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Spectroscopic Techniques
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Why Vibrational Spectroscopy ?

e Structural Information (IR/Raman/resonance Raman)
— Identication of Characteristic Vibrations
— Isotope Shifts
— Normal Coordinate Analysis
— Detection of functional groups

® Electronic Information (resonance Raman)
— Identification of Electronic Transitions
— Excitation Profiles
— Insight into Bonding

® Mechanistic Information (IR/Raman/resonance Raman)
— Trapping of Short Lived Intermediates
— Freeze Quench Techniques
— Combination with Electrochemistry, Stopped Flow, Continuous Flow,...

e Complementary to other Techniques
— Not dependendent on Magnetic Properties (EPR,MCD)

— Much higher Resolution than Absorption and CD Spectroscopy
— Not Limited to Certain Isotopes (M0Ossbauer)



IR versus Raman Spectroscopy
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IR versus Raman Spectroscopy

Excitation
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» Resonance Raman Selectively Enhances
Vibrational Features of Chromophoric

Tertiary Structure Groups
N y kSecondary Structurg » Resonance Raman is Orders of
~ ~ Magnitude More Sensitive than off-

5> 1000 Atoms Both IR and Raman are Rc?sonance quan )

. . ,.globally sensitive* to Secondary > nghly Sensitive leference-FT-IR can
Thousands of Peaks in Provide Information about Changes in
[R-Raman Spectra Structure Elements )

. ' p (similar to CD) Parts of the Protein . ‘
_ImPOSS}ble to understand » In ,,Non-Crowded Regions*“ (Protein and

in Detail H,0) IR peaks may be Directly Detected

(i.e .Bound CO,CN-,NO)



lI.A. Vibrational Frequencies and
Normal Modes



Potential Energy Surfaces
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The Vibrations of a Diatomic Molecule

Newton‘s law:
aV(R)  9°R(t)

R - ot?
Molecule: - .
14 1 0%V _
VR)=V,+ ?—R (R-R )+ Yran (R—Rf+... Q—MA/V\/\[Q
Thus: 0 k k
IRE)__k
v (R R)
Solutlon. g
JoN/
R(t)zl?+c1 sin \/Et;+cz coS \/El 10 N
Characteristic Quantities: Force Constant
. . m ,m
Vibrational Frequency ,, _ 1 Reduced Mass m=—=42

21t \ m m,+mg



The Reduced Mass and Isotope Shifts

/F orce Constant
Vibrational Frequency ,, _ 1

21 S
Reduced Mass m = —2—5
mA + mB
QIO 2= &I@
k k
¥ u

sy m_V\/ Wty m;ﬁ’"%l Example: 0,— 70,
W my+my | mumy T y(180,)=0.943 v(160,)




Force Constants

Units:
L9 A Energy Practical =107 g =
IR |, & Area Spectroscopy A A
Typical Force Constants:
N, 122,41 0, - 11,41 F, . 4.45
CO : 18,55 NO : 15,48 H, £ 5.20

Force Constants Become Large if the Bonds are Strong
(more correctly - if the bonds are stiff)

Observed Trends:

1. Bonds with Large Force Constants have High Dissociation Energies

2. Bonds with Large Force Constants are Short



Badgers Rule

Observation (Badger, R M. (1934) J. Chem. Phys., 2, 128)

_ ® _ 4 )} <——= Relationship between Bond Lengths and
k= 1'86(R 9y ) Vibrational Frequencies

i Jj d;; (Angstrom)

H H 0.025

H 1st row 0.335

H 2nd row 0.585

H 3rd row 0.650

st row Ist row 0.680

st row 2nd row 0.900
st row 3rd row

2nd row 2nd row 1.180
2nd row 3rd row

3rd row 3rd row 1.350



Dissociation Energy D, (kcal/mol)

Force Constants and Bond Strengths
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Vibrational States of a Diatomic

In the Quantum Mechanical Oscillator:

* Energy 1s Quantized
 Can only give a Probability for Finding the
Nuclei in a Certain Arrangement

=4 < There always is a Zero-Point Energy

. Key Equations:

n=
) ”Full WavefunCtlon LP] = ‘Pélectranic ®‘~Plfi’br;ational
* Full” Energy:

n:2 E= Eélectronic +E \{i})rational

* Vibrational Frequency: v, = /mran)
11— I

Potential and (Nuclear Wavefunction)?

* Vibrational Energy:
n:1 . . gy . E\{i’b’z’ational = (n + %ylv 1
* Vibrational Wavefunction:

/" Wi (R)= N, explc R 1462 ¥, ® 1420 )

. . : . . . Gaussian
3 -2 A1 0 1 2 3 c’=h /(471: mv ) Normalization Hermite
Distance Polinomial




Anharmonicity and ZPE Effects

Potential energy —

Diatomic Potential

®@ O ®

Anharmonic /
F/

Harmonic
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..........................

............

~ Eji’b’zﬂational — hv (n + %)_ xehV (n + %)2 +...

1. Deviations from Equal Spacing
Actual Frequency is Always
Lower than the Harmonic one

3. Effects are Larger the Larger
the Frequency

4.  Overtones become Allowed

\ D,=D,—hv

Observable Quantity

Internuclear distance, R

—



Vibrations of Polyatomic Molecules

In a Polyatomic Molecule Many Vibrations are Possible.

A Potential for a Diatomic Molecule Leads to | Eigenfrequency
and | Vibrational Mode (Stretching Vibration)
* In Polyatomic Molecules there are Different Forms of Movements:

Stretches Bends: /‘\. »  Torsions: /_e_‘/.
4—.—.—»

» A Potential for an N-Atomic Molecule Leads M/=3/N-6 (3/V-5 if the

Molecule is Linear) Vibrational Frequencies (v,) and also M Vibrational

Modes (=,,Normal*“ Modes, QQ.)

* In General a/l Atoms move in each Normal Mode which consists of

Linear Combinations of ,,primitive Stretches Bends and Torsions (1.e.
the Modes are Delocalized).



Rotations and Translations

If the Molecule Rotates or Translates as a Whole there 1s NO
Restoring Force and therefore these Movements are Associated
with the Vibrational Frequency Zero!

Translations Rotations
.o sEN

R
S

Not a Rotation!



Normal Coordinates of Water
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Normal Coordinates of CO,

| | / /
- - = - = 1 i

v;(0,") v,(0,") v, () vy (m,)
Antisymmetric Symmetric Out of plane In plane
Stretch Stretch Bending Bending
2349 cm’! 1337 cm! 667 cm’! 667 cm’!
— — _/

,,Doubly Degenerate* Vibration



Group Frequencies

Group
C-H

C-C

Cc=C
C=0

C-0
-O-H

-N-H

Compound Class
Alkanes

Alkenes

Alkines
Alkanes
Alkenes
Alkines
Ketones
Aldehydes
Carbonic Acids
Esters

Amides
Anhydrides
Any

Alcohols, isolated

Alcohols, H-bonded

Carbonic Acids
Primary Amines
Secundary Amines
Nitriles

Frequency Range (cm™)

2965-2850
1450

1380

1465
3095-3010
700-1000
~3300
700-1200
1680-1620
2260-2100
1725-1705
1740-1720
1725-1700
1750-1730
1700-1630
1850-1800
1300-1000
3650-3590
3400-3200
3300-2500
~3500
3500
2260-2240



General Normal Coordinate Analysis

In General there will be a ,,Force Constant Matrix™ that 1s most Simply

Calculated in Cartesian Displacements (e.g. with a Quantum Chemistry

Program):

0°FE Fy
F,, 6 = F. . =1557
T Ix oy, > .

Masses M, M B

(in mdyn/A)

> FY, =xY, = v, =1302.78,/x, (in cm1)

Diagonalization Frequencies

and Modes Q; = N2 QVI_MYI)

Normalization

:> 1. Greatif you have an Accurate Force Field (Good Quantum Chemical
Method/Program/Theoretician)
2. Errors Reflect the Shortcomings of the Theoretical Methodology. Hard to

Fix!



Normal Coordinate Fitting

In Practice one often Wants to do an Experimentally Motivated Analysis. For this
Reason a Suitable Fragment is Chosen

1. Mn=0 Stretch 2. Mn-O Stretch
N K

OéMni'b—H : Choose ,,Relevant* : ,,Guess‘ Force Constant

Internal Coordinates Matrix

SOMOBed 4M'OHBed S[
6 O7Mm-O-H or Include Masses

Get Frequencies Fit to Experi-
:> and Geometrical E— I I

Parameters i mentally Obs.
(,,FG* Matrix) Normal Modes Freq. (+Int.)

:> 1. Normal Coordinate Fitting is Fairly Involved (—Specialists ©)

*  Many Parameters — Underdetermined Equations!

* Depends on Subjective Choice of Model System
2. Often Strong Simplications are Necessary.

3. Results may Apply to larger Classes of Compounds



[1.B. Vibrational Intensities



IR and Raman Transitions

IR and Raman Transitions lead from one Vibrational State on a
given Electronic Potential Energy Surface to Another Vibrational

States:

n=4
n=3
n=2
n=1

n=0

* Fundamentals
 Hot*“ Bands
e Overtones

e« Combination Bands :

M

i

vvvvvvv

n=0 — n‘=1

: n=1 = n‘=n+xl

: n=0 - n‘=23,...

i

vvvvvvv

— I 6 ___ [

&/i‘i‘tvo’/j\z

i

AE=hv

AE=hv
AE=2hv, 3hv,...
AE=hv +hv,

win\cztion Band

vvvvvvv

vvvvvvvvvvvvvv



Physical Principles of IR and Raman Spectroscopy

A
Excited
State
>
[«
S t
i Resonance
4 Raman
0
Raman
Ground
State
-
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Physical Principle of IR Spectroscopy

Molecular Origin of Infrared Spectra
+ Transfer of Infrared Energy to Vibrating Dipole

D =@

wo;a;mmmuj.w v.bmng
(@) Vyibration = Vdipole = VIR field
o— Center of gravity
Q Q
S‘mtm ssdiessens L ensvand vansenrforeenselererene Qiveccee R ovscen] cococe Reoend
Vibration o o
o+ @
Dipole
e, P1Le L]t
Dipole
Moment
Component

(b)

+ Infrared Absorption Intensity
Iig'? o< [y = (V|| V) o< (Ju/dQ),

~— —_—
Dipole transition Change of dipole moment
(C) moment due o normal wibvalion, Q




Physical Principle of Raman Spectroscopy

Molecular Origin of Raman Spectra
+ Photon-Molecule Inelastic Collision

Diatomic
, molecule
b @
Oscilating
electric field
" Scattered
0 radiation

Vo~ "U. v

(a)

el g e Bl gh el N
B A GO 0o

Polarizabdlity
Component

me -+

(b)

+ Raman Scattering Intensity

I'? o< [a]y,y = (V'|a|v) o< (de/dQ),

—— ——
Polarization

(c) " Change of polarizabity

due fo normal vibration, Q

Polarizability:
> <\P0 lip \Pn><an liq \PO>
(qu = Z
n=0 En - EO
o "o
hv, hv,=hv, T Av
(a) (b) () (d) (e)
g I—
electronic
slates - _
= = =2l
| g } \g I
| |
hv, hvg : | !
u(‘i’rdm:& - . . - - . I!
state

NR pre-RRS RRS RF F




Raman vs. Resonance Raman Spectroscopy

If the Incident Light is Close to an Electronic Transition Energy one needs the Frequency
Dependent Polarizability (FDP):

o )= Ll

e E —E,—hv +ill

Transition Dipole
Moment (1 z3¢<M,,°)

o)

¥,) ) (%,
\Y4
@ @ \ Damping Factor

non—Resonant \

'

Resonant Transition Photon (Linewidth)
Energy Energy
. . T tion E

Thus, if: E,—E, =hv The ['th Excited State Dominates the FDP and: mngrﬂien’;ergy
do. @) 1
1/2 pq 7
]Raman(Q ) 2 2 < >< !"'“ > B (qu jg_
P-4 % A NG
h'd

Smaller Term Larger Term

(Non Totally Symmetric Modes)  (Totally Symmetric Modes)

Most Resonance Raman Spectra are Dominanted by Totally Symmetric

Vibrations (Those that do not Break the Symmetry of the Molecule)
N /

:> Very good to Observe Stretching Vibrations X

e \




Summary of Theoretical Aspects

.

Force Constants Measure the Stiffness of Internal Motions (Stretches, Bends,
Torsions).

Normal Modes and Vibrational Frequencies Describe the

,,Eigenvibrations* (Distortions) of the Molecule. They Depend on the Force
Constants (different for each Electronic State!), the Masses of the Atoms and
the Geometry.

[sotope Shifts of Vibrational Frequencies Occur if the Masses of Atoms are
Changed.

Normal Coordinate Analysis is the Combined Theoretical and Experimental
Determination of the Force Field.

[R Intensities Depend on the Change of Dipole Moment During the Normal
Vibrations.

Raman Intensities Depend on the Change of Polarizability During the
Normal Vibrations (Infinite Summation over Excited States).

Resonance Raman Intensities Depend on the Distortion of the Molecule in
the Electronically Excited State Reached by Laser Photon (Transition Energy
Gradients) and the Transition Dipole Moments (like Absorption Spectra).



Summary of IR versus

Raman

Parameter Infrared Spectroscopy Raman Spectroscopy
Spectroscopic Absorption of light: Inclastic scattering of light:
phenomenon hvir = AEibe vy = hvge = AE e
Allowed transition Av =+1,42,43,... Av==%],42, 43, ...
(transitions for Av = +2, +3,...
i.c., overtones are considerably less
conspicuous than in IR)
Excitation Polychromatic IR radiation Monochromatic radiation (vg) in the
UV, visible, or near IR
Molecular origin Dipole moment: it = gr Induced dipole moment; P = « E
Requirement for Change in dipole moment Change in polarizability
vibrational activity during vibration: (3 /8Q4)p # 0 during vibration: (da/dQx)g # 0
Band intensity 102  (3u/3Qi)0 13 o (3a /304 )0
Frequency Absolute: vipe = VIR Relative to the excitation
measurement frequency: wihe = by = Ve
Readout signal Comparative: Absolute: radiant power or
transmittance (T = ©¢/¥y) intensity of scattered radiation
or absorbance (A = —log T)
Spectral plot Linear in %T or logarithmic Linear: Raman intensity vs,
in A vs. wavenumber (cm™") wavenumber shift (cm™!)
Dominant spectral Vibrations destroying molecular Vibrations preserving molecular
feature symmetry: antisymmetric symmetry: symmetric stretching
stretching and deformation modes  modes
Inactive molecule Homonuclear diatomics None
Centrosymmetric Only “i"-symmetry modes active Only “g"-symmetry modes active
molecule
Medium Water is a strong absorber and is Water is a weak scatterer and is

a poor solvent for IR studies

a good solvent for Raman studies

*h, Planck’s constant; A E e, energy difference of vibrational levels; v, photon frequency: Awv, change
in vibrational quantum number; g, charge: r, charge spacing; a, molecular polarizability; E, electric field;
& and P, radiant powers transmitted by the sample and reference cells, respectively; O, vibrational
normal coordinate (k < 3N - 6); “g" and “«”, normal modes of vibration symmetric (gerade) and
antisymmetric (ungerade) with respect to the molecular center of inversion.



lll. Experimental Aspects



Experimental Raman Setup

Laser

Variable

Frequency
Laser Light

Photon
Counting

Detection
Systems




Lasers (Light Amplification by Stimulated Emission)

Atoms (Molecules,lons)

High-Reﬂector Radlatlng in Phase Output Coupler
Reflects 99.9% / Reflects 90-99.0%
.
Output Coupl —_—
Hiput Loupiet [ ) P Laser
Light
Gas Filled - 1>
Laser Tube = g
1 TaVaYavaVa\
% £ hv
0>

1. Initial Photons are created by Spontancous Emission due to
Heating or Electrical Discharge.

2. The emitted Photons Stimulate other Atoms (Molecules, lons) to
Emitt Photons of the Same Frequency in Phase (A™+hv—A+2hv)

3.  As these Photons are absorbed by neighbouring Atoms Population
Inversion is achieved.

4. By putting the Atoms (Molecules, Ions) between two Mirrors a
Coherent Photon Avalanche 1s Created.

5. A Small Percentage of Photons is ,,[.iberated* through the Output
Coupler.



Laser Sources

o o Art/Kr* Mixed
\CFD.- Argon PO Art+ pump Laser  GasLaser ~350-670 nm
e
uv § 5
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& ® ] 33 ,Jl |
1 I I 1 1
200 300 400 S00 600
w viciet b Fon-pmics %09
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=8 e ¥ 3g 8 3 -meter
il | O Y N
1} T L 1 L]
200 300 400 500 600 raar iR
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N YAG a -
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3. .3 5 oQ E]
Yls "3 2% w >
WS 2 2 g
Baf® £ @:‘;._IH,-%*\MMv}
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= ; - Bandpath .
:0<, butoediy Mgen Drumyr N7 VRS Janet Ti:Sa Laser Filtlér Focussing
Q.25-50W, 0 24 s puises, 0 06+50 J a8 0. 0050 bz
a0 < :mcvpmmvm > 940 "’700-1000 nm Lens
CW of o8 pulses rom modelocked systoms
00 < pumped by ion or NG YAG Laser > 1000
L L) L 1) L} L]
200 300 400 500 600 1050

A (nm)



Sample Compartments

(a) Capillary (b) Cylinder (¢) NMR Tube (d) Pellet

Sealed or Flow Spin Spin or  Stir Spin
(e) Low Temperature (f) Electrochemical (g) Microscope
. Liq. N» / """ g
ump o-\ u . a-, ..... o
o R ~ 74
cryotip M
-
Small sample of Electrode or Bulk Small area, e.g.,
e.g., frozen solution single crystal

Matrix



Sample Compartments

| Rotating Cell Liquid N, Dewar
Reflection Liquid Sample
Shield ... '\: ¢ In Spinning Cell Solid or
............ . " Frozen
Sample
Motor
Collection
BN And Focussing
8 Optics
To
POSition ......................... 5 DeteCtor
Adjustment

From Laser From Laser



Collecting Optics

_ Focussing Collecting
Depolarizer Lens Lens

Entfance S am:ple
Slit



Monochromators

CCD Camera
(_am de:eCtor) A Diffraction Grating is an Dispersive Element
' used to Separate Light into Single Wavelength

Contributions

“PMT I<—H—>I

(alternative © ' _ '
detector)  Interference of Incoming and Outgoing Light

Waves Produces and Interference Pattern with
-Motorized Maxima if:

Gratings
600 g/mm dsin(@®)= mA — e
1200 g/mm ,
Distance between  ,Order® of the Maximum=0,1,...
2400 g/mm Grooves
Resolving Power of a Grating
L — mN— Number of grooves
AN
» More Grooves = More Resolution
= Smaller Bandpath
» Longer Wavelength= Higher Resolution
= Smaller Bandpath

— Use Smaller Grating at Longer Wavelengths



Detection Systems (CCD, PMT)

Pixel-Array, 1.e. 1340 x 400

Each Pixel
Metal

Insulator

Silicon Crystal

Dispersed light Pixel Position o< Frequency

» High Conversion Efficiency (40-60%)
* Low Noise Levels

 Simultaneous Detection of Large Parts of the Spectrum!

High Voltage
Seconda
Incoming [ Photo- Eleg etc
Light | Electro Current
Cathode }{ynodes of Anode
Progressively

(e.g. GaAs) Positive Potential



Possible Experimental Complications
(,Dirty Laundry Slide®)
0O hv_U hv

Sample peak
on very steep
orescence
background

Exceedingly Weak Signals W
» i 2 Poor Signal
i To NOnge ratio Acetonitrile Peaks: under the intense /
Features Obscured by Solv eaks D ot very i Pk

£

1. Decomposition due to Overheating

Photodissociation of Bonds

[lluminated area
changes colour which
indicates decomposition

Fluorescence Background

o0

AN O

External Artifacts

One pixel wide
spikes caused by
cosmic rays .~

(Cosmic Rays,Other\Li@lrc Sy

7. Plasma Lines from the Laser

Laser plasma lines (residual intensity from non-

resonanting laser lines):
Different for each laser line; sharp; maybe cut off

by a filter or a ,,light purification device®)




Frequency Calibration

! T ! T ! !
CH,CN, 298K oot
ars M a6

T T T T T T -bL

500 1000 1500 2000

Raman Shift (cm™)

eSO
Solid, 298K

613 625 639
444 459

LW

984

1092 1121 1141

i

I I
400 600 800

1000
Raman Shift (cm™)

T
1200

1400

1106

1154

1205

1226

1266

1312/1333

1361

© 1394

1456

1553

. 1589

1610



Intensity Calibration

Sulfate
I
f\/ﬂ "/L.‘\"‘/ iI\
Y
37 nm “ Isample csamplev 4]O 6/ ) Pssrlretple 6’ )
(=] r~ - 2
Peak Of 5 §g g g‘ - g I Standard Cstandardv I 06’) ])sfandard
Internal Standard: s 3 ‘ 175 /\ & }
— o~
* Frequency = 1/\,( , (l\ |
' Koo W W \./
* Intensity 386 nm M(\,w >
LY RR _ sample
Sample Peaks P )= const
\ Standard
407 Nnm M S ’\wa\,j \/ @
457 nm NJ‘“""M" Can Construct an

,,Excitation Profile*
465 nm -1»/ \—-«\HM\M—«J&J\\/ i.e. the Intrinsic RR Intensity

P(v) as a Function of
514 nm J”#ﬁ‘ww w,«./\j\“\, Excitation Wavelength

1000 1200 1400 1600
Raman Shift (cm1)




Signal

Experimental Setup for IR Spectroscopy

Fixed Mirror

Moveable
Mirror
Fixed Mirror
Source
<—>AX :'.'.'.'j'_'_._.: '''' . Beam Splitter The Whole Spectrum 1s Measured
Sample “Interference at the Same Time
» Very Good Signal/Noise due to High
ﬂ Light Throughput
» High Precision of Frequencies if
Detector Calibrated with a Laser (~0.1-0.01 cm!)
N IR-Spectrum =
> £ Measurement with
Fouri = and without the
ourier | LJ\_JL Sample
Transformation| , )
Time or Ax

Vibrational Frequency



|VV. Bioinorganic Examples



Protein Secondary Structure

Protein FT-IR Spectra

Amide I (C=0 stretch)
1656

IR-Absorption

Amide IT (C-N-H bend)

1800 %00 cm? 1000
~——  Wavenumber
o-Helix  vs  B-Sheet
Iy b) r'y
% | 1650-1660 g 1620-1640
& £
B

fi* . T T T T T
,.1600 1620 1640 1660

T T T
1680 1700

5/cm™!

T T T T T T v T v ¥ g
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IR Kinetics - Bacteriorhodopsin

Time Resolved FT-IR
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Hydrogenase
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Hemoproteins — Spin and Oxidation State
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Hemoproteins — Axial Ligands
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Hemoproteins — Reaction Intermediates
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Phenolates and Phenoxyl Radicals
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Galactose Oxidase — Detecting Radicals
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Copper Proteins - The Cu, Site
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Oxygen Activation in Mononuculear Iron Proteins
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Electronic Structure of the Side-On Fe(lll) Peroxo Bond
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Resonance Raman Spectra of [Fe(EDTA)(O,)] *
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Excitation Profile Analysis for [Fe(EDTA)(O,)] %
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MCD Spectra of [Fe(EDTA)(O,)] *
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Assignment of Absorption Bands of [Fe(EDTA)(O,)] *
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Electronic Structure Insights: [Fe(EDTA)(O,)] *
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Fe(lll) Side On Peroxo versus End-On Hydroperoxo
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Summary and Conclusions

FT-IR and Raman are Useful for Studying Protein Secondary Structure

2. FT-IR 1s Highly Suitable for Time Resolved Measurements

3. FT-IR 1s sensitive for Difference Spectroscopy and Fingerprinting in
regions where the protein does not Strongly Absorb

4. RR 1s extremely Sensitive and is highly Specific in Enhancing only
Vibrations Coupled to the Chromophore

5. RR Provides very Powerful Fingerprints

6. RR yields Detailed Electronic and Structural Information

7. RR can be Combined with Freeze-Quench or Flash-Flow Techniques to
Study Kinetics

8. RR can be Combined with Electrochemistry (i.e. Surface Enhanced
Resonance Raman Spectroscopy, SERR)
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Time Dependent Theory of RR Spectroscopy

A .
Resonance Raman Intensity (E. Heller):
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