Absorption Spectroscopy
4 )

Source Detector

hv
> -

Sample

o !




Absorption Spectroscopy
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Why Absorption Spectroscopy?

Source Detector

hv
- -

Sample

* Color is ubiquitous to humans
* 1000 x more sensitive than NMR
* Qualitative technique (what is in the solution)

* Quantitative technique (concentrations, ratios,
etc.)

* [ts easy
* [t is inexpensive

* Numerous applications



Absorption Spectroscopy in Action
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Fig. 3. HPLC chromatogram and UV-vis spectra (inset) of Bromo-Dragonfly. The
HPLC trace was detected at 210 nm.

Structure Differentiation
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Examples

Source Detector
hv
|
Sample
3D Glasses Astrochemistry
Source
Detector Detector

First homework (not really): Think of examples of absorption

R I



Outline

1) Absorption
2) Spectrum Beer's Law

3) Instrument Components
*Light sources
*Monochrometers
*Detectors
*Other components
*The sample

4) Instrument Architectures
5) UV-Vis in Action
6) Potential Complications
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Absorption by the Numbers

hv >@ » hv

Sample

We don’'t measure absorbance. We measure transmittance.

Sample * Transmittanc
e:

= . AbshDEABe:

(power in) (power out)
A=-log T =log P,/P

% Transmittance

LERE o5 L= >3 oz o1 D.05 [+ R e ]

Absorbance



Beer's Law

The Beer-Lambert Law (A specific):

A=ccl

Sampl

A = absorbance (unitless, A = log,, P,/P)

e = molar absorptivity (L mol" cm-)

| = path length of the sample (cm) (powerin)

c = concentration (mol/L or M) Im’cj:m

Concentrationf  Absorbanc %
Pathlength T Absorbanc |
Molar Abs. ¥ Rbsorbanc 1 |

e

P

(power out)



Absorbance

Absorption Spectrum
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Beer's Law
The Beer-Lambert Law: A = absorbance (unitless, A = log,, P,/P)

e = molar absorbtivity (L mol' cm)

A — I | = path length of the sample (cm)
—€C c = concentration (mol/L or M)

Find ¢
1) Make a solution of know concentration (C) " |
2) Putin a cell of known length (I) - pres
3) Measure A by UV-Vis HIZds
4) Calculate ¢ A=ecl T
y=mx+ b
Find Concentrations
1) Know ¢ !
2) Putsampleinacellof knownlength(l) ¢t = /™"
3) Measure A by UV'VlS E -H " Standard 3
4) Calculate C BT conantrationst
) A — s C | H:/ Wnknown

Concentration {mol/L)



Absorbance (a.u.)

Beer’'s Law Applied to Mixtures

—m=TiOZ
= TiDZ2-RuP2
= TiOZ-NT19
=i TIOZ-RuP2-Zr-NT15

Rl

E-II:II:I
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Limitations to Bear's Law
The Beer-Lambert Law:

Reflection/Scattering

— - Air bubbles
A=ccl A
- Aggregates
: . Lamp effects
Reflection/Scattering - Temperature (line broadening)
_Loss - Light source changes
e ] - Solvent lensing
- BT
i
Ef\@; {| s s Absorbance too high (above 2)
% - Local environment effects
o i - - Dimerization
Heniiy - Refractive index change (ionic strength)
iR
éf_ T sk Sample changes
Figore 13-1 Rellecvinn and soaniering loses. i - PhOtoreaCtion/decom pOSition
- Side of the cuvette
- Hydrogen bonding

A=-log T =log
P,/P

- Non-uniform through length



Absorption Spectroscopy
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Procedure

] ] ] 1
300 400 500 600 700 800
Wavelength (nm)

Step 1. Prepare a sample
Step 2: 777
Step 3: Obtain spectra (Profit

)




Instrumentation

Full spectra detection Single A detection
Detector Detector
Sourc
Source
Qe B ,EP!
Sample \/\/\/’ \/\/\

Sample
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Source
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Instrumentation

Sample

Full spectra detection

* Source
* Sample

 Monochrometer

* Area detector

W~

Light sources

Detector

>'

Single A detection

* Source
* Monochrometer
* Sample
* “Point” detector

Monochrometer

Detectors
Samples



Light Sources, ldeal

Visible Light

Ultraviclet

Source

(UV)

400 nanometers 500 nanometers

Infrared
(IR)

600 nanometers 700 nanometers

Experimentally we would like ~200 — 900 nm

Detector

hv
@ AL \/\/\/k'

Intensity

1.0 -
D.E—S
0.6
L'l.li—g

0.2

|deal Light
Source

) .

200 300 400 500 600 700 800 900 1000
Wavelength (nm)



Light Sources: The Sun

Solar Radiation Spectrum
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Light Sources: Xe Lamp

Electricity through Xe gas

ANES
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HAMOMETERS

Pros:

Mimics the sun (solar simulator)

It's simple

cons:

Relatively Expensive
Minimal UV-light (<300 nm)
Potential Instability

Sources of Instability in Xenon Arc Discharge Lamps

Anode v y
N\ /4 \ anveenqton
urrents
fay. (Cathodc (b) (c)

Arc Wander Arc Flare Arc Flutter
Figure 3




Light Sources: Xe Lamp

Fan

—

Reflector”

Adﬁ.ﬁm

® odd

Condenser

LARARI

Adjustment
of Lamp
Position

Xenon Arc Lamp

%+ L-+ Terminal

CGuartz Starter Wire
Bulb
Anode
Xanon

—Molybdenum
Strip
_| Conductors

@‘"“rmnml



Light Sources: Tungsten Halogen Lamp

SMOOTH p——

EVEN BEAM : '
eliminates starbursts '\ ¥
and hot spots

Pros:

MULTI-MIRROR
TECHNOLOGY
projects light, with less
wasted light from edge-spill

Compact size

VIBRASHOK MOUNT

Tfc":._.llﬁ'lrr:;JNGSTENFILAMENT High intenSity
E?e?;sofw‘:?:namfmezinghMSudtel LOW COS't
Halogen gas and the tungsten filament Long lifetime
Higher pressure (7-8 ATM) Fast turn on
Stable
Tungsten Lamp Emission Spectrum
Tungsten Lamp Tg = 3400K
10.0} .
Cons:
Figure 4
1.0 Very hot

Bulb can explode
Minimal UV-light (<300 nm)

=
Y

Irradiance at 0.5 M (mW m= nm-)

200 400 600 800 1000
Wavelength (Nanometers)



“White” Light

Deuterium lamp Tungsten Lamp Emission Spectrum
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Other Light Sources

Tungsten Incandescent Daylight (D&5) Mercury Fluorescent (MBF)
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Separating the Light

Grating




Monochromator: Prism

n, is constant
o IS constant

N ism IS A dependent
Wavelengt t Deviation l
h
Equilateral Dispersing Prism
Figure 1
0, \
White v 0,
Light = & . j
A N
n, = refractive index of air :
n,sm = refractive index of prism
o = prism apex angle White Moniféﬁ{natlc
® = deviation angle Light

Prism Slit



Monochromator: Prism




Monochromator: Grating

d is constant
B, is constant
. is A\ dependent

Wavelengt t Diffraction t
h

Grating
A =2d(sin 6, +sin6)

A\ = wavelength
d = grating spacing

B, = incident angle White Light
Monocromatic

6, = diffracted angle Light

Slit



Monochromator: Grating

Mirrors

Slits



Detectors

* high sensitivity
* high signal/noise

Detector

h
. - * constant response for
electrical & SRS )\g
signal - fast response time
Single A detection Full spectra detection

Diode PMT CCD Diode Array




Detectors: Diode

(a) Forward bias (current flows)

(+)

p-Si n-Si

(b) Reverse bias (no current flows)

(—  —® o— (+)

_ L] ‘ﬂ_‘.r e -

p-Si Depletion 7 Si

© Negative electron IR

(~10 m)
® Positive hole

Figure 15-27

Quantitative Chemical Analysis, Seventh Edition

&1 107 WH, Freeman and Company

n-type (extra electrons)- P or As
doped

p-tvpe (extra holes)- Al or B doped

Forward Bias:
Apply a positive potential
holes + e = exciton = light
Light Emitting Diode

Zero Bias:
Apply 0 potential
exciton = holes + e = current
silicon solar cell

Negative Bias:
Apply a negative potential
exciton = holes + e = more
current
photodetector



Detectors: Diode

Pros:
Long Lifetime
Small/Compact
Inexpensive
Linear response
190-1000 nm

Cons:
No wavelength discrimination

Minimal internal gain

/ Much lower sensitivity
p-Si .
" / Small active area
Silicon

: Slow (>50 ns)

Silicon

0.025 mm wide

Low dynamic range



Detectors: PMT

Photomultiplier Tube

Incoming
ERoson \ Window

cﬁﬁﬁe | 4[’” F'H ”_ ﬂn A@de ﬁ;

- T

Focusing
Electrode

Voltage Dropping

| Resistors A
Figure 1

* Cathode: 1 photon = 5-20 electrons

* More positive potential with each
dynode

* Operated at -1000 to -2000 V

ut
Power Supply



RADIANT SENSITIVITY (mA /W)

Detectors: PMT

Photocathodes
10?
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Detectors: PMT

Pros:

Extremely sensitive

UV-Vis-nIR

100,000,000x current amplifier
(single photons)

Low Noise
Compact
Inexpensive ($175-500)

LT

Cons:

No wavelength discrimination
Wavelength dependent t
Saturation

Magnetic Field Effects




Detectors: PMT

Super-Kamiokande Experiment

1 km underground
h=40m,d=40m
50,000 tons of water
11,000 PMTs

* neutrino + water = Cherenkov
Radiation



Instrumentation
Single A detection

Detector

Detector

Sample Source

Source

hv
hv VAVAY: 2 AVAVA
@ A\ LE

Sample

Full spectra detection

Detector

Sourc
Qe o

Sample



Full Spectrum Detection

Detector

Diode Array

7y




Detectors: Diode Array
Diode

Pros:
Quick measurement
Full spectra in “real time”
Inexpensive

Less moving parts

Cons:

Lower resolution (~1 nm)
Slow (>50 ns)

Sourc More expensive than a single

Q@

Sample



Detectors: Charge-Coupled Device

[}Jx'0§;> Container

Sample

Bucket Brigade CCD Analogy

Integration of /. . ' e ety e Ly,
Photon-Induced e Wb 'lmlndma’] ‘e B Wi
Charge ' .-.'. G el et A

Parallel :

Bucket Al ) o .. )
Array A i L. . I';_;. o'W, w) D! Bsuagk.elt
rv g g i g T - ) i :r'-.

Parallel Register
Shift (1 Row) ' e

Serial ister
Shift to Output /&

Sourc ko



Detectors: CCD

Anatomy of a Charge Coupled Device (CCD)

Drain g, o1 Incoming

Voltage Photons cCcD
Reset
-I:nnltrnl G EI“E Gates

\
Transfer. | B :
@ Gate .y
O [

-

Buried
Channel

Photodiode

Integrated
_ "Charge  Potential p-Silicon
Figure 1 Potential Well Barrier

Pros:
Fast

Efficient (~80 % quantum
yield)

Full visible spectrum

Wins you the 2006 Nobel
Prize (Smith and Boyle)

Cons:
Lower dynamic range
Fast (<50 ns)
Gaps between pixels
Expensive (~$10,000-20,000)



Area Detector Calibration
Detector[™ = TS

650 nm

Source
hy
U@
Sample
Detector Offset Detector To
Blue? Green? Red? Close
\ Blue? Green? Red?
) SR

Source
hv
() <
Sampl

e

Source




Area Detector Calibration

Detector o0}

Photocurrent

Length/Area
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Instrumentation
Single A detection

Detector

Detector

Sample Source

Source

hv
hv VAVAY: 2 AVAVA
@ A\ LE

Sample

Full spectra detection

Detector

Sourc
Qe o

Sample



Other Components

Lenses Shutter



Other Components

Polarizer Beam Splitter
—
input transmitted

beam beam

reflected beam




Side Note: Pub Highlight

(a) Upconverting polyurethane film

~Ligh

~ Light L l97
e y .
. . UV light N Il:}
Film 10 sec -

>l
4 . Photodeformable
CLCP

Visible light Ni,.,.,,.,,.td,,m.
635 nm c

8 sec
; N=N
- ...@_N\ - uv |Ight _ Q Q «= trans-azotolane W cis-azotolane

7 “ 635nm
Visible light | g —
trans form cis form

DOI: 10.1021/ja406020r




Side Note: Pub Highlight

(b)

635n

1 min

DOI: 10.1021/ja406020r



Side Note

Hemoglobin Absorption

10° = — —

fer'h)

=
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Wolar extinction coefficient
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i i L i i i i
200 300 400 500 600 700 800 900 1000
Wavelength [nm]

Pig Lard Absorption

Absorption coefficient [cm"]

I 1 I i i i
400 500 600 700 800 900 1000 1100
Wavelength [nm]

Pub Highlight

Effective penetration depth (cm)
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Side Note: Pub Highlight

Plasmonic Heating

Unimoleculal
Metal core M Taiceles
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ﬁ} Photothermal treatment

P8
> )
A
£

[}
]
Hydrophobic
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THE SAMPLE

Source Detector

hv
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Sample

Solutions Solids




The Sample: Cuvette for Solutions

Plastic Glass Quartz

Typically 1 x 1 cm

A=ccl



Transmission [%)]
=K E S5 B = E 23

The Sample: Cuvette

Transmission Window

lﬁf

[N T 3 T

S, 1111 I..|"'| Liss

&ﬁ#ﬁ@#ﬁ#@@

Wavelength [nm]

Polystyrene

(—) PC
(—) Polystyrene
(-) PMMA

(—) Glass
$100

(=) Quartz

>340 nm

>320nm  $0.25

>300nm  $0.29
>270 nm

>170nm  $200



The Sample: Specialty Cuvettes

Flow Cell

Path

A lengig |

Dilute Samples

10x 1
cm cm .
Air-free Gas Cell

Concentrated Samples

[

| i—
| ‘ b l

|I i

0.2cm 0.5cm



The Sample: Solvent

Common solvent cutoffs in nm:

water 190
Concentration (typically <50 acetonitrile 190
|\/|) isooctane 195
H cyclohexane 200
-1e n-hexane 200
SOIUbIIIty ethanol 205
lonic strength methanol 210
1 ether 210
Hydrogen bonding it 1,4-dioxane 215
. o THF 220
Aggregation oo CH.CI, 235
, ¢® Chloroform 240
n-stacking ccl, 265
: benzene 280
Solvent absorption toluene g5

acetone 340



Absorbance (0.D.)

The Sample: Solvent

2.0 -
—— MeCN
_ —— Acetone
1.5 4 — Aceton in MeCN A
1.0 )
0.5 i
0.0 \_ )
200 300 400 500

Wavelength (nm)

Common solvent cutoffs in nm:

water
acetonitrile
isooctane
cyclohexane
n-hexane
ethanol
methanol
ether
1,4-dioxane
THF

CH,CI,
Chloroform
CCl,
benzene
toluene
acetone

190
195
200
200
205
210
210
215
220
235
240
265
280
285
340

190



Absorbance

Vibrational Structure

The Sample: Solvent

{

|

b) Hexane
solution

(c) Agqueous
solution

1
1
1

450

500
Wavelength, nm

550

1,2,4,5-Tetrazine

600

Absorbance

Solvatochromism

1.2 -

1.0 -

0.8 -

¢

~— -~ Toluene

—— Tetrahydrofuran
—— Dichloromethane
- Acetic Anhydride

—— Methanol

300

—
400

——
500
Wavelength (nm)



Correcting for background

P, | P
- . >
A= -Iog T = Iog PO/P cuvette + solvent + sample
etiscton loses Aall = Acuvette t Asolvent + Asample

e -

R - | B P, =g P
Fa > >

T i cuvette + solvent

Figore 13-1 Relecting and soal lerng lreses, Abackground — Acuvette + ASOI\Ient

We want to know A (log
P,/P) for only our sample!

A _Abackground = A

all sample



Instrument Architectures

A e Architectures

1) Single Beam
2) Double Beam

A _ A — A
all background sample » Spatially Separated
How do we measure background * Temporally
Separated

(reference) and sample?



Single Beam Instrument

Shutter

Photo-

I |:| Referlcln-::e detector Readout
Source , ce :
hp P 0 0o
C ' mnniléﬁlxatﬁr > : Amplifier s (‘;{%
P

Sequence of Events Semple

Light Source On

Reference in holde' Pros:

Open Shutter E Simple

Measure light (P Less expensive

Raster A and repeat 4 Less optics

Close Shutter

Sample cell in holder
Open Shutter ﬂ
Measure intensity (F:

10) Raster A and repeat 9
11) Close Shutter

=-log T =log P,/P

Less moving parts
Higher light intensity
Can use the same cuvette

Cons:
Changes over time
Better for short term experiments
Manually move samples




Double Beam Instrument
Spatially Separated

Compensates for:

detector

Reference 1 1 L F I 't 't .
) Lamp Fluctuations

utter PCI
I[I Readout

5 Orce"“' Fill B Photo- Difference ? e L0

1lter or cam detect e . . .
monochromator splitter © “'; O\ amplifier | | f Sources of Instability in Metal Halide Arc Discharge Lamps
P

) ,
Convection
Currents
[l FAthaE \ (b) \ (€)
Arc Wander Arc Flare Arc Flutter
Figure 1

Temporally Separated 2) Temperature changes
: 3) Amplifier changes

4) Electromagnetic noise

O v Filter or

monochromator

5) Voltage spikes

6) Continuous recording



Double Beam Instrument: Spatial

Photo-

detector
Reference 1

cell

Shutter

|

Py

Readout

k J

Ph
SOUTE py Filter or Beam s [Difference| | %"
monochromator splitter 2 amplifier |
J
P
Mirror
Sample
cell
Sequence of Events 5
' ros.

1) Light Source On

2) Reference and sample in holder
3) Open Shutter

4) Measure detector 1 (P,) and 2 (P) Cons:

5) Raster A\ and repeat 4 Two different cuvettes

6) Close Shutter Two different detectors
¥ the intensity

More expensive

Both samples simultaneously
Less moving parts (than temporal)

A=-log T =logP,/P



Double Beam Instrument: Temporal

Null

Reference detector

cell

Ir‘I

L
b

=
=2
=
=

w

-
—

Sam p]e Photo-
detector

Sequence of Events Sy | Fieror
1) Light Source On ronesronee
2) Reference and sample
3) Rotate Chopper
4) Open Shutter er

5) Monitor detector

Mirror

mirror ~ Motor

Front view Transparent

Pros:
Both samples
“simultaneously”
Same Detector

Current

Time

Cons:
6) Raster A\ and repeat 4 Two different cuvettes
7) Close Shutter ¥2 the intensity
rotating mirrors

A = -|og T = |Og PO/P not really simultaneous




Instrument Architectures

Single Beam

Shutter Photo-
Reference detector Beadout
Source cell 0
Onii,| Filteror fo Ampiifier el X
il T W
monochromator P \
"'."“ﬂ.ﬂ"l.-i".'h.*
Sample P
cell
100-
50—
0- Optical Photo—
wedge Null detector
Reference detector Reference 1
? Shutter cell
I I] Readout
5 Phot - ]
Source , Filter or Uur:cehv Filter or Beam del:cf;r Difference| |74
monochromator monochromator splitter 2 amplifier
Mirror
Front view Sample

cell




Instrument Architectures

Agilent 8453: Single Beam, Diode Array
Detector

1024-glamant
dinde array




Instrument Architectures

Ocean Optics: Single Beam, CCD Detector

_ _’_CCD Arr.y/

Slit

Grating

2nd 1 st
Concave Concave
“Mirror Mirror



Instrument Architectures

Cary 50: Single Beam, PMT detector




Instrument Architectures

Hitachi U-2900: Double Beam, 2 x PMT detector

Concave diffraction

grating Dz lamp
I'I______—'I—-_
= | Envotes|  Mior
sl
=)~ W lamp
Exit slit A
Filter %
Mirmor . | Einren:e — Lenz
A O]
Half \ Detector 2
mirTor7 k ﬂ'ﬂh Lens
N — O
Mirrar pP Detactor 1

Monochromator Sample
compartment




Instrument Architectures

Cary 300: Double Beam, PMT detector

Light

e m— e e,
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{ Ultravlolet —,

o

]

"'\h

a
"
- L L
l"‘"-. n .J_.I
—— o
or

"»H lamp r:"

Lmultipll'l-r =
“ube




Instrument Architectures

PMT detector

)

Cary 5000: Double Beam




Single Beam Instrument
DIY Spectrometer

B s e
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Other Sampling Accessories

Probe-type Cryostat

Microplate
Spectron;
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The Sample: Solids

My 11 Llkadh:a o d ey, booea,

Source Detector
Solids/Films

* More scatter, more reflectance
* No reference
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The Sample: Solids
=-log T =log P,/P

Sample

v Detector

Source

Reflectanc Scatter
e

P does not take into
account reflectance and
scatter!

Measured A > Actual A

More scatter/reflectance = More error



The Sample: Solids

Integrating Sphere




Solid Sample
=-log T =log P,/P

Double integrating sphere Inner diameter

\ \ 38.1mm

=]
©

Deuterium halogen
light source
(230- 2000 nm)

Convexlens (f= 70 mm, ®=50.8 mm)
Aperture (®=4 mm) R, T,

t(without sample with sample)

P=T

t(with sample)

A= IOg (Tt(without sample) Rd(WiTh sample)) /TT(With

sample)



Outline

1) Beer's Law
2) Absorption Spectrum

3) Instrument Components
*Light sources
*Monochrometers
*Detectors
*Other components
*The sample

4) Instrument Architectures
5) Applications
6) Limitations

Source Detector

hv
> D=

Sample
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Fig. 3. HPLC chromatogram and UV-vis spectra (inset) of Bromo-Dragonfly. The
HPLC trace was detected at 210 nm.



Absorbance

pK, Determination

Titration of bromocresol

1) BromockE&&Green in
H,0

2) Titrate with base -H*
3) Monitor pH +H*
4) Monitor Absorption
Change
5) Graph absorbance vs blue
pH
6) Inflection point = pK, N
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Absorbance (0.D.)

1.04

Reaction Kinetics
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—{—=RuBP pre photolysis
~@-RuBP postphotolysis |

300 400 500 600
Wavelength (nm)



Real Time Monitoring

i455 nm source

3mL of 40 uM RuBP in pH 1, atm

Monitor: Every 5 min for 180 min
Every 30 min for 180 min
Every 60 min for 3420 min

PC

Absorbance (0.D.)

300 400 500 600
Wavelength (nm)
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Absorbance (0.D.)

Spectral Fitting

e(10°M'em™)
Lad

300 400 200 600

Wavelength (nm)

300 400 500 600
Wavelength (nm)

A--"->C->D->E

Concentration (M)

0 100 200 300 400 500 600
Time (min)



Spectral Fitting

Table 1. Reaction rate constants for the
photodecomposition of RUBP (error in parentheses).2

kAaB kBﬁC kCaD kDaE

Solvent
OVEMt (lo4sY)  (10%s7)  (105s7) (10%s7)

H,0 2.8(0.06) 1.3(0.07) 3.4(0.07) 4.0 (0.6)
D,0 8.3(0.08) 1.1(0.02) 2.9 (0.07) 4.8 (1.1)
0.1MHCIO, 3.2(0.3) 1.5(0.06) 2.9(0.09) 1.6 (0.4)
0.1MHCIO,b 16.4(1.4) 2.9 (0.02) 4.9(0.04) 2.9 (0.3)

a) In atmosphere with 455 nm (50 mW/cm?) irradiation
unless otherwise noted. b) Bubbled with pure O,

e(10°M'em™)

Concentration (M)

1.0 4

0.8 -

0.6 -

0.4 -

0.2 4

0.0 4
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Potential Complications

With the Sample With the Instrument
* Photo * Lamp Stability
Reaction/Decomposition * Room Lighting
* Concentration to high * Noise

- non-linear (A > 2)
- Aggregation

- Refractive index change
* Air bubble generation

With the Cuvette + Solvent Lt
* Cuvette non-uniformity
* Sample holder mobility S —
* Lensing (abs + heat) hl T
pinho

* Temperature (line broadening)  sample



Absorption End

Any Questions?



