig. 43.1, so we are then able to make o visual interpretation of the quality of
this univariate {one-vanable) data.

However, what if we had more than ome variable to consider? In other
words, we have multivariate data. For example, what if we want to identify
trendds in the propertics of a range of organic molecules? The vanables we
might want o consider could be: melting point, boiling point, M., solubility
in a solvent and vapour pressure. We can. of course, tabulate the data. as
before, but this does not allow us 1o consider any trends in the data. To do
this we nead o be able 1o plot the data. However, once we excosd three
variabbes (which we need 10 be able 1o plot in thres dimenssons) it becomes
impossible 10 produce a straightforward plot. It is in this context thai
chemometnics offers a solufion, reducing the dimensiomalily to a smaller
number of dimensions and hence the ability to display multivarinte data. The
mist important lechnique in this coniext is called principal component
analysis (PCA).
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Fig. 43.2 Simplex optimization.

Fig. 43.7 Spep-sire simplex.
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The following discussen highlights only the basic princples. For more
detailed informaton you are sdvised 1o consult the literature and dedicaled
chemometric software packages. It should always be borme in mind. however,
that the cholce of which variables o optimize should be seected (i) by
someone with prior knowledge of the system)/instrument under investigation,
ar (i) after performing preliminary experiments 1o determine which are the
mosl imporiant vanables.

Experimental design
There are two mam multivanate optmmizition strafeges: those hased on
sequential designs and those based on simullansous designs,

Safnmid de_dgu

Sequential optimization is based on the one-at-a-time approsch. The major

limitation of this approach is that it assumes that me intersction effects ocewr

between the variables. Unfortunately this is not always the case. A saquential
design strategy involves carrving oul a few experiments al a lime and using the
resulis of those experimsents o determme the next experiment 1o be done. The

hesl Enown ul'lh.-suqmmial design approaches is called the smplex method, A

simplex is essentially & geometric figure having o number of vertices equal w

one more than the nomber of variables. For example, il we bave oo variables,

the simplex is a wrmngle, three variables a terrahedron, and so on.

Let us consider the case of two varables, x) and ;. An algorithm describes
the initsal simplex to be performed (Fig. 43.2). By performing experiments 1-3,
deseribed by the matial simplex, and recording their responses, the next st of
experimenis can be described. IF we obtain the kvwest response for experiment
2, it can therefore be assumed that a higher response would be obtained in the
opposite direction. By reflecting point 2, we can obtain point 4. By performing
the experiment described by point 4 we obisin its response. thereby
perpetuating the simplex.

Four rules can be deseribed For a simplex design:

I. A new smplex is formed by rejecting the point with the bowest response

and replacing it with its mirror image scross the line defined by the two

remaining poinis,

If the new point in the simples bas the lowesl response, relurn lo the

preceding smmplex and ereate the new umplex by using instead the point

with the second-lowest response.

1. Ifa paint is retained in three consecutive simplexes, then it can be assumed
that an oplimum has been reached. (MNote: it may be that this opéimum is not
the true optimum, but that the simplex has been trapped at a false optimum,
In this situation, it is necessary to start the simplex again, or use a modified
simplex in which the step size is not fixad but variable, sz Fig. 43.3.)

4. If a point is suggesied by the simplex algorithm that 55 beyond the limmit
of the vanables, e it is beyond the safe working limils of an mstrument,
then the point & rejected and an antificially low response is assigned to i,
and the simplex s continued with rules 1-3.

o]

Sinmultaneons design

In a simultaneous approach the relationship between varinbles and resulis is
studied as follows: carry oul an appropriate design, apply o mathematical
model 1o the design, and then apply a response surfice method to the data.
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Appropriate designs might be based on factorial designs (full or fractiosal) or
a central composite design. Response surface methods frequently rely on
visualization of the data for interpretation,

Factorial design

In general terms, consider the case of twa variables at two levels, e a high
value and a bow value. This is termed o twodevel design or a (full) 2
factorial design, where & s the nomber of varables. Therefore we have
2% = 4 experiments to be done. Often the values of the variables are coded:
this 15 done for convenience purposes only. In this example. high and low
witlues will be coded as (+) and {~). Alernatively, it might be the case that
the number of vurinbles is three, In this stuation we would have a 2
factorial design, requiring cight experiments. An example of a two-level
factorial design is shown in Box 43.1.

Tabde 43.7 Two-lawsl Tactarial design

1 -1 -1 -1 il
i 41 =1 =1 ¥y
3 +1 +1 -1 ¥y
L 1 +1 1 ¥y
5 -1 -1 +1 ¥y
8 +1 -1 +1 ¥e
T 1 +1 +1 ]
a* -1 +1 +1 LY

The limitation of the two-level factorial design approach is that no
estimation of curvature can be determined. In order to take this into accownt
the wse of desipns with at beast throe levels is roquired. Throe-level designs are
therefore often known as response surface designs. Probably the most
mmporiant design in this condext i the ceniral composite design (OCD),
Central composite designe comsist of a full (or froctionaly factorial design
anto which ix superimposed a star design, The number of experiments 1o be
dome (K) can be worked ouw as follows:

R=2" 43k +ny [3.0]

mmawwwmnmmm
Far—

rhvar water, and analysis by high-performance liguid
mwtﬁﬁw immmmu
following are critical to achisving an optimum extraction: the volume
ummnmdmmm’hﬂl of tha water
sample. Therafore, & 2' design is required. The expe
of extraction sohent (5 and S0mL); mass of salt added
mmlmﬂﬂamnmmm tha exparimant
wn in Tabla 43,2, Tha ~1 values represent the higher valus,
'q_f'lh rql‘mﬂnluur'dm.qplu.'l‘hnm
e can be reduced if & frsctional factorial design is used.
For example, in this situation the fractional factorial design would
uomz‘-‘anﬁwmmumum
mmummrﬁm-wmnm i
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where & is the number of variables. and mg is the number of expermments in
the centre of the design.

For a desipn with three variables we would require [2* +(2 = 3} + 1] = 15
experiments, In order 10 obtain repeatability information it is necessary o
run an experimeit several times. The is done by performmg the cenlre pomnt
experiment twice. The total number of experiments would therefore be 16,
The list of experiments is shown in Table 433 while Fig. 434 shows a
diagrammatic representation of the OCD. The CCD is composed of a k'
factorial design superimposed with a star design (+a, —ab In order 1o
minimize systematic eror (bias) it s necessary randomize the experimental run
order. This is shown in Tahle 43.4.

Response surface methodology

Response surfoce methodology allows the relationship between the responses
and variables 10 be quantified. wing a mathematical model, and o ke
visnalized. Thus the equation for a straight-line graph can be wiitien as

F=mx+e [43.2]

Tabds 453 Central composite design Tor thres variablas

9 = o [ ¥
10 +r o o e
1 L] ® o i
12 o +z o iy
13 a o —a ¥z
14 L] o +x ¥ia
Cantre peints

15 a o a ¥is
18 a o a ¥ig

where m is 0 comstant and ¢ is the intercept. This describes the relationship
between a single variable (x) and iis response (p). Using the previous
example, with three wariables (x5, o and x:) it is possibde o extend this
mathematical model.

First of all we can consder how each of the varabls influences (he
respanse ¥} in  finsar manner. However, the relationship between v and 1,
xz and x; may oot be linear, so it is necessary to consider the possibility of
curviture. This is dome in terms of a quadratic variable, Le a squared
dependence (], x] and x7). Finally, it is also important 10 consider the
effects of possible interactions between the variables, x; — x; — &y, e xyx,
1% and xaxs. The overall general equation can therefore be written as:;

¥ty by + baxy + byes + bux + bard + ba] + o+
byx)xy + Bexany [43.3)
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Fig. 435 Examgple of & response surdace.

Tabie 434 A typical randomized CCD
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where by s the intereept parameter and & — by ane the repression coefficlents
For linear, quadratic and interaction effects.

This equation can be analysed wsing multiple linear regression and tested
for statistical significance at, for example, the %5% confidence interval (see p.
278) In addition. the respomse can be explored by plotting a thres-
dimensional graph. Unforiunately, in the above example, three varables are
present. This immedmtely constrains what il is possible 1o plol on the graph
(ome of the axes must be the response), One way 1o select the (wo variabies 1o
plot is by considering their statistical significance and then selecting two
variahles which are significamt at the 95% confidence interval, An alternative
approach might be simply to plot the two variables you might wish to discuss
in your experimental report. A typical response surface is shown in Fig. 43.5.
It can be seen that the time’ variable has o maximuam at 8- 12min while the
‘temperatore’ variabbe has a maximum at 16-180°C. Furnher experiments
might be carred oul af these two maxima to determine the repeatabality of
the approach. However, it i necessary to plot all variables consecutively to
idbentily all manima.

In general, it is important to consider the following issues when carrying
out an experimental design:

& Curry oul repeat measurements for o particular combination of variables,
1o determine the repeatability of the approach

& To remove systematic emor (bias), you should randomize the order in
which experiments are done (p. &6).

o i is important o eliminate inervariable effects (confounding). e the
siluation where one variable is inter-related 1o another.

® Often, the large number of experiments 1o be carried out makes it
mmpossible to run oll of them on the same day. If this happens mn your
experiments in discrete groups or “blocks’.

Principal component analysis
The s of medern automated instrumentation allows the acquisition of large

amounts of chemical data. As well as amply tabulating the data, other forms
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Fig. 437 Principal component analysis.
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ol “anabysis’ are required to interrogate the chemical mformation contained
within the data. One such approach, enabling the simplification of large data
sets by reducing the number of independent variables, is principal component
analysis (PCA). The basis of this approach is:

¢ To reduce the number of original independent varables inlo mew axes,
so-called Cprimcipal components”, PCs, each of which can be estimated
unambiguously, The data contamed in these new PCs, and which are
expressed as ‘scones’, are uncorrelated with ench othes.

® Toexpress, in a few PCs, the amount of variation in the data

# To have cach new PC express a decreasing amount of variation.

An example of the application of PCA is shown in Box 432,




Computational chemistry

A chemigl is normally visaalized s in a white laboratory coat
performing an experiment. However, some chemists never actually go into a
‘wel chemical” laboratory but wiilize computers to perform experiments.

Why do chemistry on compaters?

& Safety: invariably all laboratory experiments carry some risk, assoczated
with the chemicals or apparamus to be used. It is wsual to perform a
OO5HH assessment (p. 7) prior to experimental work. Computational
chemisiry allows the user to carry out work on ‘dangerous’ chemicals
with no risk!

e Cost: apart from the fnancial outlay on a computer and associabed
periphernls together with the appropriate software, no further cosis are
involved, umlike the experimental laboratory where most chemicals
require disposal after use.

» Understanding: computational chemistry has the ability to provide o basis
for undersianding chemical principles.

This branch of chemistry, sometimes referred 10 a8 theoretical chemisary,

molecular madelling or computational chemistry, used 10 be restricted 10 a

few researchers with access 1o expersive computers. This has changed in

recent vears with the availability of low-cost, high-power computers, coupled
with the avaikbiliy nt‘ sollwane packages Il\a.l mqume ni knowledge of

making | istry ible 10
und:rlrldulu stwdenis. The new user of computational chemisiry will
quickly discover the ease with which it is possible to observe complex

molecuks on the scroen using the software’s computer graphics (Fig #4.1)

However, computational chemistry is much more than pretty pictures. It

allows the chemist 1o perform theoretical experiments i three distinel areas

1. single molecule coleulations
2. molecular interactions
3 remctions of molecules,

I all cases, the basis of the calculation is the determination of the energy of
the system. Two approsches are wsed: quanium mechanics and molecular
mechanics, Molecular mechanics is best suited 10 large mobeoules, og.
prodeins, whereas quantam mechanics, while offering a more fundamental
appreach, s resiricied o smaller molecules.

“ Jm-hmwmw Mm
mmmwpﬂh1 had, 5o In
L II

do not avary e s
tional chemistry can allow a > "!W
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Quantum mechanics
Ag hanical calculation ces with the Schridinger wave
equation:

H¥ = o [#4.1)
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Figure 44.7 Computer generaied images of six
aming sisde using differen roprdentalions

ial stick, (k) balls, icl balls and cylinders and
i) sticks and dots.
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where M is called the Hamiltonian operator (it describes the kinetic energics
of the nucles and electrons and the electrostatic interactions felt between
individual particles), ¢ is the encrgy of the sysiem, and ¥ is called a
wavefunction - 1° describes the probability of finding an electron at a
particular set of co-ordinates.

The aquatien is used o deseribe the behaviowr of an atem or moleculs in
terms ol ils wave-like {(or guantem) natare. By trying to sohee the equation the
energy levels of the system are calculaied, However, the complex nature of
multickctiron nuchel  sysiems @5 simplified wsing the Bom-Oppenheismer
approximation. Unfortunaiely it is not possible 1o obtain an exact solution of
the Schridinger wave equation except for the simplest case, Le. hydrogen.
Theoretical chemists have therefore established approaches to find approas-
male salutions to the wave equation. One such approach uses the Hartres—
Fock self<consistent ficld method, although other approaches are possible.
Two impartant classes of cakeulation are based on ab inftio or semi-empirical
methods, Ab fwirie literally means “from the beginning”. The term is used in
computational chemistry to describe computations which are ot based upoin
any experimental data, but based purely on theoretical principles. This is not
o sy that this approach has no scientilfic basis — indesd the approach uses
mathematical approximations to simplify, for example, a differential equatson.
In contrast, semi-empirical methods utiliae some experimental data 1o amplify

the o s Az n uence semi-empirenl methods are more rapid
theam b fritic.
Molecwlar mechanics

Most mobecular modelling packages allow the wse of cmpirical methods which
only consider the nucks. These are called molocular mechanical methods and
are faster than the quantum-mechanical methods. They are based on classical
mechanics and therefore allow treatment of larper molecules. However, as
clectrons are not included i the calculation, this approsch does not provide
information on bond breaking or formation, or any details of orbitals involved
im any interactions.

The cmanmﬂ‘am!mmnrf

Like all lnhoratory classes it is important to go prepared so that vou will get

the most oui of your time in the laboratory. This might inclode hackground

reading, making an outling of the experimental procedurs, a sketch (or

photocopy) of the chemical structure of all molecules to be worked on. amd a

plan of how you will draw cach molecule — obviously the more complex

molecules may require more thought than & simple molecule. Onee there, it is

imporiant to:

& Get a comforiable chair — vou may be sitling in it for quite a while. Make
yoursell feel at ease and retax.

®  Plan your work — a considerable amount of time in the laboratory will be
spend constructing models, ssttling up caloulations and evaluating results.
It is therefore important to maximire your time on the computer by
planning in advance.

« Follow all instructions carefully — remember that a computer carmes oul
your instrctions.

& Examine all results carefully — do not acoept everything the computer
prints sut/displays. Question the results yourself - do they make sense? If
not recheck your initial data entry.
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e Save all your results for rechecking by vourself at a later dase or for
aspersmenl by vour utor.

Coamputer
A fypical software package used to perform compulational chemistry should
be able 10:

Build and display molecules.

Optimize the structure of mobocules.

Investigate the resctivity of molecules.

Cremerate and view orbiials and elecironse plots.

Evaluate chemical pathways and mechansms.

Study the dynamec behaviour of molecules.

11 is inappropriate to describe any partcular software system. Nevertheless,
all software is usually accompanied by o user manual or a “help” file to make
the use of comemercal software packapges wser-friendly.

Applications

Computational chemistry is being applied o a wide variety of aress. in
particular its ability 1o predict chemical properises, such as:

maolecular structure

reaction enthalpies

dipole moments and infrared intensities

vibrational frequencies

reaction [ree encrgies

relative acid constants

reactian rates.

In addition, computational chemisiry s widely applied m drug design in the
pharmaceutical industry, where it can allow the modeller to investigate
whether a molecule will bind tightly to an enzyme or recepior. In addition, it
is possible 10 asess whether a molecule will fit inte an active site of an
enzyme, how well the molecule will bind, and, ultimately, 1o assess whether it
is possible to design the “best’ molecule.
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Resources for analysis and presentation of data
Baoks an istics and ch foy
Main supplesmenrary rexi:

Miller, T.M. and Miller, 1O (2000) Seavistics md Chemmometrics far drafytical
Chermistry, 4th Edn, Prentice Hall, Harlow, Essex.

(aher avefl sowrces (chronelogical order)

Adams, M.J, (1995) Chemameirics in Analyiical Chemiziry, Royal Society of
Chemistry, Cambridge.

Die Levie, R, (20001 Haw ro Use Eveel fa Aralyrical Cheaiciry and in Geveral
Seterrific Dwra Anelysis, Cambridge Universiy Press,

Doggett, G, and Sutcliffe, B.T. (1995) Mathemarics for Chenrlsiry, Longman,
Harlow, Essex.

Farrant, T (1997} Procrical Srarifes for the Analyieal Chemist, Royal
Soctety of Chemistry, Cambridge.

Gurdiner, W.P. (1997) Sentistical Amalysis Methads for Chemivre, A softemee-
Trased approach, Royal Society of Chemistry, Cambridge.

Gormally, 1. (2000) Essentied Moshemorics for Chemnisrs, Prentice Hall,
Harlow, Essex.

Massart, D.L., Yandeginste, B.G.M., Buydens, L.M.C., de Jong, 8., Lewi,
PJ. and Smeyers-Verbeke, J. (1997) Handbook of Cheommereics and
Quilimersics. Parr A, Elsevier Science BV, Amsterdam,

Meber, P.C. (2000 Srarterical Methods (n Amalyrieal Chenrdsiry, Ind Edn,
John Wiley and Sons Lud, Chichester.

Books on computational chemistry
Maiw supplementary fexi:

Goodman, 1. (199) Chemiiea! Applieations of Moleelar Modelling, Roval
Sociely of Chemistry, Cambridge.

her ngfil sowrces | chromological order )

Allen, M.P. and Tikdesley, DI, (198]) Computer Simdation af Liquids,
Clarendon. Oxford.

Brooks, C.L.. Karplus, M. and Pettitt, B.M., (1981} Proveins; A theoredicnl
Perspective of Dymamics, Stvcire and  Thermadpnaories, Wiley-Tmerscience,
Mew York.

Clark, T. (1985) 4 Handbaok of Compurations) Chemizrey, Wiley-Interscience,
Mew York.

Comba, P. and Hambley, T.W_ (2000) Mwlecular Madeiling of fnorgamic
Campownds, Tohn Wiley and Sons Lud, Chichester.

Foresman, 1B and Frisch, AE (1993) Explorine Chemienry with Eleereonie
Sregeture Meshads, Ganssion Inc,, Pittshurgh.

Grant, G.H. and Richards, W.G. (1995} Compurarional Chemizrry, Oncford
University Press, Oxford,

Haile, LM, (1992} Malecwlar Dymavics Stedarion: Elemengrey  Medhods,
John Wiley and Sons. New York.

Hehre, W.J., Radom, L., Schleyer, P.V.R. and Popls, JA. Ab fnitie
Molecular (hrfvisal Theory, Wiley-interscience, New York.
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Hehre, W.J.. Shusterman, AJ. and Huang, W.W, (1996} A Laborarary Book
of Cowpartational Orgaric Chemisiry, Wavefunction Inc., Irvine,

Hehre, W ., Shusterman, 4.7, and Melson, LE. (1998) Molecular Modlling,
Warkbook for Orgaric Chersinry, Wiley, New York.

Jensen, F. {1999 Iradhcrion o Compaiational Cherminry, Wiley, London,
Jensen, P. and Bunker, P. (20000 Compurarions’ Melecular Specrasoopy,
John Wiley and Sons Lid. Chichester.

Leach, AR, (1996) Moleculer Modelling, Principles and  Applicarions,
Longman, Harlow.

McCammon, LA, and Harvey, 5.C. (1987) Dyaomics of Profeis and Nucleic
Acide, Cambridge University Press. Mew York.

Schlecht, MLF. (1998) Molecwlar Modslimg on the PO, Wiley-WCH, MNew
York.

Saubo, A and Ostlund, W5, (1989 Modern Quonran Chearistry. Frereoducrion
1o Advarced Elpcrromic Strucrure Theary, MoGraow-Hill Publishing Co., Mew
York.

Software for drawing chemical struciures
ChemDraw, Adept Scientific ple, Letchworth, Herts, UK.

ChemSketch, Advanced Chemical Development, Inc., Toronte, Canada
[www aedlabs.com]

Software for statistics and chemomeirics

MulitSimplex. Karlskrona, Sweden (hiip:/waw. multisimples.com).
Sxaiistica, 6.0, Statsofl (g o statsoft.com).

Saatistics for the Analytical Chemist Softbook, Royal Society of Chemistry,
Cambridpe.
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Using spreadsheets

Word processors, databases and other
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The Internet and World Wide Web

Making the most of information ond communication technology (‘ICT)
requires skills related o the use of compuiers for Anding. retneving, reconding,
analysing and communicating mformation, especially via the developing
global lvternet eovironment. This includes using programs los:

& searching dotabases and Internet resources. eg. using Web ‘browsers
such as Netscape™ and Internet Explorer™;

¢ melrieving nelwork resources, e.g. applying FTP to obtain copies of fiks;

s storing, modifying and analysing information, e.g. using databases, spread-
sheets and statistical packages (see Chapters 47 and 48}

& communicating information, eg by e-mail, word processors, deskiop
publishing packages and programs lor making presentations.

The Internet as a global resource

The key to the rapid development of the Internel was the evelution and
axpangon of networks — collections of computers which can communicate
with each othes. They operate at various scles such os lool aren petworks
{LANS) and wide arean networks (WAN:) and these can be connected to the
Internet, which is a complex network of networks (Fig. 45.1). The Internet is
loosely organized; no one group funs it or owns it Imstead, many privale
OTpAniFations, universitics amd government depariments pay for and run
diserete paris of 1. Private organizalions include commercial online service
providers such as Amersca Online™ and CompuServe®.

You can gam aocess 1o the Intersel either through a LAN al your place of
work or from home vin o modem connected 1o a dial-in service provider over
the telephone line. You do not need to undersiand the technology of the
network 1o use it — most of it is invisible 1o the wser. However, if vou do wish
1o understand more, sources such as Gralla (1996) and Winship and McMab
(2000 are recommended. What vou do need 1o know are the oplions
avuiluble to you in terms of wsing its fucilities and their reltive merits or
disadvaniages. You ako need to understand a litle about the nature of
Internet addresses.

SEZLETTI  1iost material on the Internst has not been subject to
paar revisw, vitting o aditing. Imarmation obtsined fram the WIVW or

posted on newsgroups may be inaccurate, bissed or spoof; do not as-
sume that everything you read ks true or even legal.

Communicating on the Internet: e-mail and newsgroups

Using e-mail, you are able to send messages to anyone who is conmected to
the Intermet, directly or indirectly. You can attech text files, dam files,
pictures, video clips, sounds and executable files w0 vour messages. The
mesanges themselves are usually only very simple in format but sulficient Tor
mosl purposes; formatied material can be attached as a fibe if necessary. The
uses that can be made of the system vary from personal and business related
to the submission of work to a tuler in an educational system. Mote,
however, that the system i nol secure (con ial) wnd the ission of
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sensilive information should be done with coution. Another downside of e
mail is the junk mail that you may receive omse vour e-mail address s
distributed. ¢.g. in newsletiers.

Specific address information is required to exchange information and
mail between computers. Although the computer actually uses a complex
series of numbers for this purpose (the “LP." address), the Domain Mame
Syatem/Service (DNS) was developed 1o make this easier for users. Each
compuler on the Imternet is given a domamn name (= Interned address)
which i & heerarchy of hsls and addresses. Thus, ‘unnacuk’ is the DNS-
registered name of the University of Northumbria at Mewcastle: the 1op
(rosst) Jevel domain is ‘uk”, identifying its country as the United Kingdom,
and the nexi s “ac”, keniifying the academic community sub-domain. The
final sub-domain is ‘unn’ identifying the specific scademic institute. For
the purposes of e-mail, the names of individuals at that site may be added
before the domain name and the @ sign is used to separniz them. Thus,
the ¢-mail address of the first author of this book B ‘John Deand
ann,ac.uk’

Internet tools

There are varous lscilities available for wse on the Internet depending on
your own system and method of aocessing the system. The best way (0 lam
Brw 1o use them i simply Lo Etry them oul,

The World Wide Web ( WIWVH)

The “web’ is the most popular Internet application. Tt allows casy links 1o
imformation and fles which may be locaded on compuiers anywhere in the
warkl. The WWW allows access 10 millions of *home pages’ or “websites”, the
imitil poant of relerence with companies, institutes and individuals, Besides
their own text and images, these contuin “hypenext links', highlighted words
or phrases that you click on 1o take you to another page on the same website
or o a compleicly diffierent site with related subject maierial. Certain sives
specinlize in such lfinks, acting like indexes to other wehsites: these arc
particularly usefil.

When using a web browser program 1o get ¢ & particular page of
information on the web all you requine (8 the name and |location of that page.
The page location s commonly referred 1o a8 a URL {Uniform Resource
Locator). The URL always takes the same basic format, beginning with
‘hetp/ " and followed by the various terms which direct the system 1o the
resgiares pagss. If you don’t have a specific URL in mind but wish io find
appropriate sites, use a ‘search enging’ within the browser: enler appropriate
and limdted key words on which Lo search and note the sieis) which may be
of interest. There is so much available on the web, from company products
through library resources to detailed information on specialist chemical and
environmental lopics, that much time can be spend searching and reading
informateon: try to stay focused!

FTP [ File Transgfer Protocol) and file transmission

FTP s a method of transferring files across the Internet. In may cuses the
files are made available for ‘anonymous” FTP access, L you do not nesd
previously amanged passwords. Log in as ‘anonymous’ and give your e-mail
address as the password. Use your web browser to locate the file vou want
and then use its FTP software 1o transfer it 1o your computer,
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The transfer of files can result in the transfer of asso-
ciated viruses. Ahways check your files for viruses before running them,

‘When using ICT. incloding the Internet. always remember the basic rules aff
using compulers and melworks (Box 45.1)
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A common way 1o lind information on the Internet is by browsing (“surfing’)
the World Wide web (WWW), However, as this can be lime consuming sl

locations. A wseful place to find out what the Internet offers the chemist can
be found at the URL hitp:/'waw.chemdex.org.

R ber that the Internet should not be viewed as

for your library and other local resourcas, but

Muﬂﬂmnﬂmﬂllndmmwm-ﬂm
and CD-AOM material

General information

Some of the principal resources vou can uiilize vin the WWW ane

» Librares, publ: and i These organizafi gnize the
nsmﬁnmw of the Internet as 3 means of ¢ ication; for
the Addison Wesley Longman higher education wehsite at hrlpc,n'l'
www.awl=he.com/ allows information on specific catalogues and books 1o
be requesied online. A large number of scentific journals are also
available in electronic format vie ingenticom (htip:/(wwa.ingenta,com).
Inwln]ml.snﬂ:rlsmskm of aceess 1o over 2300 academic and

from over 30 publishers. Acoess o browse and
srarch the database of artiches is free, as i the ability 1o display tables of
contents, bibliographic information and abstrects. Full-text articles
require a fee for access — check whether your institution subscribes. A
broad range of scieniific jowrnals puoblished by Academic Press is
available viz the site hitpe/ 'wwa.apnetoom), and students al UK colleges
and universities should have full aecess withoul additional subsweriplion
(via hirtpe www janetidealibrary.com/). You can keep up to dae using
New Sciensist pages (at hiip: wow newscientist.com/), Seientific Ameri
cam (at hitp://sciam.com/) or Nanure (ot htipwww naturecomh A few
of the newer titks are available only in electronic format. ep. the e
journal CrysiEngComm can be found at heep: ‘www.rsc.orgis journals/
current ‘erysiengeomm cecpub him.  Elecironic  publishing is likely io
develop further in fulure years.

» Instilutsons. Many research organimt ies and
imstitutions around the workd are now online, with their own web pages.
There is a detailed list of scholarly chemical societies at hbip:)/ e
chemdex .org/chemdex leamed-society. himl. You can wse the wehsites of
these organizations 1o obtain specific information. They frequently provids
hypertext links fo other relevant sites for particular groups or topics: for
example, the Royal Society of Chemistry web page (hitp:waw.rse.org)
has links to various sites of interest 1o chemists. Use the WWW 1o obtain
details of the activities of rescarch organimtions (e.g. GlaxoSmithKline, a
hiipe/www glaxosmithkline.co.uk)  or  individeal  labormtories  and
researchers at specific universitics. Some other relevan: websites are given
in Table 46,1
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Talde 46.7 Salectsd examples of ussful
websites

American Chemical Sodety
Ihtpcesann ans arg
The af

Royal Society of Chemistry
Socity of Cheamical Industry
hittpaifsci.mand.ang

International Union of Pure and Applied

Table 462 Examples of chaimicsl dagnbeses

Bemiltwin

thitpohareres. bedstein.com

Scientific and Hetwork
Intipofhaeeeey.

ChamExpar Chimical Dirsctory
mhm:nmhn
ittpeasa code cam_ac. |

& Data and pictures. Archives of text material, photographs and video clips
can be accessed and easily downloaded. However, downloading graphical
images may toke quite a while, especially for remote links or ai busy
times, beading to high costs.

#  Mewsgroups (Lisenetl News articks on a wide range of topics are “posted’
at appropriate sites. where they are placed into subject proups
{newsgroups). Any user can contribule to the discussion by posting his/her
own message. o be read by other users via appropriale news software.
While 1he number o newsgroups is very large, some of them may include
relevant nformation. Further information on topics of chemistry interesst is
avuilable ot hiipswww,chemdex org/index himl. Student access to news-
groups may be limited at some universities and colleges,

T frember that the information from Internet news-
groups and similar websites may be unedited and may represent the
personal opinion of the author of the article.

* Muiling lists, Messages semt to the list address are  distributed
automatically to all members of the mailing hist, via their personal e-
mailbox, keeping them up to date on the particular topic of the mailing
list. To receive such messages, you will need 1o join the maidmg hs
Belevant mailing lists for chemisry can be founsd a1 b wwwe
chemdex.org chemdexlistserv.iml. Take care not to join 1oo many lsts,
as you will receive a large number of messages, and many are likely 1o be
al only marginal inlerest, A number of mailing hsts also have archived
files, offering a more selective means of locating relevant material,

* Databases. Sites such as Bath Infermation and Data Services (BIDS) and
weh of Science (WOS) provide access to abstracts of recent publications:
use these (o find relevani literature for specific topics. Access is vin the
wehsites at hitp:) 'waw bids.ac.uk! or hitp:/'www, webofscience.com: you
will need a username and password ~ check with your depaniment or
library. In the case of BIDS, it provides access to databases covering
subjects from science, engineering and medicing o economics, politics,
education and the arts. Specific databases offered inclode: 151 ctation
indexes; EMBASE (intermational  hiomedical information);  INSPEC
[physics, electronic engineering and computing); international hiblisgraphy
of the social scences (IBS3); The Royal Society of Chemastry databases;
and education databases. See also Tahle 46.2.

The BIDS Royal Society of Chemistry service

The BIDS RSC service provides access to four bibliographic databases and a
furthes two databases (Chemical Safety Data Sheets and the UK Mutnent
Databank via the WWW at hitp/ fwww bids.oc uk webssarch.himl)  are
supporied by The Royal Society of Chemistry (URL: htipe) fwww_ bids. acuk)
Tliedoss) rec.html). The databases are:

Analytical Absracts
Chemical Business NewsBase
Chemical Safety MewsHase
Mass Spectrometry Bulletin
Chemical Safety Data Sheets
UK Mutrient Databank.
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The BIDS RSC hibliographic databases can be searched by using:

Words or phrases in articles, key words or abstracts
Author names and 'or addresses

Joumal names

CAS regisiry numbers

Chemical ‘product names

Specialist inclex terms,

R

Information fe.g abstracts) can be displayed, downloaded or e-mailed to
your personal sddress. In additional, electronic fulliext articles may also be
available via ingentn journals [htipcwww.ingenta.com). This is normally
offered in PDF via a viewer, ¢.g. Adobe Acrobat Reader

In contrast. the Chemical Safety Data Sheet database b5 scarched wsing
chemical name or synonyms, while the UK Nutrient databank is searched by
food name,

Armalyrical Abstracts (http:) 'waworse.org isdatabase/anhome. him)

This is datahase specifically aimed at analytical chemistry. In particular, the
follcowing areas are covered: general analytical chemistry; chromatography and
electrophoresss; spectrometry and radiochemical methods: inorganic, organic
and organometallic analysis; applied and indusirial analysic clinical and
biochemical analysis. pharmaceutical analysis, incheding drugs in biclogical
fluids: environmental analysis; agricultural analysis; and, feod analysis. The
database is updated weekly and covers the period from 1980 onwards. The
dalabase is sowrosd lrom over 269 joumals. However, a mone limiled number
of joumals are available in full-text format. A typical sample record is shown
in Table 46,3,

Chemical Busimess News Base (hiip: | fwww._rec org/is/database/chnbhome_ him)
This provides information on the business environment of the chemical
industry. 1t provides company, prodwct and market information for the
chemical industry and its end-use sectors worldwide. 11 alse covers environ-
menal s and regulatory developmentz. More than $20000 jems ane
contamed within the database snce i imtiation in 1985 The database is
updated daily, from more than 700 sources. As well as mformation from
journals and newspapers, information 15 alse sourced from company reports,
newsletbers and press relenses,

Chersitenl Safery News Base (hitp: | 'www.rse.ong/isdatabase/csnbhome him)
Thes provides mformation on the health and safety effects of chemicals used
in melustry, and all health and safiety aspects relevant o the laboratory and
office environment. The database contains over S0000 items. Each reference
inchades the document title, full hiblwgraphic details and a detailed abstract,
The database is wpdated each month with coverage of scientific journals, new
haaks, standards, data shects, audiovisual aids and technical reports,

Mass Speciromerry Bullerin (http) 'wwea rscoorgis/database/ msbhome. him)

This is & carrent awarensss bulletin providing information on mass spectro-
metry and related jon processes. The bolletin s sub-divided as follows:
mstrument design amd technigues; isolopic analysis, precision mass measure-
ment, istiope separation, age determination. cte.; chemical analysis; organic
chemistry; atomic and molecular processes; surface phenomena and solid-state
smdies: and  thermodynamics and  reaction  kinetics. The database
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Tatis 46.3 Ewample rocord from Analytcal Abatracts

is updated monthly. More than 900 sounces are accessed 1o provide up-lo-
diate information.

Chemical Safery Data Sheets (it fwww bids.ac uk Tledocs rc_safetydata.
Ivtmal}

Tlme prtnl#nf:l:rm[urnmm for over 550 common chemicals. The
d i alph 1o enable ensy novess.

Uxﬁ‘ammhnnmnhan*t_hnp | e recor g is database mutshome im)

“This p nulrent ation data on feods consumed in the UK. The
database provides data for 1188 foods covering all food groups, providing
vitlues per 100 g (or 100mL) for over 40 nutrents. In additon, a food index,
listing aMernative amd taxenomic sames and recpe information, s also
provided. The particular food groups covered include: cereals and cereal
nuls; vegelable dishes; fish and fish products; miscellancows foods, meat,
poultry and game; meat products and dishes; and fatty acids.

The Royal Society of I‘.:h-nim Bibliographic
Databases and Reference Databanks

In addition 1o the BIDS RSC service, The Royal Society of Chemistry (https/
mmnry‘u.hhmbawm am-'.h'lnp alse offers a range of bibliogmphic
databases and ks, These are (excluding the ones available vin
the BIDS RSC service) deseribed below.
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# Chemicals, Formulated Products and their Company Sources
# Focus on Calalyais

&  Focus on Pigments

&  Focus on Polyvinyl Chioride

» Focus on Powder Coatings

» Focus on Surfactants.

# The Dictionary of Substunces and their Effects
» Environmental Chemistry, Health and Safety
w  Hazards mn the Office

Laboratory Hazards Bulletin,

As an example. Chromatography Absiracts {hinp:/ www_rsc org/is danabase
chroabs htm) provides an update of developments in separation science. It is
amanged inte the following sections: geneml and miscellaneous techniques:
gas chr hy: liquid chr griphy; el horesis; and thin-layer
graphy. An ple of a typical record is shown i Table 46.4,

-

Tabie #6.4 Example record from Chromatography Abstracts
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Statistical calculations and graphical presentations are available in many
versions and minst have scientific functions. Spreadshests can be used 1o

& manipulate raw data by removing the drudgery of repeated calculations,
allowing casy transformation of data and caleulation of statistics;

o griph oul your data rapidly to gel an instam evaluation of resuls -
printout can be used in pructical and project reports;

& carry put limited stutistical analysis by buill-in procedures or by allowing
construction of formulae for specific tasks:

o model “‘what if” siwaticns where the consequences of changss in daia can
be soen and evaluatad:

s stone data seis with or without seatistical and praphical analysis.

The spreadshest (Fig. 47.1) is divided into rows (identified by numbers) and
columns (identified by alphabetic characters). Each individual combination of
column and row forms & cell which can contain & data item, a formula, oF &
piece of text called a label. Formulae can imclude sclentific and jor statstieal
functions and/or o reference to other cells or groups of cells {often called o
range). Complex systems of datn input and analysis can be constructed
(models). The analysis, in part or compleie, can be printed owl. New data can
b added at any um: and the sheet recaleulated. You can construct templates,
pre-designed sp ming the f lae required for repeaied dala
analysss,

Fig. 47.7 A scroon dump of a typical spreadsheat, ghewing ealla, rews and
columns; toolbars eto. Screen shot reprinted by permission Trom Microsefl
Corporation.
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The power a spreadsheet offers is directly related o your ability 1o create
maodels that are accurate and templates that are easy 1o use. The sequence of
operations required s
I.  Determme what informatien ) slalistics you wanl Lo produoe.

2. ldentify the variables you will nead 1o use, hoth for original data that will
be: entered and for any intermediate calculations that might be required.

3. Set up areas of the spreadsheet for data entry. caboulation of intermediate
wales {::.u:isu'ul watlues such as sums of squares eic ), calculation of final

istics and, if ¥, i ¥ e

4, [Establish :h: Format of the numeric data if it & different from the default
values, This can be done globally (affecting the entire spreadshest) or
lacally (nffecting only & specified part of the spreadsheet).

5. Establish the column widihs required for the various activities.

6. Enter labels: use extensively for annotation.

7. [Enier a test sel of valus o use during formiula entry: use a Tully worked
example o check thal formulie are working correctly.

B.  Enter the formulse required to make all the caleulati beath intermedi
and final. Check that results are correct using the test data,

The spreadsheet is then ready for use. Delete all the test data valoes and you

have created your template. Save the femplate 1o & disk and it is then

available for repeated operations.

Data entry

Spreadshests have buili-in commands which allow you to conirel the kayout of
data in the cells. These nclude number lormat, the number of deczmal places 1o
be shown (the spreadshest always culculates using eight or more places), the cell
wikhth anl the location of the entry within the cell (eft, right or centre). An
nuio-entry faclity assisis greaily in enfering large amounts of data by moving
the entry cursor either vertically or horizontally ns data are entered.
Recalculation default is wsually awiomatic so that when a new dain value s
entered the entire sheet is recaboulated immediately. This con dramatically slow
down data entry so sehoct manual recalculation mode before entering new data
sets il the spreadaleet s larpe with many caboulations,

The parts of a spreadsheet

Laubels

These identify the contents of rows and columns. They are text charcters,
and cannot be wsed in calculations. Separate them from the data cells by
drawing lines, if this feature is available. Programs make assumptions about
the nature of the entry being made: most assunse Chat if the firsa character is
a number, Lhen the eniry iz a number or formula. IF it iz a ketler, then it will
be a lobel If you want to start a labsl with a number, you must override this
assumplion by typing a designated charcler before the number 1o tell the
program that this is a label; check your program manual for details.

Numhers

You can also enter numbers (values) in oells for wse in calculations. Many
programs ket you enter numbers in more than one way and yvou must decide
which method you prefer. The way you enter the number does not affect the
way il is displayed on the screen as this is controlled by the cell format at the
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point of entry. There are usually special ways 1o enter data for pereeniapes,
currency and scientific notation for very large and small numbers.

Formulae

These ane the “power tools” of the spreadsheet bocawse they do the caleulations.
A cell cun be referred to by its alphanumeric code, e.g. AS (column A, row 5}
and the value comtained m ihai cell manipulsted within a formula, eg.
{AS + 100 or (A5 + B22} in another cell. Formulae can include a diverse nrmy
of pre-programmed functions which can refer to a cell, so that if the valwe of
that cell is changed, so is the result of the formula calculation. They may also
inclade limited branching options through the use of logical operators.

Functions
A variety of functions s usually offered, bui only mathematical and
ions will be 3 here.

Mathemarical functions

Spreadsheets have program-specific seis of predetermined funciions but they
almost all inchide triponometrical functions, angle functions, logarithms
{p-262) and random pumber functions. Functions are invaluable for
transforming sets of data rapidly and can be used in formulae requined For
more analyses. waork with an order of preference of the
operators in much the cume way as a standard caleulator and this must always
be taken into account when operators are used in formulae. They also require
a very previse syntax — the program should warmn you i you break this!

Staristical functions

Modern spreadshects incorporate many sophisticated statistical functions,
and if these are not appropriate, the spreadsheet can be used 1o fcilitate the
calculations required for most of the statistical tests found in textbooks, The
descriptive statistics normally available inclade:

o sums ol all data present in a column, row of block;

®  minima and maxima of o defined range of cells;

®  counts of cells — a useful operation if you have un unknown or variable
number of data values;

e averages and other siatistics describing location;

o standard deviations and other statistics describing dispersion

A useful function where you have large mumbers of data allows you to create
frequency distributions using pre-defined class intervals.

The hypothesss-testing statistical functions may be reasonably powerful
(g rlest, ANOVA, regressionsh and they often return the probability P of
obtaming the test stafistic (where § < P < 1), so there may be no need 1o
refer to statistical tubles. Again, check on the effects of including empty cefls.

Copying

All programs provide a means of copying (replicating) lformulae or cell
contenis when required and this is n very useful feature. When copying.
references to cells may be cither relative, changing with the row/column as
they are copied, or absolute, remaining & fized ooll reference and not
changing as the formulae ane copied. This distinetion beiween cell references
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Informatian

B very imporant and must be understood; it provides one of the most
comman forms of errar when copying formulse. Be sure 1o understand how
your spreadshest performs these operations.

Naming blocks

When a group of cells (a block) is camrying out a particular function, it is
ofien easier to give the hlock a name which can then be used in all formualae
referring to that block, This powerful feature alio allows the spresdsheet 10
be more readahble.

Graphics display

Most spreadsheets now offer o wide runge of graphics fcilities which are
easy to use and this represenis an ideal way to examine your data sets rapadly
and comprehensively. The quality of the final graphics cutput (to & printer) is
variable but s usually sufficient for initia] investigation of your data. Many
of the options are business graphics styles but there are usually histogram,
bar chart, X-¥ plotting, line and ares graphics oplions available. Note that
some spresdshest graphics may not come up to the standards expected for
the formal presentation of scientific data (p. 343).

Printing spreadsheets

This is usually a straighiforaard menu-conirolled procedure, made difficul
only by the fact that your spresdshest may be too big to fit on one plece of
paper. Try to develop an area of the sheet which contains only the data that
you will be printing. i.e. perhaps o summary ares. Remember that columns
can usually be hidden for printing purposes and you can control whether the
printout is in portrait or landscape mode, and for continuous paper or smgle
sheeis (depending on printer capabilities). Use a sereen preview option, il
available, to check wour layout before printing. Most spreadsheets are mow
WYSIWYG (What You See Is What You Get) so that the appearance on the
screen i a realistic impression of the printout. A “print o " oplion is ako
availahle in some programs, making the output fit the page dimensions.

Use as a database

Many spreadihests can be used as dniabases, wsing rows and columns o
represent the felds and records (swe Chapter 48). For many applications in
chemastry, the spreadsheet form of dotabase is perfectly adeg and should
b seriously considered before using a full-feature database program.

andl library




Word processors, databases and
other packages

Word processors

The word processor has facilitated writing because of the ense of revising text.
Word processing is & transferable skill valuable beyond the immediate
requitements of your chemistry course. Using a word processor should improve
your writing skills and speed because you cin create, check and change your 1ext
an [he screen before printing it as ‘hard copy” an paper. Onos entered and saved,
multiple uses can be made al'a pieoe of texwith linle elfor.

When using a word processor you can;

o reline material many times before submission;

»  inseri material easly, allowing wriling to fake plice in any sequence;
»  use o spellchecker to check your text;

& use a thesaurus when composing your test;

»  produce high-guality final coples;

& reuse part of all of the teat n othes documents.

The potential disadvantages of using & word progessor inchade:

®  [lack of ready nccess (o a computer, sefiware and/or a printer;
& time taken to learn the operational details of the program;
» ihe tempiniion o make “trivial’ revisions;

& |oss of files due to computer breakdown or disk loss or failore.

Waord processors come as “packages’ comprising the program and a
manual, often with a tutorial program. Examples are Microsofi® Word
and WordPerfect™ . Mot word processors have similar general leatures
but differ in operational detail; it is best to pick one and stick 1o it as far
us possible so that you become familiar with it. Learning to use the
package is fike leaming to drive a car = you need only 1o know how o
drive the computer and its program, not to understand how the engine
(program) and transmission (datn transfer) work, although a litte
hackground knowledge is often helpful and will allow you Lo gel the most
from the program.

In most word processers, the appearance of the scroen realistcally
represents what the printout on paper will look fike (WYSTWY Gl Wiord
processing files actually contain large amounts of eode relating to texi format
etc., but these clutter the screen if visible, as in non-WYSIWYG programs.
Some word processsors are menu driver, others require keyboard entry of
eodes: menus are easier to starl with and the more sophisticaled programs
allow you to choose between these oplions.

Because of varation in operational details, only gemeral and stralegc
information s provided in this chapter: you must learn the details of your
word progessor through use of the appropriate manual and “help’ facilities,

Before starting you will need;

w  the program (ideally on a hard disk);

= o foppy disk for stornge, retrieval and hackup of your own fils when
created;

# the appropriate manual or textbook giving operational details;
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= o dmft page layout design: in particular you should have decided on page
size, page margins, typeface (font) and size, type of text justification, and
format of page numbering;

® an outline of the texl conlent;

® access oo suitable printer: this need not be attached to the computer
you are using since your file can be taken 1o an office where such a
printer is available, providing that it has the same word processing
program.

Laying out (formatting) your document

Alihough you can format your text at any time. it is good practice 1o enter
the hagic commands ai the stari of your document: entering them lates can
lead to comsiderable problems due Lo reorganizten of the text lavout. If you
wse & particular set of layoul criteria regularty, ep an Ad page wilh space for
a letterhead, make a template containing the appropriate codes that can be
calbad up whenever you start a new document. Mote thal various printers
may respond differently to particular codes, resulting in a different spacing
and layout,

Typimg rhe rext

Think of the screen as a piece of typing paper. The cursor marks the position
where your text/data will be entered and can be moved around the screen by
use of the cursor-control keys. When you type, don’t worry aboul running
eul of space on the line because the text will wrup around to the next line
automatically. Do not use a carriage return {usually the ar
key) unless you wish 1o force a mew line, ep when a new paragraph s
wanted. If you make a mistake when Iyping, correction i easy. You can
usually delete characlers or words or lines and the space s closed
automatically. You can ako insert new text in the middle of a line or word,
You cun inseri special codes o carry out a variety of tosks, including
changing lext appenrance, such as underlining, bold and éalics. Paragraph
indentations can be automated using [TAB] or [5] a5 on a typewriter but
you can also indent or bullet whole blocks of text using special menn options.
The function keys are usually pre-programmed too assist in many of these
apertions,

Ediring features

Word processors usually have an armay of features designed to make editing
documents ensy. In addition io the simple editing procedures described
above, the program usually allows blecks of fexi to be moved (‘cur and
paste”), copied or deleted.

An extremely valuable editing [acility is the smrch procedure: this can
rapidly scan through o document looking for a specified word, phrase or
punctuation. This is particularly valunbhle when combined with o replace
fucality so that, for example, you could replace the word “test” with ‘trial®
throughoul vour document simply and rapidly.

Maost WYSIWYG word processors have a command (e.g. Show Hide in
Microsolt® Word) which reveals the nom-printing characters, including
paragruph and space markers. This can be useful when editing text, as
spacing may alier in apparently mysterious ways if the precise position of the
CUrsos vis-deviv these markers is not taken into account.
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Fonts and line spacing

Most word processors offer o vanety of fonts depending upon the printer
being used. Fonts come in a wide variety af types amd sizes, but they are
defined in particular ways as follows:

»  Typeface: the term for a family of characters of a particular design, each of
which is given a particular name. The most commonly used for normal text
B Times Roman, as used bere for the main text. bul many otbers ame
widely available, particularly for the better quality printers. They fall into
three broad groupe: serif fonts with curves and flourishes at the ends of the
characiers (e.g. Times Roman); sans senf fonts without such fourishes,
providing & clean, modern appearance (e Helvelica, alse known as
Swiss); and decorative fonts used for special purposes only, such as the
production of newsletters and notices (e.p Sl Sngr).

® Size: mensured in poinis. A point is the smallest typographical anat of
mensurement, there being 72 points to the inch (about 28 points per cm.
The standard sizes for text are 10, 11 and 12 point, but typefaces are
often available wp 1o 72 poinl or more.

® Appearance: many typefuces are available in a variety of styles and

weights. Many of these are not designed for use in scientific literature

but for deskiop publishing.

Spacing: can be either fived, where every character is the same width, or

proportional. where the widith of every charscier, including spaces, is

waried. Typewnter fomis such as Elile amd Prestige use lixed spacing amd
are wseful for filling in forms or tables, but proportional fonts make the
overall appearance of fext more pleasing and readable.

& Piich; specifies the number of characters per horizontal inch of test.
Typewriter fonts are usually 10 or 12 pitch, but proportional fomts ane
never given a pitch value since it is inberently variable.

e Jusification is the term deseribing the way in which st 65 algned
vertically, Left justification is normal, but for formal decuments, bath left
and right jusiification may be used (as here),

You should alse consider the vertical spacing of lines in your document.
Drafis and manuseripts ane frequently double spaced to allow room for
editing. I your document has unusual font sizes. this may well affect line
spacing, although most word processors will cope with this automatically,

Table corstruction
Tables can be produced by a vamely of methods:

e« Lsing the tab kq:ri_]a;nna typewriter: this moves the cursor 1o
predetermined positions on the page, equivalent to the start of each
tabular column. You can define the positions of these tabs as required at
the stant of each tahle.

® Lising special table-comstructing procsdures, Here the table construction
i largely dome for you and it s much easier than using tabs, providing
vou enter the correct information when you set up the table.

s Using a spreadsheet 1o construct the table and then copying it 1o the
word processor. This procedure reguires considerably more mandpulation
than using the word processor directly and is best reserved lor special
circumstances, such as the presentation of a very large or complex lable
of data, especially if the data are already stored as o spreadshest.
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)

Graphicy and special characters

Many word processors can incorporate graphics from other programs into
the text of o document, Files must be compatible (see your manual) but i
this is 50, it is a relatively siraightforward procedure. For kighly professional
documents this s & valuable facility, bul for most undergraduate work il is
probably better o produce and use graphics as a separule operation, .8,
emploving a spreadsheet,

You can draw lines and other graphical features directly within most word
processors and special ch s may be available dependent upon your
printer’s capabalities. It is a good idea 1o print out a full == of chamcers
from your printer so that you know what it is copable of. These may include
symbols and Cineek characters, often uselul in chemisiry.

Touols
Muny word processors also offer you special tools, the most important of
which are:

*  Macros: special s of files you can create when you have a frequently
repented set of keystrokes to make. You can record these keystrokes as o
“mncra” so that it can provide a shortout for repeated operations.

o Thesaurus: used o look wp aliernative words of similar or opposite
meaning while composing text ai the keyboard.

& Spell-check: a very useful facility which will check your spellings against a
dictionary provided by ihe program. This dictionary is ofien expandable
1o include specialist words which you use in your work. The danger e i
becoming oo dependent upon this facility as they all have limitations: in
particular, they will not pick up incorrect words which happen to be
correct in a different context (i.e. "was’ typed as “saw’ or ‘meter’ rather
than “metre’). Beware of American spellings in progroms from the USA.
e.g ‘eolor’ instead of “colour’. The rule, therefore, is to use the spellcheck
first and then carefully read the text for errors which have slipped
through.

&  Word count: useful when yow are writing 1o & prescribed limit.

Printing from your program

Word processors require you o specifly precisely the type of printer and or
other style details vou wish to use. Most printers also offer choboes as to text
and graphics quality, so choose draft (low) quality for all but vour final copy
since this will saave both time and materials.

Use a print preview option to show the page layout if it is availabie
Assuming that you have entered appropriate layout and font commands,
printing is & straightforsard operation camied out by the word processor at
your command. Problems usually arise becawse of some incompatibiliny
berween the criteria you have entered and the printer’s own capabilities.
Make sure that you know what your printer offers before starting 1o lype:
although parameters are modifiable a1 any time, changing the pape sine.
margin size, font size, ete., all canse vour text 1o be rearranged, and this can
b frustrating if vou have spent hours carefully laying out the pages!

LTI it s vital 1o save your work frequently to a hard or
floppy disk (or both). This should be done every 10min or so. il you do
not save regularly, you may bose hours or days of work. Many programs
can be sot to " every few
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Databases

A database i an electronic filing system whose structure is similar o a
manual record card collection. Its collection of records is termed o file. The
individual ilems of misrmation on each record are termed felds, Once the
datnbase 5 constructed, search criteria can be wsed 1o view files through
various filters according 1o your requirsmenis. The compuieried catalogues
in your Bhrary ane just such a system; you enter the filier requirements in the
form of author or subject keywords.

You can use a dutahase o catulogue, search, sorl amd relale collections of
information. The benefits of o computerized database over n manual card-fik:
Syatem are:

#  The information content is easily amended ‘opdated.

& Printoat of relevant items can be obiainsd.

& It is quick and easy to organize through sorting and searching'selection
criteria, to produce sub-groups of relevant records.

o Hecord displays can easily be redesipned. allowing flexible methods of
presenting records according Lo mienesl.

a  Relational datnbases can be combined, giving the whole system immense
fexibility. The clder ‘Aai-file’ databases store infermation in files which
can be searched and sorted, but cannot be linked to other databases.

Relatively simple dntabase fiks con be constructed within the more
advanced spreadsheets wsing the columns and rows as felds and reconds
respectively. These are capable of lmited sorting and searching operations
amd are probably sufficient for the types of databases you are likely 1o
require as an underpraduate. Yoo may abo make wse of a babliography
dulabase especinlly comstructed for that purpose,

Statistical analysis packages

Sustical packages vary from small programs desipned 1o carry oul very
specific siutistical tasks to large sophisticated packages (Statgraphics®,
Minitab®, Statistica™ ete) intended o provide suistical assistance, from
experimental design to the analysis of resulis. Consider the following features
when selecting a package:

» The data entry and editing section should be user-fricndly, with oplions
for transforming duta,
&  Options should include descriptive statistics and explomtory data annlyss
i .
®  Hypothesis testing techniques shoukd mclode ANOVA, regresiion analysis,
Fvari iques und p ic and mon-parametric statistics,
& Ctput facilities should be suitable for graphical and tabular formats.

Some programs have complex data entry systems, limiting ease of use. The
data entry and storage svstem should be based upon a spreadsheet system, so
that suhsequent editing and trunsformation operations are straighiforvand.

Make sure that you understand the stetistical basis
for your test and the computational technigues involved before using a
particular program.
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Graphics/presentation packages
Many of these packapes are specifically designed for business graphics rather

than science. They do, however, have considerable value in the preparation of

maleriaks for posiers and talks where visual quality is an important factor,

There are several packages available for microcomputers such as Freelance

Graphics™, Harvard Graphics® and Microsoft® PowerPoint® | which provide

templates for the preparation of overhead r ek, slicle Lrnsparencies

and paper copy, both black and white and in colour. They usually incorporate

i “frechand” drawing option, allowing you to make your own designs,

Although the facilities offered wre oflen attractive, the karming time requined
for some of the more complex operations is considerable and they should be
considered only for specific purposes: routine graphical presentation of data
seis is best done from within a spreadshest or statistical packape. There may be

a service provided by your institation for the preparaton of such materal and

this should be seriously considered before trying 1o learn 10 use these

programs.

The most important ponts regarding the use of graphics packages ane:

# Graphics quality: the buili-in graphics are sometimes of only moderate
quality. Use of annotation facilities can improve praphics considerably.
Do nod use inappropriaie graphics for scientific presentation.

# The production ol colour praphics: this requires a good-guality colour
printer/plotier.

# Importing graphics fless graphs produced by spreadsheets or other
statistical programs can usually be imported o graphics programs - this
is wseful for sdding legends, annotations, etc., when the facilities offersd by
the origmal programs are inadequate. Check that the format of fiks
produced by your statistics/spreadsheet program can be recognized by
your graphics program. The different types of file are distinguished by the
three-character llename extension

LTI Computer graphics are not always satistactory o
schentilic presentation. While they may be useful lor exploratory proce-
dures, they may need to be redrawn by hand for your final report. b may
be halpful to use a computer-generated graph as a template for the final
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Finding and citing published information

The uhility to find scientific information is o skill required for many exercises
in your degree programme. You will need to research facis and published
findings as part of writing essays, lileralure reviews and project introdsciions,
arud when amplifying your lecture notes and revising for exams. You must
also learn hiow to follow scientific convention in citing source moterial as the
authority for each statement you make.

Sources of information

For essays and revision

You are unlikely 1o delve into the primary lierature for these purposes -
hooks and reviews are much more readable! 1T a lecturer or tulor specifies
a particular book, then it should not be difficult to find out where it is
shelved in your library, as most libraries now have n computerized index
system and their staffl will be happy to assist with any queries. If vou
want to find out which books vour library holds on & specified topic. use
the system's subject index. You will also be able to search by author or
by key words.

There are two main systems used by libranes to cassify books: the Dewey
DCrecimal system and the Library of Congress system. Librarics differ in the
way they employ these systems, especially by adding further numbers and
leters after the standard clasalication marks Lo signify, say, shelving position
or ediion number. Enquire at your Bbrary for a full explanation of local

HsLRe.

The World Wide Web is an expanding resource for gathering bath gencral
and specific information (see Chapaer 45). Sites fall into analogows categonies
1o those in the printed liesature: there are sites with original informaton,
sites that review information and hibliographic sites. One consderable
problem is that websites may be frequently updated, so information present
when you first looked may be altered or even absent when the site is next
consulted. Further, very little of the information on the WWW has been
maonitared or refersed. Another disadvantage is that the site information may
not state the origin of the material, who wrote il or when it was wrillen,
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Faor Ererature surveys and project work

You will probably need io consult the primary literature. If you are starting a
new research project or writing & repert from scratch, vou can build wp a
core of relevant papers by using the following methods:

& Asking around: supervisors of their postgraduate stadents will almest
ceriainly be able 1o supply you with a reference or two that will start youw
off.

o Searching a computer database: (hese cover very wide arens and are o
convenienl way Lo start a reference collection, although a charge is ofien
made for access and sending out n listing of the papers selected (vour
library may or may nod pass this on to voul.

# Consulting the hibliography of other papers in your collection - an
important way of finding the key papers in your fiekd. In effect. you are
taking advaniage of the fact that another researcher has already done all
the hard work!

= Referring to “current awanemess’ journals or computer databases: thess
are useful for kesping you up io date with curreni research: they
usually provide a monthly bsting of article details [vile, authors,
source, author address) arranged by subject and cross-referenced by
subject and author. Current awareness journals cover a wider range of
primary journals than could ever be avallable in any ome library.
Examples include:

{2} Currems Contents, published by the Institute of Scientific Infermation,
Philadelphia, USA, which reproduces the contents puges of journals
ol a particular subject area and presents an analysis by author and
suhject.

(b1 Correns Addvances, published by Elsevier Science, Oxford, UK., which
sub-divides papers by subject within rescarch arcas amd cross-
references by subject and author.

(e) Chemical Abstraees ol Analyrical Absireers, in which each paper’s
ahsiract is also reproduced. Papers may be cross-referenced according
to various taxa, which is weful in allowing you to find out what work
has been dome on o particulor organism.

® LUsing the Science Cirarion fadex (SCI): this is a very valuable source of
new references, because it bets you see who has cited a given paper; in
effect, SC1 allows you 1o move forward through the lieratgre from an
caisting reference. SC1 is published regularly dusing the year and ssoes
are collated annually. Some libraries have copes on CD-ROM: this
allows rapid access and outpul of selected mformation.

For specialized informarion

Wou may need to consult reference works such as encyclopaedias, maps and
hooks providing specialized information. Much of this i now available on
CO-ROM (consult your library®s information service). Two books worth
noling are:

I. The Mandbook of Chemisiry and Physics (Lide, 20000: the Chemical
Rubber Company's publication {affectionaiely known as the ‘Rubber
Bible’) giving all manner of physical comstants, radioisclope half-lives,
elo.

I The Merck {ndex (Budavars, 1999), which gives useful information about
organic chemicals, ¢.g. solubility, whether poisonous, eic.
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Obtaining and organizing research papers
(Mhtaining a copy

It is usually mare eonvenient to have personal copies of key reseurch articles for
dimect consuliation when working in a laboratery or writing. The simplest way
al obtaining these is 1o pholocopy the originals. For academic purposes, this is
normally scceptable within copyright law. If your library doss not ake the
Journal, it may be possible for the library to borrow it from a nearby institute
or oblain a copy via a ational borrowing centre (an “inter-library loan'), IF the
Latter, you will have 1o fill in a form giving full bibliographic details of the
artiche and where it was cited, as well a5 signing a copyright clearance statement
concerning your wse of the copy.

Recent advances in electronic publishing mean that full-text copies of
rescarch articles can be downloaded either from o publisher or vin BIDS. In
the case of the former you will need fo establish whether your institute has an
electronic subscription to the publicotion of interest, Viewing of an electronic
rescarch paper is done via a particular seftware programme, e.g. the reader
Adobe Acrobat™. It is ofien possible 1o download a free copy of the reader
1o your computer the first tme you try this.

Your department might be able 1o supply “reprint request” posicands o be
sent to the designated author of o paper. This 5 an unreliable method of
oblaining a copy beciuse il may take some Lime (allow al least 1-3 monthal)
and some requests will not receive o reply. Tuking into account the waste
involved in postage and printing, it is probably best simply to photocopy or
send fior & copy via inder-Fibrary loan,

Organizing papers

Although the numbers of papers vou accumulate may be small to s1an with, it
is worth putting some thought into their storage and indexing before your
oollection hecomes disorgani and geahle. Few things are more
frusirating than not being able to lay your hamds on a vital piece of
information, and this can serivusly disrapt your fow when writing or revising.

Carrd fnddex systems

Index cards (Fig. 45.1) are o uscful adjunct to any filing system. Firstly, you
may mot have a copy of the paper to file yet may still wish the reference
information 1o be recorded somewhene for kater use. Secondly, a selacted pile
of cards can be used when typing oul dilferent biblographies. Thirdly, the
cards can help when organizing a review (see p. 339). Fourthly, the card can
be used to record key points and comments on the paper. The prionty rule
for storage in card boxes is again firstanthor name, subssgquent author
name(s), date. Computerized card index systems simplify cross-referencing
amd can provide compuier files for direct insertion into word processed
dacuments; however, they are very time consuming 10 sel up and maintzin, so
you should only consider using one if the time invested will prove worthwhile,

Making citations in text
There are two main ways of ciling articles and creating a bbliography (also
referred 1o as ‘References” or “Literature Cited').

The Harvard system
For each citatbon, the author name(sh and the date of publication are given ai
the relevant point in the texl The bibliography is organized alphabetically
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and by date of publicnion For papers with the same authors. Formals
normally ad d are, for le, “Smith and Jones (1983) stated that ...
or “it has been shown that ... (Smith and Jones, 1983)". Lists of references
within parentheses are separated by semi-colons, e.g. (Smith and Jones, 1983;
Jones amd Smith, 19857, normally in order of date of publication. To avosd
repetition within the same paragraph, a formula such as “the investigations of
Smith and Jones indscated that” could be used following an initial citation af’
the paper. Where there are more than two authors it is usual te write ‘gt al”
for ef al. i an ialic font & available); this stands Tor the Latin er afie
meaning ‘and others”. I citing more than one paper with the same nuthors,
put, for example, “Smith and Jones (1987; 1990)" and if papers by a given set
of suthors appeared in the same year, letier them (eg Smith and Jones,
158 5; 1959b),

The mamerical or Vancowver system

Papers are cited via & superscript of bracketed reference number inseried at
the appropriaie poini. Mormal format would be, for example ‘computational
chemistry®® has shown that ... or ‘Jomes [$5,52) has claimed that ...
Repeated ciiations use the number from the first citation. In the troe
numerical method (e.g. as in Marure, Science), numbers are allocated by onder
of citation in the ext. This is by far the most commoen approach in chemstry
journals. Mole that adding or removing relerences is ledious, so the
numhbering should be done only when the test is finalized.

The ‘Katritzky" system

A third sysiem has been popularized in publications imvolving Professor
Roy Katritzky (University of Florida. USA) and wses the best features of
hoth the Harvard and Vancouver systems. For each reference in the text a
codle is wrilten comprising the year of publication. the journal and the
page of the journal. In the reference section the coded references are cited,
topether with the full reference — authors, journal. year, volume and page
- in pear order and a list of journal codes in alphabetical order can be
provided, For example:

in the text
... Robmson and Watt (340C51536) found . ..
in the reference section
MICS1536 R. Robinson and 5.1, Watt, J. Chemn. Sec.. 1934, 1536,

The advantage of this system is that it is easy 10 insert missed references into
the text, a great disadvantage of the otherwise neat Vancouwver system. For
details consult the section in Comy ive Heteragyelic € Ve
el AR, Kotritzky and C.W. Rees, Pergamon, Oxford, 1984,

How to list your citations in a bibliography

Whichever citation method is used in the text, comprehensive detalls ane

quired for the bibliography so that the resder has enough mformation 10
find the reference casily. Citaiions shoukd be listed in alphabetical order with
the priority: first author, subsequent author(s), date. Unfortunately, in terms
of punctuation and layoul, there are almost as many ways of citing papers as
there are journals!
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_‘ Your ¥ specify an exact format for
project work; Hmman-mnﬂhmm if you do
not pay attention to the details of citation you may lose marks.

Take special care with the following aspects:

o Authors and editors: give details of wf authors and editors in your
bibliography, sven if given as «f al_ in the text,

e Abbreviations for journals: whiks there are standard abbreviations for the
titkes of journals (consult library staff), it is & good iden to give the whole
title, if possible.

e HBooks: the edition should always be specified as contenis may change
between editions. Add, for example, “(3th edition)’ after the tithe of the
book. You may be asked to give the International Standard Book
Mumber (ISBM), a unigue reference number for esch book published.

& Unsigned articks, e.g. unatiributed newspaper articles and instruction
manuals: refer to the authon(s) in text and bibliography as “Anon.".

e Unresd articles: you may be forced to refer to a paper vin another
without having seen it If possable, refer 1o another authority who has
cited the paper, e.g. *... Jones (19800, cited in Smith (19, claimed that
.0 Alernatively, you could denote such references in the bibliography
by an asterisk and add a shom note to explain at the start of the reference
hst.

& Personal communications information received in a better, seminar or
comversation cun e referred 1o in the text as, for example, ©. . . (Smith, pers.
comm.). These citations are not generally listed in the bibsography of
papers, though in a thesis you could give a list of personal communicants
and their addresses.

rifarmation snd library a
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General aspects of scientific writing

Wrillen communscation 5 an essential component of all sciences. Most
courses inchude writing exercises in which vou will kam to describe kdeas and
results accurately, succinctly and in an approprinte style and format. The
fallowing are featurcs common 10 all forms of scientific writing.

Organizing time

Making a timetable at the outset helps ensure thal you give each stage
adequate attention and complete the work on time. To create and wse a
timetable:

I.  Break down the task into stages.

1. Decide on the proportion of the total time each stnge should take.

3. Sel realistic deadlines for completing each stage. allowing some time for
slippage.

4. Refer to your timetable Mmequently as you work: if you fail 1o meet one
of vour deadlings, make & serious effort to calch up as soon as possible.

@I Tho appropriste allocation of your time to reading,
nhnnhﬂ.wﬂrhulnﬁrwhhmnlllﬂwmrﬁlﬂwﬂulﬂiin hand
isea Chapiers 51 and 53).

Organizing information and ideas

Before you write, vou need to gather and/or think about relevant moterinl
(Chapter 49). You must then decide:

& what noads 1o be included and what dessn't;
& in what order it should uppear.

Slarl by jolling down hesdings for everything of potemtial relevance o the
topac (this s sometimes called “hrainstorming™). A spader dizgram (Fig. 50.1)
will help vou organize these idews. The next stage is 1o create an outline of
your text {Fig. 30.2). Outlines are valuable bocause they:

#  fores vou to think abowt and plon the structure;

& provide a checklist so nothing is missed out;

e ensure the material is balanced in content and length:

#  help you organire figures and tables by showing where they will be used.

I an essay or review, the structune of your writing shoubd belp the reader 1o
assimilate and understand your main points. Sub-divisions of the topie could
simply be related to the notune of the subject matter {eg. levels of organizaton
of a protein) and should procesd bogically (e.g primary struciures, then
secondary, e}

A chronological approach is good for evaluation of past work {e.g. the
development of the concept of aromaticty), wherens o slep-by-step com-
parison might be best for certain exam questions (e.g. 'Discuss the differences
between solid phase and Soxhlet extraction in the analysis of pesticides”).
There is litthe choice about structure for pracitical and project repors {see

Chapaer 32).
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Fig. 50.7 Spidar diagram showing hose you might “brainssorm’ an assay with the e ‘Deteciors for Gas Chromaicgraphy’. Wite out
Thale ey Vil in Bull b fern tha apidar's Body, and as you think of pessible content, place W"ﬂﬂ m-mﬂ this 1o fonm it lege.
Dacida which haadings arm relevant and vwhich are nat and use &mows 10 nota il raquired. This may
influence your chaice of order ard may help to make your writing flow becauss the links batwesn paragraphs will be netural. You can
msike an informal outline directly on a spider diagram by sdding numbers indicating a sequence of paragraphs {as shown). This
masthad ks best when you must work quickly, 25 with an essay writien under sxam conditicns.

Fig. 50.2 Fremal autlings. These ane useful for
& long pisce of work whare you or the readar
night cihanaian loks track of tha sructure. The
headings for sections ard parsgraphs are
simphy writhan in ssquence with the typs of
lettesing and kevel of indentation indicating
their hierarchy. Two different fonms: of formal
outline are shown, a minimal farm [a) ard &
numbared form by, Note that the headings

wesd in an outling are often repestad wilkin the
of

essay to ernphasize #s structure. The content
an outline will depend on the time you have
awvailable and the nature of the waork, bat the
mist detalled higrarchy you should ressonakily
inchude is 1he subject of aach paragraph,
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Adopiing a scientific siyle

Your main aim in developing & scientific siyle should be 1o pet your messape
acrass directly and unambiguously. Whils vou can try to achieve this through
o set of ‘rules’ (see Box 50.0% you may find other requirements driving your
writing in o contradictory direction. For instanee, the need to be sccurate and
complete may result in text littered with tochaical terms, and the Aow may be
continually imterrupiod by references 1o the literature. The need to be succinct
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also affects style and resdability through the use of, for example, stacked

{e.g “ring-opening metathesis polymerization’) and acronyms
leg Itnmp“}.ﬁnnlly al)lcnmymmhlmwdt:neandmmrm.
cxaminer, supervisor or ¢ditor will have pet boves and hates which you may
have to accommaodate,

Developing technigne

‘Writing is & skill that can be improved, but not instanly. You should analyse

your deficiencies with the help of feedback from your tutors, be prepared to

change work habits (eg. start planming your work more carcfully), and be

willing to learn from some of the excellent texis that nre available on scientific
—

_ You need o take 8 long-term view i you wieh

o m-
your writing skills, An essentlal praliminary Is to Invest in and
mu_d-mmmhmm

Getting started
A common problem is “writer's block’ — muuwtyormllmcbmﬂu on by a
variety of causes. [T blocked, ask v these g

# Are you comfortable with youar surroundings? Make sure you are sealed
comforiably ai a reasonably chear desk and have minimized the possbility

of mierruptions and distractions.
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Are you trying to write io0 soen? Have you clarified your thoughts on
the subjeci? Have you done enough preliminary reading? Talking 1o a
friend about your topic might bring oul ideas or reveal deficsencies i
your knowledge.

Are you happy with the underlying structure of your work? If you
haven't made an outline, try this, If you are unhappy bacause you
can’t think of a particular detail at the planning stage, just start
writing - it is more likely 10 come to you while you are thinking of
something else,

Are you Lrying 1o be o clever? Your first sentence dossn't have 1o be
carth-shattering in content or particularly smart in style, A short statement
of fact or a definition is fine. I there will be time for revision. gel your
ideas down on paper and revise grammar, content and order later.

Do you really meed 1o start writing at the beginning? Try writing the
opeming remarks after a more struightforward part. With reports of
experimendal work, the materials and methods seciion may be the casicst
iy start ol

Are you too tired 10 work? Don't try to “sweat it out” by writing for long
perids at a siretch: stop frequently for o rest.
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Revising your text - Writing essays
Whalesale revasion ol your first draft is strongly advised for all writing apart
from in exams. 17 a word procsssor is available, this can be a simple process.

‘Where possible, schedule your writing s0 you can leave the first drafi o . X . )
“settle’ for ot least & couple of days. When you returm 1o it fresh, vou will see The function of an essay i to show how much you unde Aot fog

maore casily where improvements can be made. Try the following stroctured and how well you can organize and express your knowledge,
revision process. cach stage being covered in a separate scan of Lext:
E . 4 - i 3 eeadd snewer snd 1. rewd quastion mndl mdmwﬁ-ﬂ.

ma comesions [T%1 han answer |IT%)
Most essays have a relatively straightforward structure and il is best 1o divide
your time indo three main paris (Fig. 5110 For exam siralegics, see

I.  Examine content. Have you included everything you meed 107 1s all the
material relevant?
Check the grammar and spelling. Can you spot any “howlers*?

Focus on clarity. 1s the teat clear and unambipuous? Does cach senlence Chapter 56
really say what you want it 1 say?
Try to achieve brevity. What could be mised oul without spoiling the Making a plan for your essay

essence of your work? It might help to imagine an editor has set you the Dissect the meaning of the essay guestion or fitle

target of reducing the text by 15%. Read the tithe very carefully and think about the topic before starling 1o
Improve siyle. Could the text read betier? Consider the senience and write. Consider the definitions of esch of the important nouns (this can help
paragraph structure and the way your text develops 1o its conclusion, in approaching the imroductory section). Also think about the meaning of
the verb(sh used and try to follow esch instroction precisely {see Table 31.1).
Don't gel side-tracked bocause you know something about ene word or
phrase m the tile: consider the whole title and all its ramifications. If there
are lwo of mone parts 1o e question, make sure vou give sdequale atlentson
1o each parl.

L verite andwi 35N

Fig. 5.7 Fie chart showing a typical division Tatie 517  Instructions ofen used in essay questions and their meenings. Whan

of tima for an eesay. mare than one iresrucion is given (g, compare and contrast; describe and
explainl, make sure you carry out both or your may lose 8 largs proportion of the
avallable marks

Account for:  give the reasans for
Analyse: examing in depth and describe the: main characteristics of
Assess woigh up the elements of and arrive at a conclusion about
Comment: give an opinion on and provide evidencs for pour views
Compare: bring out the smilarities between
Contrast: Bring cut dissimilarities between
Criticine: judge the warth of igive both positive and negstive sspects|
Donfirve: saglain the axact meaneng of
Drscrila: wsss worcls anad disgrams o illusirate
Driscicaa: provide avidanca or cpinians sbout, arrving at a balancad
conclusion
Eniammyisratin: Vgt in outling fosm
Evialusaitac wiskgh up o appratss: ind & numeical vales Tor
Explain; make the meaning of samething claar
Nhssiratn: uss diagrams or scamples po make clear
Irterprat: expras = aimphs teeme, providing 8 judgemant
Juritity: sher that an idea oF SIElamMant is corraet
List: pravics an itamized series of sasemants abaug
A

Oithime: e parts anly, g thin i1}

Prova: establish the truth of

Rolate: show the conrsction betwaeon

Rawbernr: examine critically. perhaps concentrating on the stages = the
davalopmant of an idea or mathod

Stata: exprass clearky

Summarize:  without |liustrations, provide a brief acoount of

Tranea: describe a sequence of events fram a defined point of origin
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Writing essays

Consider possible content and examples

The spider diagram technigue (p. 326) is a speedy way of dodng this. If you
have time 1o read severn] sources, consider their conlent in relation o the
easay title. Can you spot different approaches to the same suhject? Which do
you prefer a5 a means of treating the topic in relation o your title? Which
exumples are most relevint Lo vour case, and why?

Construct an outline

Every essay should have a structure related Lo its ttle. Most marks for essays
are lost because the written material is badly organieed or s rrelevant, An
essay plan, by definition, creates order and, if thowght about carcfully, can
ensure rekevance. Your plan should be written down (but scored through later
i written in an exam book), Think about an essuy's content in three parts:

1. The introductory section. in which you should include definitions and
some background information on the context of the itopic being
considered. You shoukd also 1ell your reader how you plan 1o approach
the subject.

2. The middle of the essay, where you develop your answer and provide
redevant examples. Decide whether a broad analytical approach is
appropriate or whether the essay should contain more factoal detail

1. The conclusion, which you can make quite shorl. You should wse thas
part to summarize and drow together the components of the esay,
without merely repeating previous phrases. You mighl mention such
things as the broader significance of the topic; its future; its relevance o
other important areas of chemistry. Always try 1o mention both sides of
any debate you have louched on, but beware of ‘siiting on the femee’.

m Use pmmhl to make the essay's structure ob-
ious. Emphasize them and sub gs unless the ma-
wnlmmmwwuhmdﬁwm

Now start writing!

® Mever lose wrack of the imporance of content and fis relevance
Repeatedly ask youwrself: “Am | really answenng this question™ Mever
wallle just o morease the length of an essay. Cruality rather than quantity
i important.

# |llastrate your answer appropriately. Use examples to make your points
clear, but remember that oo many similar examples can stifle the Oow of
an esmay. Use diagrams where a writlen description would be difficalt or
take oo long. Lse tables 10 condense informution.

& Take care with your handwriting. You can't get marks if your writing is
illsgible! Try to cultivaie an open form of handwriting, making the
individual leticrs large and distinet. IF there is time, make out a rough
draft from which a tidy version can be copied.

Reviewing your answer

Dion’t stop yer!

®  Heread the question to check that you have answered all poimis.

® Reread your essay io check for emors in punctuation, speling and
conieni. Make any corrections obvious. Don't panic il you suddenly
realize you've missed a large chunk out as the reader can be redirected o
a supplementary paragraph if nocessary.
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Reporting practical and project work

Practical reports, project reports, theses and scientific papers differ greatly in
depth, scope amd size, but they all have the same basic structure {Box 52.1).
Some variation is permitied, however (see Box 3210, and you shoald always
Tollow the advice or rules provided by your department.

Additional parts may be specified: or theses, o title page is oflen required
and a List of Figures and Tables as part of the Contents. When work s
submitted for certain degrees, you may need fo include certain declamtions
and statements made by the student and supervisor, In scientific papers, &
list of Key Words is ofien added following the Abstract: this infomnmation
may be combined with words in the title for computer cross-referencing
SYSLEMS.

Department or faculty regulations may specify an ex-
act format for producing your report or thesis. Obtain & copy of these
rubes at an sarly stage and follow them closely.

Practical and project reporis

Thesz are exercises designed Lo make you think more deeply about your
experiments and o praciise and fest the skills necessary for writing up
resenrch work. Special featunes are:

& Introductory maierial is generally short and unless otherwise specified
should outline the aims of the experiment(s) with & minimuem of back-
groand material.

» Experimental instructions may be provided by your supervisor for
practical reports. With project work, your lab notebook {see p. 67) should
provide the basis for writing this section.

Cireal alention in assessmint will be paid 10 presentation and analysis of
data. Take special care over graphs (see p. 251). Make sure your con-
clasions are justified by the evidence,

Theses

Thesss are submitted as part of the examination for o degree following an
extended period of research. They act to place on record full details about
your experimental work and will normally only be read by those wath a direct
inberest in il — your examiners or colleagues. Mote e following:

# You are allowed scope to expand on your findings and to inchede detail
that might otherwise be omitted in a scientific paper.

& You may have problems with the volume of information that has to
be organized, Cme method of coping with this is o divide your thesis
into chapters, each having the sandard format (a5 in Box 32.1). A
general introduction can be given at the start and a general discussion
an the end. Discuss this option with your supesvisor as il 3 Aol
universally favoured.

& There may be an ofal exam (‘viva') associated with the submiston of the
thesis. The primary aim of the examiners will be to ensure thar you
understand what vou did and why you did it
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Steps in the production of a practical report or thesis

Choese the experinents your wish to describe and decide

Rarw best to present them

Try to start this process before your lab work ends, because at the stage of
reviewing your expermenis, @ gap may become apparenl (&g a missing
control) and you might still have time to reclify the deficiency. Irrelevant
material should be ruthlessly elimimated, at the same time hearing in mind
that negative results can be extremely important. Use as many different forms
of data presentation as are appropriate, but aveid presenting the same data

Undergraduate practical and project raports are generally modelled on this structure or a close variant of it,
bacause this is the structure used for nearly all research papers and theses., The more commaon variations
include Results and Discussion combined into & single section for convenlence and Cenclusions appaaring
separately s & saries of points ariging from the work. In scientific papers, a list of Key Words (for computer
cross-referencing  systemsl may be incleded following the Abstract. Regarding wvariations in positioning,
Acknowledgements may appear after the Contents, rather than near tha end. Departmant or faculty regulations
for producing theses and raports may specify a precise format; they often require a title page to be insenad at
the start and a List of Figures and Tables as part of the Contents. These regulations may also specify declarations

and statemants to ba made by the stedent and suparvisor,

in more than one form. Graphs are generally easicr for the reader to
assimdlate, while tables can be used to condense a lot of data inte a small

Part lin order} Cantents/purpose Checilist for reviewing content space. Relegate large tables of data to an appendix and summarize the
Tithe Expising what the project wae abaut  Does it explain what the bext is about sucoinctiy? Hwﬁ_q?lmm 2 important points. Make sure that the experiments you describe are
Authors plas thei Explsina who did the wark nd A il Hatiille e ou da an ol I representative: always state the number of times they were repeated and how
institutions where; also where they can be wica, yau rapagtad s consislenl vour findings were.
Gonlactad new
Abstract/Summary  Synopss of methods, reeilts and Dosans it aoplain wihiy this wioek wisk dona? "
conclusion of wark described. Allows  Dosas it oulline he whobe of your wark and yaur findings? Make up plans or outlines for the component parts
‘the reader to grasp quickly the The overall plan is well defined (we Box 52.1), but individual parts will need
uasance of the work Lo be organized as with any other form of wriling {see Chapter 50).
Lizt of Contents Shows tha arganzation of the taxt Arg all theh sactiong cowerad?
ot raguirad lor shart paprs) Are the pags numbars cormect? o
e e ST . e e S et 40 —_—
m i the acce e Experimen on is oficn the easiest to wrile once you have dec
e standard charmical tarme) Are they in crder? Praganting your & B i i cenoet Thers mey ba varitl T et Bt e
tha mﬁ“wmin. m porl. Ere may mmor vanabons i sbyle, [T (sl ]
:‘ % h;" r““:irn:rd it ';_mr MMU‘:LEM'MIIM information and cite all need not carmspond with the arder in Box 522 will be suitahle in the majority ol cases. The resulis section is the
eomaasT in e (aratisne, why the Jo: it 6T the carmect dapth for the resdarshipT which you carriad out the axperiments: mext ensiest as it should only involve description. At this stage your should be
were B Have all the technical irrma bean defined - wu_w'ww jotting down idens for the Discussion ~ this may be the hardest part o
3 3
:‘m’w:m”' f e mr\""“ i Ly ’ compose, a5 you nead an overview of both your own work and the relevant
problem? i Iiterature, 1t is also liabke to becoms wordy, so try hard 10 make it succinct.
Es ins how tha work was dons. Iz sach experiment covered and have you avolded The Introduction shauld net be too difficult if you have undersioad fully the
Should cantain sufficient detail 1o unrecEssany duglication? : mims of the experiments. Write the Abstruct and complete the list of
mmrmmmfw mmwﬂﬂﬂuliﬂaw ufl“u:ﬁ references at the end, To assist with the latter, it is a good idea 10 wse or pull
ohiseniiabe? o a out their cards from your index system.
Results DiEplaye and dascribes the dats Iz the segquence of experiments logical? Are the pans
abtained. Should be presended inoa acequately linked? i Revize the text
farm which i aasily assimilia Arg thi date pressnted in the cleansst possible way? o ot dradt § s b i Il the ” bl il |
wrum rather than m grmadd Hawe S1 units been MFWP'”I’ mmm e your firsd ra 15 complete, try ) ANSWEr A quesnons given in
tables rather than karge ones) Has adeguate statistical analysis bean carriad cur? Box 31]1. Show your work to your supervisors and leam from their
::Immmll by iy thed costor ot Wiake comments, Let a fiend or eolleague who is unfamiliar with your subject read
appearanca? Are their tithes agpn prista? your text; hefshe may be able 1o pinpoint obscure wording and show where
Do the figune and table legends provide all tha infarmation information or explanation &5 missing. If writing a ihesis, double-check that
Hanmmu bl |'“mm:':::.“dnﬂm"=_mmm w‘:f"'ﬂ'? wou are adhering to your institation's thesis regulations,
Di i) D the resuls: thelr meaning,  Have you axplained the significance of the resules? ,
Conslusbons thair Impartance; comaares the Hawe wou compared your data with other published wark? Prepare the final version
;-’mm:“:;f::';"- Are your conelusions jugtified by the dats pressnted? Markers appreciate peatly produced work but a well-presented document will
i disguise poor scienee! IF usang a word processor, prind the final version
Acknowledgenments  Giwes credit 1 thuse who helped Have you listed svaryone that halped, includi ant- i ; : 3
aery aut the m‘:l bodisa? B . with the best printer available. Make sure figurss are clear and in the correct
Literature Cited Lists all references cited in Do all the references in the ted appear on the list? size and format.,
(Bdlicgraphy) appropriate format: provides enough Do all the listed references sppesr in the 17
infarmation 1o allow the resder i Do the years of publications and authors matnh?

fired thia redaranca in a libnary

Age the journal details complete and in the correct format?
|5 the st in alphabatical order, ar comect numerical ordar?

Coamamunacating Infanmation

Rernarmber, there is no exousa for sloppy
presantation if you use a word processor,

¥ Commaunicating infarmatian

Submit yowr work

Your department will specify when 1o submit a thesis or project report, so
plan vour work carefully 1o meet this deadline or you may lose marks. Tell
vour supervisor eardy of any circumstances that may cause delay.
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Box 622

The main purposa of the methods described in the
experimental seclion of a laboratory reposl. project
report, thesis or paper i 1o communicate sufficient
information o allow an experienced chamist o mpeat
your experiments. One of the goals of writing labors-
tory reparts is 1o provide you with practice in writing in
the penerally sccepted style required for  mone
professional publications. The follewing points should
be noted:

& Alweys writa in tha third person, past tense.

= Do not copy word for word the instructions ghen
in the experimeant protocod. You are in a learning
situation in the laboratory and the protocol may
contain inforrmation, which may be new to you, but
is nanaral knowdadge to exparianced chemisis.

= Co 0 the expe protoool for your
report will help you to ses the important steps in
thi experiment.

o All sentences bagin with a capital latter not a
nasmiber oF bracket.

The following examples ilfustrate the differences ba-
nwean the instructions of the axpariment protocsl and
the accepted style required for the exparimental
saction.

Example 1 A preparative experiment: the synthasis
of mathyl 2, 4-dirmethylbanzoata

Exparimant protocod

‘in & round-bottorm flask {100mL} place 2 4-dimethyl-
benzoic acid (3.0@, 0.02moll, anhydrous potassiem
carbonate (33g, 0024 mol) and a small magnetic fiea, n
the furme cupboard and wearing protective glovas,
carfully weigh out dimethylsulphate (2.8g. G022 moll
into a gla=s sampla tiba {10mL) using 8 Pestaur pipete
1o transfer the hguid, Using the Pasteur pipette, transfer
the dimethylsulphate to the reaction flask and vse
anhydrous proganong (10 ml) 1o rinse the sample tuba,
Add the rinsings to the resction flask and add more dey
propamosna (10rmL). Fit the flask with & reflux condensar
and boil the mixture under reflux for 3 howrs using an oil
bath on a stirrer hot plata in tha fume cupboard. Allow
tha reaction mbdura to cool 10 oM temperature and
pour into water (100 mL) washing the reaction Flask with
@ few millilitres of water. Extract the agquecus solution
three times with dichloromethane (20mLl, dry the
dichloromethana (Mg50u), filker off the drying agent,
rarmova tha sobvant on the rotary evaporator and record
the waight of the crude product. Recrystalfize and
charcoal the crude esier from ethanol and dry in &
wactum desicoator. Racord the waight and mefting point
of the purifiad estar and obtain end intarprat infrared and
TH-NMFR spectra, Check the purity of your product

usingTLC 45i0s plates and CHiCl; as eluentl and
calculate the percantags yield of the product.”

Experimental

A mixture of 24-dimethyibanzoic acid (3.0g, 0.02mal),
dirnethylsulphate (289, 0.022mol)  and  anhydrous
potassium carbonate (3.3 g, 0.024 maoll in dry propanconsg
120mil) was bolled under reflux {(3h), cooled, poured nio
watar [100mLl and extrectad with dichloromethans
12« 20mL). Rermoval of the dried (MgS0.) organic
sohant gave awhite solid {2.3 gl, which was mcrysiallizad
from ethanol, wsing charcoal to improve the colour, to
yiald white needies of methyl 2,4-dimathylbanzoats
{228 g). The infrared (Nujoll and "TH-NMR ICDC)) spectra
woare racarded and TLC {Si0z/CH, Cl; | showesd the product
1o ba pire. The mekting point wes determined and the %
ield calculated,

Note 1. Experimental gives reapgents. solvents,
quantities, times, vields, etc., end sufficient detail for
the experiment to be repasted by a proficient chemist.
Details of standard techniques sech as welghing
liquids, satting wp apparatus, recrystallization, dnying
the product, abc., ara ‘understood’ by the axperimenta-
list from experlanca and training.
Mote 2. The weights and volumes used are quoted to
one decimal place, since this is the level of accuracy
raquired for preparative experiments which resuls
from the technigques used, distillation, recrystallization,
extraction, efc., and the non-quantitative conversion of
tha raactants to products may ba more slgnificant than
Brrors in waighing.
Mote 3. All analytical data such as I and NMR
apectra, TLC, malting point and yield calculations arg
entared in the results section.
Note 4. The % yield for the product represents a
comparison with the theoretical yleld of the resction
and the practical yield. Caleulation of the theoretical
yild based on:
{al tha madar quantities of the reactants used;
i the number of moles of each reactant required to
make 1 mole of product;

el the assumption that reactions go 10096;
id) the limiting quantity’ of one of the reactants.

To calculate the theoretical yield of & reaction, it is
assantial that you recognize the reactant, which is the
limiting guanitity.
If a reaction requires 1 mole of resctant A and 1
male of reactant B to give 1 mode of product AB, le.:
A+B—AB

if wa usa A [1mol} and B {1.6mol), then only 1maol of
AB can ba formed and there is 0.5mol of B in excess
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lox 52.2  lcontinued)

and unraacted. Therefora the limiting quantity is the
amount of resctant A (1 moll. The excess of reactant B
iy be necessary to ensure complets conversion of A
inta AB, i@, 100% reaction. In the example above, the
limiting quantity is tha amount of 2,4-dimathyibenzoic
acid {0.02mell and onby 0.02mol of the methyl eater
can ba fosmad (164 « 0.02 = 3.28 g, Therefora:

reaction yiald 2 28

% yiskd = S 'plll!lﬂ- = 100 = o 100 = 70%

Note 2, Balance readings, burette readings and cal-
culations should be included in the results saction.

Ewampla 3 Reaction kinetics: determination of rate
constant and enangy of activation using titrimatry

Experiment protocol
The following solutions are providesd:
A, Potassium persulphate (0.04 M)

B. Sndium thiosulphate (0,07 M)
C. P iodide (0.4 M).

Sland,

Z A
of sodium thicsulphate solution

Experiment profocal

‘Prapare a standand solution of potassium iodate by
digsolving polassium jodste (about 1.34[, sccurstehy
weighed) in distilled wates (100 mL)L quantitatively rans-
ferring the solution to a volumetric flask (250.00mL}
rmiaking up to the mark using distilled wator and mixing
wall, Pipatte an aliquot (25.00mL) of the solution into &
conical flask (250mL) and add sulphuric acld (S0mL,
1M Weigh out potessium lodide (1gh, sdd it o the
conical flask and swirl until it has all dissobeed. Titrate
the liberated jodine (brown solution) with the sodiem
thiosulphate solution until a pale straw colour is
reachad, Add lodine indicator (two dropsl or freshly
prepared starch solublon {wo dropsi and continue the
titration umidl the colour changes Trom blue-black 1o
colourbass. If the soluticn does ot tern blue-black when
wou add the iodine indicator or starch, you have
avarghat the end-poinl. Repest the rirment until
consistent resubts are obtained. Calculate the molarity of
the sadiurm thiosulphate solution.’

Experimental

Potassium jodate (1.3402q) was desolved in distilled
water {(100mL), transferred 0 a volumetric flask
[250.00mL) and made up to tha mark using distilled
water, An aliguot (25.00 mL) was transferred to & conical
flask {250 mL), sulphwric acld (50mL. 1 Ml and potassiem
indide (1g) ware addad and the mixture swirlsd to sfsct
solution. The iodine liberated was titrated with the
sodium thiosulphate solution to & pala straw colour.
Indine indicator (two drops] was then added amd the
tiration cantinued to a blue—black to coloudess end-
point. The experimant was repested until consistent
resuls were obtained and the concentration of the
sodium thissulphate solution calculatad.

Note 1. The differences in accuracy, indicating the
equipment you must use, are shown by the decimal
point quated in the quantitias,

Mote 2. Titrations showld be repested to give cof-
secutive results to within one or two drops of titrant. Do
not averaga widely differing results.
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i. Flace solution A (100 mL} and solution C (100 mL)
ino separate conical flasks and suspend them in a
thermastat bath at 25°C.

ii. Mix solutions & and C [SOmL of each) in a
stoppered flask and immerse in hot water until the
and of the axperimaent.

lli. After about 15 minutes from step i mix the
sodutions A and C and start the clock. This mixture
mus! be kept in the thermostal bath at 26°C,
throughout the experiment.

iv. Just before 2 minutes have elopsed, take a
sample (10.00mL) from the flask by pipstte and
add It to distiled water (200mL) in 8 separate
flask. This quenches (stops) the resction.

w.  Take further samples at 4, 8, 9, 13, 18, 24, 32, 44
and 60 minutes and guench in the same way.

vi. Titrate each quenched solution with sodium
thiosulphate, including a sample of the ‘hot-water
sample. Use a small amount of freshiy prapaned
starch indicator solution and titrate from blue to
colourless. The titres for the samples ara the values
(T) and that for tha *hot-watar’ sampla is T...

wil.  Mow repeat the whole experiment using 8 therma-
atet bath set at 35-40°C. Make an sccurats record of
the temperature. You do not need to repest the
‘hot-water’ sample since this will serve for bath
expariments. Since this  highar iempara-ture
raaction is fastar, thera is no need to take samples
ot 4d and 60 minutas.

viil, For each tamperature plot a graph of —IMT,. — T)
varsus time ()’

tar!
Solutions [100mL) of patassium persulphate (0,04 M)
and potassium lodida (0.4 M) were egquilibrated (0,25 hi
in 8 constant tempersture bath (25°C). The two
solutions were mixed in & conical flask (250mL) in the
constant temperature bath and the clock storted. After
2 minutes, an aliquot (10.00mL} of the midure was
quenched with distiled water (200mL) and the
sampling process repeated after 4, 6, 9. 13, 16, 24, 32,
44 and 60 minutes. Each sample was titrated with
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Box 522  (contimued)

sodivm thissulphate solution (0,01 M, using iodine
indicator, to a colourless end-point and the values
recorded |TL The experiment was then repeated at a
known temperature between 35'C and 400C but the
samples at 44 and B0 minuies were not taken.
Sodutions iS0mL) of the potessium persulphate and
potaesium iodide were mixed and kept in & water bath
[60-70°C) for 2 hours. An aliquot (10.00mL] of this

Box 52.3 Steps in producing a scientific paper

Scientific papers are the life-blood of any science and
it is & major landmark in your schentific career to
publish your first paper. The major steps in doing this
should include the following.

Tlmwtmuntbeofanappmpnmn standard to ba
publishad and should ba ‘maw, true and meaningful’.
Therefore, before starting, the authors need to review

solution was quenched in distilled water (200 mL) and
titrated (T.) with the sodium thiosulphate solution. A
graph af —Init, — T vargus time {8) was platted.

Nota 1. Only experimental detsil is given. Caleula-
lions, results and theory are in the appropriate
sections,

Wiiting

The paper's format will be similar te that shown in Box
52.1 and the process of writing will include outlining,
revigwing, etc., as discussed elsewhere in this chapter.
Figures must be finishad to an appropriate standand
and this may involve preparing photographs of tham.

Submitting
pias of the paper are submitted to

their work critically undar these h pa. Th
included in a scientific paper will generally be a sub-
sat of the total work dun- during a project, so it must
ba ¥ I to a clear carntral
hypothesis — il the aumnn won't prune, the relenses
and editars af the journal certainky willl

Choosing a jeurnal
There are thousands of journals covering chemistry
and sach covers a specific area {which may change
through tima), Tha main factors in deciding on an
appropriete journal are the range of subjects it covers,
the quality of its content and the number and geo-
graphical distribution of its readers. The choice of
journal abways dictates the format of a paper since
suthors must follow to the later tha journal’s ‘Instrc-
tlons to Authors',

on

In multisuthor papers, a contentious issus is often who
should appasr as an author and in what ordes they
should be cited. Whers authors make an equal contri-
butien, an alphabstical order of names may e usad.
Diherwisa, sach author should have made a substantial
conlribution to the paper and should be prepared to
defend it in public. Ideally, the order of appearance will
reflect the amount of work done rather than seniority.
This may not happen in practical

Whaen 0|

the adhoruf the chosen journal with & simple covaring
lettar. A delay of 1 to 2 months uswally follows while
the manuseripl iS SHAt 10 GRE OF MOME anonymous
refarens who will ba asked by the editor to check that
tha paper is noval, scientifically corract and that e
lenigth is fulky justified.

n, ding to rel 5 -
The aditor will send on the referees’ comments and the
authors then have a chance to respond. The editor will
decide on the basis of the comments and replies to them
whather the paper should be published. Sometimas
quite heated correspondance can result if the authors
and refaraes disagreal

Checking proofs and waiting for publication

If a paper is accepied, it will be sant off io tha typa-
settors, The next the authors sea of it is the proofs (firat
primted vergion in styla of journal), which have 1o be
correctad carefully for errors and retumed. Eventsally,
the papger will appear in pring, but a delay of B months
fallowing acoe is not Most journals
offer the authors reprints, which can be sent to other
rasaarchers in the fisld or to those who send in repsint
request cards,
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Producing a scientific paper

Scientific papers are the means by which research findings are communicated
1o others. They are published in journals with a wide circulation among
scademics and are ‘peer reviewed® by ong or more referecs before being
accepted. Each jourmal covers a well-defined subject area and publishes
details of the format they expect. It woukl be wery umsual for an
undergraduate (o submal a paper oo his'her own - this would normally be
done in collaboration with your project supervisor and only them if your
resgarch has satidied appropriate criterin. However, it is important e
understand the process wherehy a paper comes into being (Box 51.3), a5 this
can help you when interpreting the primary literature



Writing literature surveys and reviews

The literature survey or review is a specialized form of essay which summarines
and revicws the evidenos and concepis concerning a particular anca of rescarch.

A literature review should notf be a recitation of facts.
mu:rmmmmw-mimmmmmm

Making up a timetable

Fig. 51 illustrates how you might divide up your time for writing o
liternture survey, There are many sub-divisions in this chart because of the

Writing literature surveys and reviews

Deciding on structure and content
The general structure and content of a lierature survey ane described below.

Introdiction
The imtroduction should give the general background to the research nrea,
concentrating on its development and importance. You should also make a

statement about the scope of your survey; as well as defining the subject
maiier Lo be discussed, you may wish to restrict the period being considered.

Muin body of text

The review bisell should disewss the published work in the selected field and
may be sub-divided into appropriate sctions. Within each portion of a
review, the appronch is usually chronclogical, with appropriate linking
phrases {e.g. *Following on from this, ..."; “Meanwhile, Bloggs (1980) tacklad
the problem from a different angle ..."). However, a good review is much

anny size of the task: in general, for lengthy sks, it is best to divide up the work o Aberrcepben |t o s ko . bbbl
Fig. 81 Pie chart showing how you might inio manageable chunks. Note also that proportionately less time is allocated & allow the reader to obtin an overall view of the current state of the
allacate ime for & literature survay: 1o wriling itsell than with an essay. In a lteratune survey, make sure that you research area, identifying the key arcas where knowledge is ndvancing;
1. selacl & Lopic; spend adequale ime on ressarch and revision. » show how techniques are developing and discuss the benefits and

2. scan the lierature;

3. pilan the review; dissdvantages of using particular chemicals or experimental systems;

»  assess the relative worth off difTerent iypes of evidence — this s the most

4, write firgl drafy; lancing coposing views - ven

§. leawe to settls; Selecting a topic :“.m u;‘:mﬂm : important aspect; do not be intimidaied from faking a critical approach

E. structu e the teat; Fiterature, - ih lugicns ad in the pr lisgrature 't al

7. Mluﬂ:l’::lf: Wou may have no choice in the topic o be covered, bul if you do, carry ouwt fair ﬁl:"‘m m“ﬂ' ] :irm:[,u'm -+ you may read in e i i

o e yoinr ielendind ay 4 hoeibge procee: of the kooks. Hawt d-n:_ fyoude . indicaws where there is conflict in findings or theories, suggesting if
atate & E

pissible which ssde has the stronper case;
= indicate gaps in curnent knowledge.

L. Idemtify a broad subject ares that interests v for your opanion. it
2 Find amd read relevant lierature in that area. Try to pain a broad

impression of the field from books and general review ariicles. Dwscuss

your ideas with your supervisor.

Conelusions

3. Select & redevant sad isc tilke. The wording, shiould. be i Th_e conelusions should draw 1ni=1h_=rllhe thrends ul the preceding parts and
point the way forward, perhaps listing areas of ignorance or where the

wvery carefully as it will define the content expecied by the reader. A e el | .
narrow subject area will cut down on the amount of [erature vou will i S ot e g ey Tl e e
b exipected to review, but will also restrict the scope of the conclusions
you can make (and vice versa for a wide subject area).

References ete.
The references or literature cited section should provide full deails of all
citations - a reviaw of | re
mmmmm- mqj-% papers referred to im the text {see p. 3200 The regulations for your

need to cite lorge numbers of papars; in depariment may also specify a format and position for the title page, list of
Scanning the literature and organizing your references m vii B contents, acknowledgements, etc.
You will need 10 camry out a thorough investigation of the literatare before i nmr o =‘m.'-- T
you start to write. The key problems are as follewss DR R e e Style of literature surveys
® Getting an initial toehold in the lteratore. Seek help from your The Chemical Society Review series (available in most university libraries)
supervisor, who may be willing to supply a few key papers to get you provides good examples of approprinte style for reviews of the chemical
started. Hints om expaniding your collection of references are given on sciences.
p M7

ll.:ﬂhhﬂhhnmehﬁ & Asscssing the relevance and wvaloe of each ariscde. This is the essence of

m“ -on each card writing a review, but it & difficull unbess you already have o good

’ﬁ “ the understanding of the feld (Caich 227). Try reading earlier reviews in vour
arei.

#»  Clarifying your thoughts, Sometimes you can't see the wood for the frees’
Sub-dividing the main topic and assigning your references to these smaller
subiject areas may help vou gain a better overview of the [iterature.
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Organizing a poster display

A scientific poster is a visual display of the resulis of an investigation, usaally
mounted on i rectangular board. Posters are used al scenlific meetings, 1o
oo i research findings. and in undergradunte courses, to display
praject results or assignment work.

In a written report you can include a reasonable amount of specific detail
and the reader can po back and rercad difficult passapes. However, if a
poster 18 long winded or contains oo much detail, your reader is likely 10
lose interess.

A poster sesslon Is ke & competition - you are com-
peting for the attention of people in a room. Because you need 1o attract
and hold the attention of your sudience, make your poster as interesting
as possible. Think of it as an asdvertisement for your work and you will
nat go far wrong.

Praliminaries
Before considering the comtent of your poster, you should find our:

& the hinear dimensions of your poster ares, Lypically up to L3m wide by
L4vm highy;

& the composition of the poster hoard and the method of attschment,

whether drawing pins, Velcra® tape, or some other form of adhesive; and

whether these will be provided (in any case, it's safer 1o bring your ownl;

the time(s) when the poster should be set up and when you should attend:

#  ihe room where the poster session will be held.

Design

Plan your poster with vour awdience in mind, as this will dictae the
appropriate level for your presentation. Aim lo make your poster as
aceessble ns possible 1o a broad audience. Sinod & poster 5 a visual display,
you must pay el ion Lo the ion of inlk ion: wark
that may have taken hours to prepare can be ruined in a few minuies by the
ill idered arm of items (Fig. 54.1). Begin by making a draft

Fig. 54.1 Poster design. (al &n uninspiring
desipn: sub-unite of equal anes, reading kit 10
right, are not recommended. (bf This design is
rmsare interesting and the text will be aagiar o
i dolwmn Bormatl. () An alternative
approach, with a central foces and arrows’
TP 10 Juits The rader.

sketch of the majpor elements of vour poster. It is worth discussing your
intended design with someone ¢lse, as constructive advice at the draft stage
will save & lot of time and cffert when you prepare the final version (or
consult Simmonds and Reynolds, 1994),

Layour
Usually the best approach i 1o divide the poster mto several smuller areas,
perhaps six or eight in all, and prepare each as o separute item on a piece of
thick card, Some people prefer to produce o single large poster on one sheet
of paper or card and store it inside 8 protective cardboard tube. However. a
single large poster will bend and crease, making it difficult to flatten out. In
addition, photographs and texi attached o the backing sheei often work
loose,

Sub-dividing your poster means that ¢ach smaller area can be preparsd on
a separate pioce of paper or card, of A4 sime or slightly larger. making
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transport and siorage casier, It alse breaks the reading matier up inte smaller
picces, Iooking less formidable to a potentinl reader. By using pieces of card
aof different colours vou can provide emphasis for key aspects, or link vext
with figures or photographs.

You will need 1o puide your reader throwgh the poster. It i oflen
appropriale o use either a numbering system, with large, clear numbers at
ihe t,u'pnl'mn:h piece of card, or a system of amrows (or thin tapes), to show
the rebationship of sections within the posier (see Fig. 54.1). Make sure that
the relationship is clear and that the arrows or tapes do not cross.

Title

Your chosen lithe should be coneise (pe more than sight words), specific and
imieresting, Lo encournge people 1o read the poser. Make the title large and
hald — it shoukd run across the top of your poster, in letlers at least 4em
high, o that it can be rend from the other side of the room, Coloured spirit-
hased marker and hlock capitals drawn with & raler work well, as long as
your writing is readable and neat (the colour can be used to add emphasis).
Aliernatively, you can use Letraset® , or similar lettering. Dictails of authors,
together with their addresses (if appropriaie), should be given. uswally in the
top right-hand comer in somewhat smaller letiering than the tile. Ax
conferences, a passpori-sized photograph of the contribulor 15 somelmes
useful for identification,

Text

Keep text 1o a minimum ~ aim t0 have & maximum of S0 words in your
poster. Write in short sentences and avoid verbosity. Keep your poster as
visual as possible and make effective use of the spaces between the blocks of
text. Your final wext should be double spaced and should have a minimam
capital better height of 3-10mm. preferably greater, so that the poster can be
read at a distance of 1 m. One method of obtaining text of the required size i
1o photo-enlarge standard typeseripd (wsing a good-gquality photocopeer), or
use o high-guality (luser) printer. It is best 10 avoid continuous use of text in
capalale, since it slows reading and makes the text kss interesting to the
reader. Also avoid italic, ‘balloon’ or decorative sivles of ketiering.

Sab-titles and headings

These should have o capital letter beight of 12-20mm, and should be
restricted o two of three words. They can be produced by photo-enlargs-
ment, by stencilling. Letraset™ or by hand, wsing pencilled guidelines (but
make sure that no pencil marks are visible on your finished poster).

Colour

Consider the overall visual effect of your chosen display, including the
relationship betwoen lexl, diagrams and the backing board. Colour can be
used 1o highlight key aspects of vour poster. However, it & very ensy to min
a posier by the mapproprinie choice and application of colour, Careful use of
two, or al most three, complemeniary colours will be easier on the eve and
may aid comprehension, Colowr can be used to link the text with the visual
images (e by picking out a colour in & photograph and using the same
colowr on the mounting board for the accompanying texe). Use colowred inks
or wabter-based paints 1o provide colous in disgrams and figares, as felt pens
rarely pive satisfclory results.



Organizing a poster display

Content

The typical format is that of a scientific report {see Box 32,0}, ie. with the
same headings, but with a considerably reduced content. Mever be tempeed to
spend the minimum amount of tine converting a piece of scentific wnting
milo poster formal. Al scientific I the lcast m ing poslers are
those where the author simply displays pages from a written communication
(e.g. & pournal article) on the poster board! Keep references within the text w
. minimum — interested parties con always ask you for further information.

Tntroduction

This should give the reader background information on the broad field of
siudy and the aims of your own work. It is vital that this section is as
imteresting as possible. to caplure the interest of your andience. It is oflen
warth listing your objectives us a series of numbered points.

Experimental
Keep this short, amd describe only the principal techniques wed. You might
metition any special techniques, or problems of general mierest.

Resnlts

Don't present your raw data: use data reduction wherever posible, ie
figures and simple statistical comparisons. Graphs, disgrams, histoprams and
pic charts pive clear visual imapes of tends and relationships and shoukd be
used in place of tabulated data (see p. 251). Final copies of all ligures shoulkd
be produced so that the numbers can be read from a distance of | m, Each
shouk have a concise title and legend, so that it is self-contained: if
appropriate, a series of numbered poinis can be uwsed 1o link a dagram with
the accompanying text. Whene gymbols are used, provide a key on each
graph (symbol size should be at least Smm). Avoid using graphs stiraight
from a written version, e.g a project report, texthook or a paper, without
considering whether they meed modificiion to mesl your requirements.

Comelusions

This is where many readers will begin, and they may go no further unless you
make this section tuITquIJy interesting. This section meeds to be the
strongest part of your poster. Refer o your figures here to draw the reader
inta the muin part of your poster, A slightly larger or bolder typefsce may
add emphasis, though (oo many different tvpefaces can look messy.

The poster session

If wou stand at the side of your poster throughout the sesion, you are likely
to discourage some readers, who may not wish to hecome involved in a
detaibed conversalion ubout the poster. Stand nearby. Find something to do —
talk to someons clse, or browse among e other posters, bul remain awine
of people reading your poster and be ready 1o answer any queries they may
mise. Do not be too discouraged il you aren't asked lots of questions
remember, the poster is meant to be a slf-contained, visual story, without
mood for Turther explanation.

A poster display will pever feel like om oral presentation, where the
nervousness beforehand is replaced by a combination of satsfaction and
reliel as you wnwind after the event. However, it can be a very saislying
means of commumication, partcubarly if you follow these guidelines.
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Giving an oral presentation

Most students feel very nervous aboul giving talks. Thas is natural, since very
Tew people are sufficiently dent and ing that they look forward 10
speaking in public. Additonally, the wechnical nature of your subject matter
may give you cause for coneern, especially il you feel thal some members of
the awdience have a greater knowledpge than you have. However, this is a
fundamental method of scentific communication and it therefore forms an
important component of many courses.

The commenis in this chapier apply equally to informal talks, e.g thos
based on assignments and project work, and to more formal conference
presentations, 1t is hoped that the advice and guidamce given below will
encourage you 1o make the most of your opporiunities for public speaking.
but there is no substitule for practice. Do aol expect 10 Gid all of tse answers
fram this, or any other, book. Rehearse, and learn from your own experience.

Thithm'h'n‘lnulﬂl!plﬁl:ﬂh;lm
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response to your own and to the comments of others.
Preparation

Prelimingry information

Begin by marshalling all of the details you need 1o plan your pressntation,

inclading:

@ the duration of the talk;

® whether time for questions is included;

»  the size and location of the room;

»  the projectionlighting facilities provided, and whether pointers or similar
nidds wre avuilable,

It s especially imporitant to find oul whether the room has the necessary
q i for shde projection (slide prog ardl screen, black-out curtaing

or blinds, approprinte lighting) or overhend projection before you prepare

your audiovisual aids, If you concenirnie only on the spoken part of your

presentation at this siapge, you are inviting trouble later on. Have a look

around the room and iry out the equipment at the earliest opportunity, so

that you are able 1o use the lights, projector, ete.. with confidence,

Auwdicvisual afds

Find out whether your department has facliies for preparing overhessd

transparencies and shides, whether these facilities are available for your use

and the cost of materials. Adopt the following guidelines:

« [Keep text to 8 minimum: present only the key points, with up o
N words per slide; transparency.

# Make sure the text is readable: try out your material beforchand.

@  Llse several simpler figures rather than a single complex graph.

#  Avoid oo much colour on overhead transparencies: bl and black are
easier (o read than red or green.

»  [on't mix slides and transparencies as this is often distracting.
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# Use spirit-based pens for trarsparencics: use aleobol for comections.

#» Transparencies can be produced From lypesrillen of printed Lext using a
phadoeopéer, olten giving a hetter product than pens, Mol that you must
use special heat-resistant acetate sheets for photocopying.

Awidfence

You should consider vour asdience at the earliest siage, since they will
determine the appropriate level for your presentation. IF you are lalking to
fellow students you may be able 10 assume a common level of background
knowledge. In contrast, o research lecture given to your department, or o
paper at & meeting of a scientific society, will be presented to an audience
from a broader range of backgrounds. An oral presentation is not the place
for a complen discussion of specialized information: build wp your talk from
a low level. The speed at which this can be dome will vary according to vour
andience. As long as you ane nol boring or patrondng. you can cover basic
information withowl losing the anention of the more knowledgeable members
in your audience. The general rule should be ‘do nol overssumate the
background knowledge of your audience”. This sometimes happens in student
presentations, where fears about the presence of ‘experis’ cin encourage the
spenker to include too much detail, overlonding the awdience with facts.

Content

While the specific details i vour talk will be for you 1o decide, most oral
presentalions share some common feaiunes of stroctune, as described below.

Tutreductory renarks
11 is viral 1o capture the interest of your audicnee at the outset. Consequently,
wou musl make sure your opening commenls ane strong, otherwise vour
audiersce will lose inlenest bd‘o:e_-fnum the main message. Remember it
takes a senbence or two for an X mh a rela ip with a new
speaker. \'ourqlemngullzncrﬁuu‘ld'l!mme form of preamble and shoulbd
nil contain any key information. For a formal lectore, you mright begin with
‘Mr Chadreman, ladies and gentbernen, my talk wday is about ...° then restate
the tile and acknowledge other comrbulons etz You might show a trans-
parency or slide with the ttle printed on i, or an introdsctory photoegraph, i
appropriale, This should provide the necessary seltling-in period.

Adier these preliminaries, you should introduce your topic. Begin your story
on & strong note — this is no place for timid or apologetic phrases. You should:

® explain the structune of vour talk;
»  set out the aims and objectives of vour work;
& explain your approach to the topic,

UOpening  remarks are unlikely 1o occupy more than 10% of the talk.
However, because of their significance, you might reasonably spend up 1o 25%
of vour preparation time on them. Muake sure vou have practised this sectiom, so
that ¥ou can deliver the material in a Mowing style, with less chanos of mistakes.

The main smic.

This section should inchade the bulk of your experimental results or literature
findings, depending on the type of presentation. Keep details of methods o
the minimum needed to explam your data. Thes is eof the place for a detailed
description of equipment and experimental prodocol (unless it is a talk about
methodology?). Resuls should be presented in an easily digested format.
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D not expect your audience o cope with large amounts of data: use a
maximum of six numbers per shide. Present summary statistics rather than
individual results. Show the final results of any analysss in lerms of the
statistics calculated, and their significance (p. 271), rather than dwelling on
details of the procedures used. Remember that praphs and diaprams are
usually better than tables of raw data, since the audience will be able 1o see the
trends and )!|ul.i|m£}|i]:n in vour data (p. 251). However, figures should not be
crowded with unnecessary defail. Every diagram should have a concise tithe
and the symbals and trend lines slu:-ukl be clearly labelled, with an explanatory
key where v. When p hical data always ‘introduce’ each
graph by stating Ult1.l.l|l.ls f’or each axis and describing the relatbonship for each
wend line or data set. Summary slides can be used at regular miervals, 1o

maintain the flow of the | won amd 1o emphasize the key points.
Take the audience through vour story step by step at a reasonable pace. Try
not to rush the defivery ol your miin owing 1o ner Avoid

complex, conveluwted story-lines — one of the most distracting things you can
do is to fumble backwards throwgh slides or overhead transparencies. 1T you
nead to use the same diagram or graph more than onee then you should make
two (or more) copies. In a presentation of experimental results, you should
discuss each point as it is rased, in contrast 1o wrillen text, where the resulis
and discussion may be in separate sections. The main messype bypically
occupies approxmately 80% of the time allocated Lo an oral presentution.

Concluding remarks

Having caplured the interest of your audience in the introduction and given
them the details of your story in the middle section, you must new hring
your talk 1o a conclusion. At all costs, do not end weakly, e.g. by running
out of sleam on the last slide. Provide your sudience with a clear ‘ke-homs
message’, by returning to the key points in your presentation. It is often
approprate to prepare a slide or overhend transparency lisiing your main
conchisions as a numbered series.

Signal the end of your talk by saving “finally .. ", 'in conclusion ...", or a
similar comment and then finish speaking afier that sentence. Your audience
will lose interest if you extend your dosing remarks beyond this poml. You
may add a simple end phrase (eg. Thank you') &8 you pul vour nobes inle
your folder. but do not say “that's all folks!”, or make any smilar ofThand
remark. Finish as strongly and as clearly as vou starbed.

Hints on presentation

Notes
Many accomplished speakers use abbreviaied notes for guidance, rather than
reading from a prepared senpl. When wriling your talk:

@ Prepare a first dralt as a foll script: write in spoken English, keeping the
text simple and avoiding an impersonal siyle. Aim to ol to your
audience, not read to them.

# LUz note cards with key phrases and words: it is best to avoid using a full
script ot the final presendation. As you rchearse amd your confidence
improves, A set of cards may be a more appropriate formal lor your noes.

# Consider the structure of your talk: keep it as simple as possible and
announce each sub-division, s your andience is aware of the structare.
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Mark the position of slides’key points, etc: easch note card should
contain details of structure, as well as content.

Memorize your introductory iclosing remarks: you may prefer to rely on a
full written version for these soctions, in case your memory fails.

Use notes: write on only one side of the cand/paper, in handwriting large
enough 1o be read easily during the presentation. Each card or sheet must
he clearly numbered, so that you do not ks youar plce.

Rehearse your presentation: ask a friend to lEsten and o comment
comstructively on pams that were difficult to follow,

Use “split times" to pace vourself following rehearsal, note the time at
which you should arrive at key poinis of your talk. These timing marks
will help you keep to time during the “real thing’.

Tmage
Ensure that the image you project is appropriate for the oceasion:

Consider what to wear: gim t0 be respectable withou! “dressing up’,
otherwise your message may be diminished.

Develop a good posture: it will help your voice projection if you stand
upright. rather than slouching or leaning over the kectem,

Project your voice: speak towards the back of the room.

Make eve : look at bers of te aud in all pans of the
room. Avoid talking 0 your notes, or 1w only ope sction of the
aucience.

Dieliver your material with expression; arm movements and subdued body
language will help maintain the interest of your audience. However, you
should avosd extreme gestures (it may work [or some TV personalities,
but it isn’t for the beginnerl).

Manoge your time: avoid looking an your watch as it gives a negative
signal 1o the audienee. Use a wall clock, if one is provided, of take off
vour watch and put it beside your notes, so you can glance at it without
ﬂim:ﬁ-gynnrnnfzmr_

Tey to wentify and control any distracting repetitive mannerisms, &g
repeated empiy pheases, fidpeting with pens, keys, #ic., as this will distract
your audience. Practising in front of a mirmos may help,

Practise your delivery: use the comments of vour friends to improve your
performance.

Ouestions
Many speakers are wormed by the prospect of questions after their oral
presentation. Once again, the best approach is 1o prepare beforehand:

Consider what questions you may be asked: prepare bricf answers.

Do not be afraid o say ‘I don't know” your audience will appreciaie
honesty, rather than vacillation, if you don't have an answer for a
particular question

Avold arguing with a questoner: suggest a discussion afierwards rather
than becoming invalved in a debale aboul specific delails.

IF o questsons ane fortheomang you may pose a question yourself, and then
ask for opinions from the audience; if you use this approach you should be
prepared to comment briefly if your sudience has no suggestions. This will
prevent the presentation from ending in an em-barrassing silence.
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Examinations

You are unlikely to have reached this stage in your education without beng
exposed to the examination process. However, the following comments showld
help you to identify and improve on the skills required for exam success.

Information gathering

I To do well in an examination, you need to put in

mmmmm into the examination hall and even
aceurate,

before you start to revise. You md to base your rovision on
appropriate amount

tidy notes with an of subject detadl snd depth.

Taking notes from lectures
Taking good lecture notes is essential if vou are to make sense of them later.
Start by noting the date, cowrss, topie and lecrurer. Mumber every page in
case (hey pel mined up later. The most popular way of taking notes is to
write in a lmear sequence down the page; however, Lhe alternative ‘pattern’
method (Fig. 56.1) has its sdvocates: experiment o see which you prefer.
Whatever method you use 10 lake notes, you shouldnt try to take down
all the leclurer’s words, except when an imporiant definition or example is
heing given, or when the lecturer has made it clear that he/she is dictating.
Listen first, then write. Your goal should be to abstract the structure and
reasoning behind the lecturer's approach, Use headings and leave plenty of
space, bul don’t worry (oo much ahout being tidy at this stage - it is more
miportant that you get down the appropriste information in o form that vou
al least can read. Use abbrevialions to save time. Make sare you nole down
references Lo lexts and tnke special care o ensure accuracy of definitions and
numerica] examples. If the lectarer repeats or otherwise emphasizes a poine,
make o margin note of this — it cowld come in useful when revising. IF there is
something you don't understand, ask at the end of the leciure, and make an
appointment to discuss the matter if there isn't time 1o deal with it then.
Tutorials may provide an additional forum for discossing course topis.
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‘Making up’ your notes

As soon as possible after the lecture, work through your notes, tidying them
up and ndding detnil where v, Add hasis to any headings you
have made, so that the strociure is clearer. Compare your noles with malerial
in o texthook and correct any inconsistencles. Make noles from, or
photocopy, any useful material you see in textbooks, ready for revision.

Skimnning 1exis
This is & valuable means of gaining the maximum amount of information in
the: minimum amound of time, by reading as little of a fext as is required. It can
be used 1o decide what parts to read in detail and to make notes of, perhaps
wbcnynuhawah‘mdjrmdmem:mdumatmpmmmlhpu

ially, the 1echni ires you to loak at the struecture of the text,
mm:rlhnlbedtml In & sense, you are Irying b sk the wriler's orginal
plan and the purpose behind sach part of e ext. Look through tee whole of
the piece first, 10 guin an overview of its scope and structure. Hendmgs
provide an obwviows clue to structure, if present. Mext, ook for the “lopic
sentence” i each paragraph, which is ofien the first. You might then decide
that the paragraph comtains & definition that is imponant (o nots, or it may
contain examples, 50 may nof be worth reading for your purpase.

Preparing for an exam

Begin by finding oul as much as you can aboul the exam, ineluding:

its Format and duration;

the dare and location:

the Lypees o\fqlnl.icrn:

whether any questions/sections are compulsory;

whether the questions are internally or externally set or assessed;

# whether calculators are required,

Your course wutor i Hkely 1o give vou details of exam structure and timing well
heforehand, s that vou can plan yvour revision: the course handbook and past
papers (il available) can provide further useful details. Check with your fubor
that the nature of the exam has not changed before you consult past papers,

L B

Organizing and using lecture notes, assignments
and practical reports.

Given their importance as a source of material for revision, you should have
sorted out any deficiencies or omissions in becture notes)practical reports at
an early slage. For example, you may have missed a lecture or practical due
to illness etc., but the exam is likely to assume attendance throughout the
vear, Make sure you attend chasses whenever possible and keep your nodes up
to date.
Your praciical reporis and amy assignment work will conlain spealic
from the hing saflf, indicating where marks were los1,
corrections, mistakes, inadequacies. eic. It is always worth reading these
comments as so0n as your work is returned, to improve the standard of your
subsequent reponis. If vou are unsure about why vou lost marks im an
assignment, or about some particular aspects of a topic, ask the appropriate
member of s1afl for further explanation. Mos! lecturers are quile kappy 1o
discuss such details with students on a one-fo-one hasis amd this information
may provide vou with “clues’ to the expectations of individual lecturers that
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may be uselul in cxams set by the same members of s1afl. However, you
shoukl mever *fish’ for specific information on possible exam questions, as this
is likely 10 be counter-productive.

Revisi

Begin your revision early. 1o avold lase-minute panic. Starl in carmest abowt &
weeks beforehand:

#  Prepare a revision timetable — an ‘action plan’ that gives details of specific
topics to be covered. Find out at an early stage when (and where) vour
exams are to be held, and plan your revision around this. Try o keep o
your i bile. Time it during this period i as important as
keeping to time during the exam (nself

= Remember, your concentration span {s Bmited 1o 1520 min: make sure
you lave two of three short (2min) breaks during cach hour of revision.

o Make your revision as asctive and imleresting as possible: the least
productive approach is simply 1o read and reread your notes.

# Include recreation within your schedule: there is little point in firing
yoursell with ton much revision, as this is unlikely to be profitable.

# Fase back on the revision near the exam: plan your revision, to avesd
last-minute cramming and overload fatigue.

Active revision
The following techniques may prove useful in devising an active revision
strategy:

e  Prepare revision sheets with details for a particular topic on o single shest
of paper, armanged as a numbered checklist. Wall posters are another
useful revision aid.

»  Memorize definitions and key phrases: definitions can be a useful starting
paint for many exam answers,

& Llse mnemonics and acronyms 1o commit specific factoal information 1o
memaory, The dafter they are, the better they work!

= Prepare answers to past or hypothetical questions, e.g. write essays or work
through  calculations and  problems, within approprinte time  limits.
Hawever, you should not rely on “question spotting”; this is a risky practice!

® Lise spider dingrums as & means of festing your powers of recall on a

particular topic (p. 336),

Try recitation as an alternative to written recall.

Drraw diagrams from memory: make sure you can label them fully.

Form a revision growp to share idess and disouss tepics with other students.

Use a variety of differeni approaches 10 avoid boredom during revision

(eg. record informaton on audio lape, use carioons, or amy other

method, as long asit's nol just reading notes!).

The evening before your exam shoubd be spent in consolidating your
material, and checking through summmary lisis and plans. Avold introducing
new material at this late stage: your aim should be to boost yvour confidence,
putting yourself in the right frame of mind for the exam itself,

The examination

O the day of the exam. give voursell sufficient time to wrrive at the cormect
room, without the nsk of being latc ie.g. what i your bus beeaks down?).
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Fige FES  Exam rarks a8 & Rinction of tma.
The marks swarded in s single arsasar will
foldiow the law of diminishing retwms - it will be
far mane defficull to achisva tha final 25% of the
availabla marks than the initial 25%. Do not
apand Mo leng on Ay e guagtion,

The exam paper

Begin by reading the instructions at the top of the exam paper carefully, so
that you do not make any errors based en kack of understanding. Make sure
that vou know:

&  how many questions are set;

& how many must be answered;

«  whether the paper is divided into sections;

& whether any paris are compulsory;

»  what each quesison/section i worth, a5 a proportion of the total mark;

#  whether different questions should be answered in different books.

If you are unsure about anything, ask! - the casiest way 1o lose marks in an
exam is to answer the wrong number of questions, or to answer a different
question from the one sei by the examines, Underline the key phrases in the
instructions, o renfonce thels message.

Wext, readd through the set of questons. If there 5 a chodce, decide on
those guestions to be answered and deckde on the order in which you will
lackle them. Prepare a tmetable which takes into account the amount of
lime required 1o complete each guestion and which reflects the allocation aff
miarks — there is hittle poand in spending one-guarter of the exam perod on a
question worlh only 5% of the wolal marks! Use the exam paper 1o mark the
saquence in which the questions will be answered and write the finishing
timies alopgside: refer to this timetahle during the exam 10 keep yvoursell on
COUrse.

Do ot be templed 1o spend too long on any one question: the return in
terms of marks will mot justify the less of time from other questions (see
Fig. 56.2). Take the first [0min or s¢ to read the paper and plan your
strategy, before you begin writing. Do not be put off by those who begin
immediately; it is almost certain they are producing unplanned work of a
poor standard.

Providing answirs
Before you tackle a particular question, vou must be sure of what i required
in your anewer. Ask yoursell “What is the examiner looking for in this
particular quesiion™ and then set abow providing a selevany answer, Con-
sider each individual word in the question and highlight, underfine or circle
the key words. Make sure you know the meaning of the terms given in Tahle
511 (p. 330) so that you can provide the appropriate information. where
necessary. Refer hack 1o the qusstion ad vou wrle, to confirm that you ane
keeping o the subject matter. Box 56.1 gives advice on wriling essays under
exam conditions

Tt is wumlly a good idea 1o begin with the gquestion thal you are most
confident about, This will reassure you before tackling maore difficult parts of
the paper. If you run out of time, write in note form. Examiners are usually
understanding, as long as the main components of the guestion have been
adidressed and the intended structure of the answer is clear,

The final stage

At the end of the exam, you should allow at least 10min to read through
your script, 1o check for:

# prammabical and spelling errors;

#  mathematical ermars.
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Mever go into an exarm without a strategy for managing

# Use abbreviations to save time repeating test but
the availabla tima. always axplain tham at the first point of uge,

# Consider speed of writing and neatness especially
* Allocate some time (say 5% of the total) to consider whan sslecting Ihe type of pan to Lse - ball-paint

which quesibons to answar and in which order,

= Share the rest of the time among the gquestions. HoroL ] < :
A 10 optinize the MErks obisined. A polsniiall % ndnn::!ﬂnaurhc:;‘m:rauiﬂlm
claar axpl

good answer should be allocated shightly more time
than one you don't feel so happy about. Howswar,

don't o on any one

|saa Fig. 56.2]. Mﬁ-mmrhm

* For sach question divide the time Into planning. | oy inciyde imelevant facts just because you
mamorized them during revision as this may do you

writing and revision phases (zea p, 308
Employ tima-saving techniquas as much as possibla.
® Use spider diagrams |p. 326) 1o organize and plan

YOUF Bnswaer,

+ Use diagrams and tables to seve tme in meking

difficult and lengthy explanations.

Afies the gxamn - try 1o avoid becorming
Ry T S aret s

athar students ovar the “ideall answars 10
tha questions; after all, it is too late 1o
change anything at this stage. Go for a
walk, watch TV far a while, or do
somathing alsa that helps you relax, so
that you ara resdy 1o Tace the next axam
with confidence.
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Make sure your name is on ¢ach exam book and on all other sheets of paper.
including graph paper, even if socurely attached to your seript, as it &= in your
interest to enswre that your work docs mot go astray

Never leave any exam early. Most exams assess work carried oul over
several months m a time pemod of 2-3h and there s always something
oongtructive you can do with the remaining time o improve your script,

Practical exams: special considerations

The prospect of a practical examination may cause you more concern than a
theory exam, This may be duz to a Emited experience of practical examinations,
o the facl that practical and observational skills are tested, as well as recall,
description and analysis of factaal information. Your first thoughte may e
that it is not possible to prepare for & practical exam but, in fact, you can
improve your performance by mastering the varous practical pechndques
described in this book. The principal types of question vou are bkely 1o
encounter include:

#  Munipulative exercises, often based on work camried out as part of your
practical course (e.g. recrystallization, p. 92).

& [nterpretation of spectra — either provided by the examiner or oblaimed
during ihe practical examinarion.

s MNumerical exercises, including the preparation of aguesus solutiens al
particular concentrations (p. 15) and statistical exercises (p. 271} General
adviee is given in Chapter 39,

& Dwata analysis, including the preparation and mlerpretation of graphs
(p. 251) and mumerical information, from data either oblained during the
exam or provided by the examiner.

# Preparative exercises — making a compound which will be assessed for
yield and purity,

e Amnalytical exercises where the composition of an unknown chemical must
be discovered and quantified.



Examinations

Practical reports

You may be allowed 1o take your laboratory reports and other texts into the
practical exam. Don’t assume that this is & soft option, or that revision is
unnscessnry; you will not have time to read karge sections of your reports or
o familiarize yoursell with basic principles etc. The main advantage of ‘open-
book” exams B that you can check specific details of methodology, reducing
your reliance on memory, provided you know your way around your
praciical manual. In all other respects, yvour revisson and preparation for such
exams should be similar 1o theory exams. Make sure you are familiar with all
of the practical exercises, including any work carried ot in class by your
partner (since exams are assessed on individual performance). Check with the
teaching stall to see whether you can be given access to the laboratory, to
complete any exercises that vou have missed.

The practical exam
AL the oulsel, determine or decide on the order in which you will 1ackle the
questions. A guestion in the latter hall of the paper may mead 1o be staried
early on in the exam period (e.g. o preparntion requiring a lh reflux in a 3h
exam). Such questions are inchuded to test your foraard-planning and time-
management skills, e.g. you may need to take samples for measurement of
reaction rates at 5 minute intervals, which can be done whils the prepamtive
part of the examination is occuring

Make sure vou explain vour choice of apparatus and experimental design.
Caleulations should be set out in 8 stepwise manner, so that credit can bhe
given, even if the final answer is incorrect (see p. 261).

Communicating information 353

Resources

354 Communicating indormatian

Resources for communicating information

Limdsay, D, (1995) A Guide to Scientific Writing, Longman, Harow, Essex.
MNorthedge, A., Thomas, B., Lane, A, and Peasgood, I (1997) The Sciences
Giowad Studly Guide, Open University, Milton Keynes,

Porash, [n. (1995) 4 Short Gudde so Writing abour Soiemce, Longman,
Harlow, Essex.

RalTerty, I, (1999) Getring ihe Message Aceass, Key skilly for sciences, Royal
Saociety of Chemistry, Cambridge.

Shortland, M. and Gregory, 1. (1991) Commumicating science. A hamadbook.
Longman, Harlow, Essex.

Silyn-Roberts, H. (1996) Wiiting for Science. A practical hamdbook for
seipnce, emgineering and techaslogy sidenis, Longman, Harlow, Essex.
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