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Spectroscopy: Engel Chapter 18

Vibrational Spectroscopy (Typically IR and Raman)

Born-Oppenheimer approx. separate electron-nuclear
Assume elect-nuclear motion separate, full wave fct.
v (r,R) =17, (R) ¢g (r,R) -- product fct. solves sum H

Electronic Schrédinger Equation
He d)el (F,R) - Uel (R) d)e (F,R)

eigen value — Ug(R) parametric depend on R
(resolve electronic problem each molecular geometry)
Uea(R) is potential energy for nuclear motion (see below)

Nuclear Schrodinger Equation
H, X (R) - Eo .80 (R)

Hux (R) = [2.7°12My, V" + Vo R)] % (R) = E, 10 (R)

Focus: Va(R) = Ug(R) + G’ZBZQ Z5 €%/Ryp

Solving this is 3N dimensional — N atom, each has x,y,z
Simplify — Remove (a) Center of Mass (Translate)
(b) Orientation of molecule (Rotate)

Results in (3N — 6) coordinates - called internal coord.
— motion of nuclei w/r/t each other
a) Translation — like atoms — no impact on spectra
since continuous (no potential — plane wave)
b) Rotation — also no potential but have
angular momentum—can be quantized
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kinetic energy associated with rotation — quantized
- no potential, but angular momentum restricted
little impact biology, not solve, ident. particle on sphere

1. Diatomics (linear) solution Yy (6,)

|2
same form as H-atom angular part 3 r ’

Euw=hJUJ+D)21 | 122 M, R,?
(04
2
(diatomic 1=p R,2) =
selection rules: AJ =+1, AM, =0, 1 t I
transitions: AE, = (J + 1) h¥/I Je b o

- levels spread ~ J?. difference ~ J
Note: 2—-D problem, no momentum for rotation on z

2. Polyatomics — add coordinate (w-orientation internal)
and quantum number (K) for its angular momentum
— previously refer J,M,; to a lab axis, now complex
(this K is projection of angular momentum onto
molecular axis, so internal orientation of molecule)

Rotational Spectra (aside — little impact on Biology)
Diatomic: E;'=J(J+1)h%2] 1=p Re p=MaMg/Ma+Mg

if Be=h/(87°l,)| Eym=JUJ+1)B. incm™
or E;n® = (hc)J (J + 1)B, in Joules
Note: levels increase separation as J° & transitions as J

Transitions allowed by absorption (far-IR or p-wave)
Also seen in Raman scattering: vs = vg - Vit
(typical Be< 10 cm™, from Ic~p, light molecule = highest)
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Diatomic (linear) Selection rules:
AJ=+x1 AM=0,+1 AE . +1=(J+1)2B
(IR, u-wave absorb AJ = +1, Raman AJ =0, +2 )
poly atomic add: AK =0 ( or £1 - vary with Geometry)

IR or p-wave — all AJ=+1

a— -

AE, =(11) 4B
ﬁwnﬂu:'ﬁ]‘ LT
& JB 4B 6B £B vV

regularly spaced lines, intensity reflect
rise — degeneracy (0, ~ 2J+1) inc. with J (linear)
fall - exponential depopulation - fall with J (exp.)
Boltzmann: n; =6, ng exp [ J(J+1)B/KT]

Pure Rotational Far-IR spectrum of CO

-- note 1st transition (23 cm™) is for J=6 --> J=7 (I think)

T T ¥ L

e 3 - sty 20 7o B8 0o

femt)

Figure B.8. Pure rotational spectrum of CO) reproduced with permission rom
Modern Aspects of Microwave Spectroscopy, ed. G. W. Chantry, Acadéemic Press,
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Stokes=AE =-2B (2J + 3) (laser) AE =+2B (2J + 3)=AntiStokes

Raman — light scattering experiment  vs = vy — v,
AJ =0, £1, £2 (Stoles +, anti-Stokes -) in general but
AJ = +2 diatomic (K = 0) (or linear) and spacing ~4B
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Figure 8.9. Rotational Raman spectrum of N, courtesy of Bryan Broocks, De-
partment of Chemistry, University of Idaho.

Rotational Raman spect. of N, (alternate intensity-isotope)
(left) anti-Stokes: AJ =-2  (right) Stokes: AJ = 2
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Condensed phase — these motions wash out (bio-case)
(still happen —no longer free translation or rotation =
phonon and libron in bulk crystal or solution)

Vibration: Internal coordinates — solve
—problem V(R) not separable — 3N — 6 coordinates

H(R) = -2 (#%/2M,)V,> + V(R)

V(R) has all electrons attract all nuclei, in principle
could separate, but all nuclei repel, which is coupled - Ry

Harmonic Approximation — Taylor series expansion:
V(R) = V(Re) + ¥ 8VIAR, | re(Ru-Re) +

156% 0°VIORORg | ro(Ra — Re)(Rg — Re) ...

Expansion in Taylor Series
1% term — constant = just add to energy
2" term — zero at minimum
3" term — 1% non-zero / non-constant term
harmonic — potential has form of % kx*

Problem — R,, Rg mixed = H, not separate
Solution —» New coordinates “Normal coordinates”

N
Q= X cjq where g =x./(M)"?, vi/(M)"? | zo/ (M)
|

normal coordinates mass weighted Cartesian
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set up separated harmonic oscillator
problem, actual a little different:

H= Z -H[2 52/6Qj2+]/22 inQi2 = Z hj (QJ) 3
j j j

See thisis summed H —
product y = IJT 1 (Q)

summed E = ,Z E;

each one is harmonic oscillator
(already know solution):

hi x (Qi) = Eiy (Q)
H =2 hy(Q) Ej = (v +%2) hy
J

So for 3N — 6 dimensions — see regular set E; levels
v;j=0,1,2,...0  but for each 3N-6 coordinate |

<

Interpret
go back to diatomic N =2 W
3N = 6 coordinates

remove translation — 3 coordinates left
remove rotation (just 6,¢) — 1 coord. vibration bond

model of harmonic oscillator works

E=(uv+%)hv v=(1/2n) Vk/u k- force constant
u = MaMg/(Ma + Mp)



XIV=73

heavier molecules — bigger nu - lower frequency

H,  ~4000cm™ F, 892 cm™
HCI  ~2988 cm™ Cl, 564 cm™
HF  ~4141cm’ - ~214 cm’’
C-H ~2900 Cm'l |—Cl ~384 cm™

C-D ~2100cm

stronger bonds — higher k - higher frequency

C=C ~2200cm 0=0 1555 cm™
C=C ~1600cm” N=O 1876 cm™
C-C ~1000cm’ N=N 2358 cm’”

C=0 2169 cm™

This is key to structural use of IR —
frequency depends on mass (atom type)
bond strength (type)

Thus frequencies characteristic of structural elements
Called group frequencies:
Typical frequencies for given functional groups
e.g.
@)

V4 _
C\ C—OCH C—X

OH

- e O
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- harmonic oscillator potential (dots) as compared to a rcﬂ]:l
(solid).
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Table 7.5 Infrared group wavenumber table

. <
106 INFRA-RED SPECTROSCOPY Group - v/em’ Group  v/em

=C—H 3300 ~0—H 3500
TABLE 314: Characteristic Stretching Frequencies of some Molecular :

Groups |ﬂ.\._._ i ,,\.,.Z.l-._ 3360
™
Group - LE,EE.EE‘.“. F requency Group  Approximate w. requency ~c—H 20560 Sp=0 1296
(em™") {em ™) - =
- : —C=C— 2050
—OH 3600 >C=0 1750-1600 Sg=0 1910
=~ - 1660 g
—NH, 3400 SC=C{ 1650 SE=CS P
C1H 700
=CH 3300 SC=N. 1600 =c—c< ot
e —8—H 2600 )
H La>
Q 3060 Sc—N¢ o 1200-1000 —N= 1600 =Csy @
W.ﬁ'ﬁ./ : ! Sy —
—CH, 3030 / LC=0 1700
>C=S§ 1100 ’
—CH, 2970 (asym. stretch) . . ) —C=N 2100 T
2870 (sym. stretch) | SC—F 1050 e
1460 (asym. deform.) _ -
1375 (sym. deform) | >C—Cl 725 —C—F L
—CH,— 2930 {asym. stretch) an.-._wp. 650 e 450 ~
2860 (sym. stretch) B - ¢l P H 1450
. 1470 (deformation) Wﬂl!_ 550 -
—SH 2580 —C—Bbr 5é0
—C=N - 2250 _
—C=C— 2220 . “ﬂl_ BOO .ﬂ“\m.fln 300
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Transitions — spectra measure energy level change
caused by interaction of light & molecule
W

E — electric field
B — magnetic field
--in phase and L

E interacts with charges in molecules - like radio antenna
iIf frequency of light = frequency of vibration
(correspond to AE =hv =E; - E;)
then oscillating field drives the transition
— leads to absorption or emission

Probability of induce transition-result of time-varying field
P~ |I\|/,-* py;dr \ > where u is electric dipole op.
n=2x2 [(Z.e)R,rer] =X q;; = sum over all charges

o i J

Depends on position operator r, R - electron & nuclei

Harmonic oscillator: transform p = p(Q;) (norm. coord.)
Do Q) wix o Q) Q=0 if L= vt 1
in addition: op/o0Q; = 0 l.e. Av = +1

Normal mode must change dipole moment
to have dipole transition — occurin IR

Most observations are Absorption: v=0—> v =1
population n;=n;e™ """ Boltzmann
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Allowed transitions

Diatomic;:

IR: Av =1

AT - T \
I o=[7
&\ _
5\_‘_ /
=1 X !.7
A= /
R —
[+ —v=
i - -X.
I ¢
, N /
H i Y /
[ 3\ ?
N 7
A - .= 0
| \/
= 0 ' Tanernuclear distance ——
The rorarfonal energ v fevels for two different vibrationad stares af
. digtomic malecule.
¥ 8
]
L0 N
C Py s o & R; R, R, &, .

AJ = +1 (i.e. rotate-gas phase)
ou/oR =0 = hetero atomic

observe profiles — series of narrow lines separate 2B

Absorbance

0.51
0.4
0.3
0.2

0.17

— spacing yields geometry: B, — lc—>R¢

Freauency (cm™! )

R branch
P branch
| 3
.|Il_||l!\ - LIJ.MLLPLJ : -’I\lllilt
2050 - 2100 2150 2200
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Raman: Av=4+1 AJ=0, +2
(0a/oR) =0 = all molec. change polarizability

.
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Figure 9.7. Vibration-rotation Raman spectrum of Os in air at atmospheric pr
sure. The initial quantium numbers of the O and 5 branch lines are indicated, =

the @ branch is off scale.

moust hbe heteve =2 [ a
—— mhﬂrm ﬁ_,..r'" T e T
™ o how A O —r |
Deatomdc ;-s pole A‘T %frlmrh
Most comom 4 A > |
U = = ] 'Hﬁ
i Fa Wy = hy
& ¥y k2 .
e f horwingc v=l-2v2-2 Llie AB=LY
" F Mo X = = 2 _fozsen &
' A e n ¢ w={-—wr2= Cozsean $rae
8 W 2=2A 7 z=3 esev lonee

jhz{" aEr'e s crftﬁtﬁ.ih-fmir'#m—é»ﬂv v
Alse = AV=#l,22 33 .. posstble

Diatomic -must be hetero so have dipole
Most common: v=0—>v=12>AE=hv
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if harmonic i - harmoni
v=1->v=2 A \/ A_l%j_[_
also AE = hv A -4 20r8

if anharmonic. - A |/
v=1->v=2 lowerfreq. ... M

The rotatiamal r'rrfq;lr Tevels for rae differens pibrational stares af
ErEoeric modecile.

v=2—>v=3 evenlower
get series of weaker transition

0-->1 C=0 1R

lower overtone

— A%

Also — An=+1,+2, £3, ... 0—>2
possible --> overtones .= ____,_fﬂ

XAa): The l"=u1.|' AT g MP for {cortned o
|‘1r uwrh—g [."mz' !u -JMﬁl.am .l,l'
s

Polyatomics —same rules: Av = +1 AJ +1
But include AJ = 0 for non-linear vibrations (molec.)

T
eg. «0=C=0-» —»0=C=0-» (¢=C=0
sym. stretch asym stretch bend (2)
Raman IR IR
o ? ?
Linear' «~0=C=0-> O0=C=0 0=C=0
) symmetric (1354) asymmetric (2396) v
bend (673)
non-linear
H/O\H /O\ /O\
» AN H H HO Y H
3825 3936 1654 (]JR and Raman )

Bends normally ~ %2 v, of stretches

If 2 coupled modes, then there can be a big difference
eg. CO, symm: 1354 asym: 2396 bend: 673
H,O symm: 3825 asym: 3936 bend: 1654
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Selection rules Harmonic Av;=+1, Av;=0 Jj=zj
Anharmonic Av,=+2, £3, ... overtones
Av; =11 Av;==1 combination band

IR — (0uw/0Q;) # 0 - must change dipole in norm.coord.
= dislocate charge

Raman — (0a/0Q;) #0 — charge polarizability
= typical expand electrical charge

Rotation: AJ =+1 (linear vibration) --> P & R branches
Ad =0,+1 bent or bend linear molec. --> Q-band

" LH V/U

1230 3230 3340 32590 1760 377 I 30 324 3300 1310333]“!1’!3363121 WZI Yy 3380 330

—

IEBD 0 ﬁ:u r:m !Uu T T '.';'_l '.'Elu p:m
P 3.1 Specram of th -
Spmemetric Stretcking pibeation e of I adlaag mrod
Falecle ghewimg the P ound & tllr"‘mr Mo " of the HCN rma wre £ mdﬂ b';gymm‘ r_“-"— "'" “m ""'0"““"' iz

HCN linear stretch (no Q) HCN bend mode (Q band) ,

N6
Polyatomic — =TTy, (Q)
j=

Due to orthogonality — only one Q; can change v;
Av;=11 Av;=0 i#] (ow/oQ)) # 0
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Dipole selects out certain modes

Allow — molecules with symmetry often distort to dipole
Benzene example:

dipole —» ~«— nodipole

e.g. \

IR Intensity — most intense if move charge
e.g. O-H>>C-H
C-0>>C-C, etc.
In bio systems: -COOH, -COQO" , amide C=0, -PO,

Raman — light scattering — vs = vg— wip
caused by polarizability Av = +1
these tend to complement IR~ 0,/0Q; # 0
— homo nuclear diatomic
— symmetrical modes
-- aromatics, -S-S-, large groups -- most intense
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L . _ P! L Sedih -k Bewd c-H
* o
=4 odag w_mmﬁ.ﬁ&m\. P, mn?...i..uhﬁw L__
202 : Symmeiry and spectroscopy
Table 3-31. Characteristic Stretching Frequencies
m|_u=_n.. _ﬁﬁ. ﬂcE_“_nEnn . Frequency (cm™1) Intensity
C—-H alkane ZRO0-23000 sirong
=C—H alkene or arens T3 L0 medium
={—H alkyne 3300 strong _r
C=C alkene 16201680 variable
C=C alkyne 2H00-2260 variable
C=N nitrile 2200-2300 variable CHalCHzlz, CHy
C=0 ketones, aldehydes -~ 17001750 SIrOng 4 d

acids, esters

0-H alcohols 3590 3a50 varinhle, sharp
H —bonded aleohols T200- 2400 strong, broad
H—bonded acids 2500~ 3000 varihle, broad
. N-H Amines 33003500 medium i
Vibrational spectroscopy . . Y

Absorbance

TH M7 TH M A AN bt
c C G
A= 1= B *
A Yas ]

symmetric stretch asymmetric strefch bending

- i
- _._,.x c x..,I mﬁfn\mw Efn\b CHy (CHghg CHy

% i= A=
Pr Pu. Pt
rocking WOggIng twisting

_HT_.u_“._uT_m“_.fﬁI.u
2853 garz 2362 1379 1460 1487 o™

Ill....- . ._.1_._. m.“ :... I. .
S - . —T— Ty S Antiagn fntisy Sy Antiegm Sy

Characteristic C-H modes - clue to structure

Fig. 3-75. Vibrations of a methylene group.
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Fig. 3-84. Infrared spectrum of acetic acid. From 1D, Roberts and M
Basic Principles of Organic Chemistry, WA Benjamn, MY, 1964
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Bio-Applications of Vibrational Spectroscopy
Biggest field — proteins and peptides
a)Secondary structure

Amide modes
I | Il

™ O% O\
C—N C— N> C—NT=

~1650 ~1550 ~1300
IR — coupling changes with conform (typ. protein freq.)
I [
helix ~1650" 1550
sheet ~1630 1530
coll ~1640-50 1520-60

Raman -see |, Il — Il has characteristic mix with C,H
Depends on y angle, characterize 2nd struct.

b) Active sites - structurally characterize, selective
|) difference spectra — e.g. flash before / after - kinetic
amides — COQO" / COOH - functional group ex
ii) Resonance Raman — intensify modes
coupled to chromophore (e.g. heme) 1
._.._-.—-f_’} ﬁﬂ
Nucleic Acids — less
a) — monitor ribose conformation

b) — single / duplex / triplex / quad — H-bond

Sugars — little done, spectra broad, some branch appl.
Lipids — monitor order — self assemble - polarization
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Peptide Primary and S;t:-nm:in.rj Structure
Prodeing are polymers of amino scids (20 satural—Peptides more

Pro-Ala-Val-His-Ala-Ser-Leu-Asp-Lys-Fhe-Leo-Ala-Ser-
Val-Ser-Thr-Yal-Leu ™= _
Primary strocture—seguence of
residues [amine acids) in chain——changed,
pivlar, bydrophobic, steric constraints

ndary Structure
stereocheemical relation of residoes
in chaim—near reighbor repsead

Helix =

) end-on
Helix -

side-on

Tertiary and Quaternary Structure

Tertiary - fold'packing of Quaternary - isteraction of
secondary structure segments subaaniis oF separate CoMpOments
in ane chaim - hydrophehic, (not convabently bound)

%%, salt bridge, lignnd, eic,

[4 subeanits]

Peptide Primary, Secondary, Tertiary, Quaternary
Structure diagrams (full page)



Amino Acids =

Side chains determine
secomdary structure

Major contribution—
IR — chinrged

Haman — aromatic
{Tye, Teph, 5-5, 8-H,
chromophores:
hems, retinal, eic,

Characteristic Amide Vibrations
J‘:‘_{ e A — olten abseured
3 I - Mot useful;

by solvemt
“H _-{ |
‘,‘ 1650 e TR imense, less imerference
Oy moleame, pohae mcache Bl
Lz muiw il o muinken)
Alss Eidas

2&-’{ WO1300-30cen! o IR iniemse
- mix

Ml Faman, unlss: BER

~ H{ T 111 - Raman Intense
o 13001250 €1 preat 1R Mishiphe basds

. 00 e IV = VI = dhifficnli
i detect, discrimmate

Amino Acids and Characteristic Amide Vibrations

diagrams (full page)
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IR absorbanca spec:t'ra of selected model
polypeplides
H.0 solution ) i1F . 0,0 salution
Mw /IIHIIIII I:.LH}:L].
LI x\-‘ .ﬂ'l'.t
8.1 ‘o . s
5 F-atruciars IlII !I .-Il_-'lln" 5 iﬂﬂ
E _f_f' "-n.s"-xm____ P llk-.\___:
y\/’\_ N\ S
| | ( !
3 AN ey
1TH0 1780 1850 1860 1850 1500 1459 " '“':F R Iﬁ_ﬁ:
Wavenumbers (em’) ) . _ _ R |

Raman spectra of poly-L-lysine
in three different conformations

B S T AR S TR LR R

Mota: f-shest amide I, opposite band s intense (high )
Armige I1I large frequency shift, mixng with CxH

IR absorbance and Raman spectra (full page)
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Example Protein/H,0 IR spectra:

I"H-I'll:l-'l'rlll. ‘n’ [l=zheet Mo’ a-hedix, high f-sheet

1 L=

L A /] A |

A .
A ,f k ﬁﬁ\d__, A |
% Cyscrhroms C . I |
. / Iﬁ\_f’r S 2 | Vﬁ\;__f |
f ™ | !uplnru.l:l-lu _
Cotrate Synittmee
‘ /\ A Y I “{ P\‘ e
— | I
e e - . cam ram - thi -h - il
Virem rumizer j=7-1 W inaryoe bar' |071)
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DNA Base IR
] ;: 1] .-E-:_.II -'_\"'llll ".IIII-.I-.\-
Differentiation of ", h"i’L‘" |
| Cytidine (a,b) and  * . |.'I
| methyl derivatives S .
| with FTIR [:_*1 ]plli
r"’“ﬂ ;

LH_,,, |'h'|.l'r

HH-'-'-,.l___

Acids

e

FTIR spectroscopy of Nucleic

I: m=plane base double-
band vibraticns -

" sengitive to base pairing
Il: base-sugar bending
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variation m glycasidic
tarston anghe
IT: phosphate group
vibradicins
IV: phosphate-supar
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DNA Base IR and FTIR Spectroscopy of nucleic acids

examples (full page)
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Review:

Discussed Diatomic Vibrations at length
Polyatomics

a) expand  V(q) = V(qe) + 2 (8V/oa)a; + X (8V/ogio)di g
L)

b) diagonalize V(q) —» V(Q)
Qi =3 ¢jq linear combination x y z
L)

on each atom; a, B ...
Normal coordinates

6 — Translations, rotations — no potential E
— eigen value “0” {diagonalize potential
(3N — 6) — vibrations — internal nuclear motion

examples: Triatomics

o ) T

linear  <©-¢-9- 0=C=0 0=¢=0

symmetric (1354) asymmetric (2396) b (;L(673)

en
bent
O
VAR 0 o)
H H
¥ N 7N N

3825 3936 1654
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Fig. 3.6: Same transitions between the rotational-vibrational energy levely of
a digtomic molecule together with che SPectrunt arising from chem,
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Fig. _J.F{al: The fundamenial abisarption (centred ar about 2143 cm

-y,

the first overtane (centred ar abous 4260 e ') of carbon manaxide ¢,
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Fig. 37(b}: The centre of the fundamental band of carban monoxide unider higher resolution thar in {a}. '
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averlapped by a P branch
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¥ the presence of a band centred al aba
rotational lines from this band appear
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Fig. 3.12: Spectrum of the symmeiric stretching vilwation of the HON
malecrile showing the P and B branch dimge.
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Fag. 3.16: The specieum af @ bending mode af acetplene, HC=CH, sh
the strong, wealk, strong, weak, . . intensity alternation in the ratalion.
Structure due to the nuclear spin af the kydrogen aroms,



