Region Energy Wavenumber | Wavelength
(kJ/mol) (cm-1) ()
Near IR 150-50 12,800-4000 0.78-2.5
Mid IR 50-2.5 4000-200 2.5-50
Far IR 2.5-0.1 200-10 50-1000

Energy of IR photon = insufficient to cause

electronic excitation but can cause

vibrational or rotational excitation




4%, Infrared Spectroscopy

H8 914 (2,500 ~50,000nm)
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4.1. 5°|&
» ARl (x) + T FEMo| + o)+ g
« M ZL(0HA] AD) 2 H AT B4
7F ZlFA B EF ot A=z EHE
(dipole moment)2] &3} H3}Qloof 3

» 452 moment: AOIA 72 A=Fe] A3}
F3x 7} B|cf% ¥4 A3FREe] 27 (charge)
e} Astz Aol 9] A # (separation of
charge) = 2474




Hel 38 U AN, @AEEC whek 247
kR % FEopgo s gals W oy F4
Molecules must have change 1n dipole

moment due to vibration or rotation to
absorb IR radiation



= Absorption causes increase In
vibration amplitude/rotation frequency

O+ O—
H. Cl 0O_-0

1 » No dipole
moment

HCl. H-O. NO Atoms, O2. Hj. Cls

IR active IR 1nactive
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stretch (QI=|)ZIF
change in bond length
symmetric

asymmetric

PAAE FF

bend (B&)ZIF
change in bond angle
rocking (&%)
scissoring (7}$])
wagging (35 =+
twisting/torsion (AL %)




Classical vibrational motion:

-}."
@ % Displacement y
vy

= Force required to displace m is (BETFH#+= 3))
F = —ky Hooke’s law k (@A4. 22X & 7}%E N/m)
» QX H A Energy = (force®) x (distanceA &3}

= A oix] A3} = dE = —Fdy = kydy
| E

.
Total Energy [dE =k { vy E =
0 0

h..l||—t

(FE2 325 9A A F4)

b



dezadE AR FA

(parabolic; E .vs. displacement curve of harmonic oscillator)

| * Classical vibrational frequency:
|
' 1
,_ i Vil =—(— v idependent of energy
2l nim
g |
5 |
3| | Two masses?
R
1 | l 1
| Vil == Il=——=teduced mass
0 - v a1l W+ (g

<+— Displacement y —



» AAE= Z317} obd ¥] %3} I = (anharmonic oscillator)
> 2T AR AR HY 2

Harmonic at low v
AE becomes smaller at high v (broadens band)

Selection rule fails Av =+1and Av =+2... (overtones)

J"l o e I——
12 o-o—e-e 1!
\ f—rp— I o
\ f Dissociation energy
\ |
‘ \ / 2
\ !
2 \ /
- \ /
3 v !
E \ 1 ; f V= 'E-
—-"'H l‘ ]l _; _,.I'Ir V= 5
g= A 1 v=4d
o \ \ f ;I'"FL, -3 Energy level/
= \ /! vibrational
= \ N ;]' V= 2 guantum number
"'u + w=1
x'\. 4 v=10

[nteratomic distance r ——=



What about quantum mechanics?

(1) h

|'} |
(1) E = | V-— | —.|— =| V-] h *V classical

1.
20N I“. Y, 2

0 LT

Vibrational quantum number (0, 1. 2...)

1

Ep = 2 hvjassical Ground vibrational state (v = 0)
3 . .
E1 = S hvasical First excited state (v=1)
AE = lnrclaﬁair:ﬂl
(2) Av=1] Vibrational Selection Rule

Since levels equally spaced - should see one absorption frequency
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Only some modes may be IR active:

Example CO2 O=C=0 linear

< | o < | o
S - 3T S - :
26 0 No net dipole
moment change

Net dipole
moment change

Net dipole
moment change

vg not IR active vas, bend IR active



How many vibrational modes? .
2 atoms (H») - 1 vibration (stretch v) VI
3 atoms (H>O) - 3 vibrations (vg., Vas. G) v

3 atoms (COy) - 4 vibrations (vs, Vas. . ®)

4 atoms (H2CO) - 6 vibrations (vs., Vas. G, @, p(CH2) v(C=0))

5 atoms ... @i.p/@\
IN-6 Non — linear molecule

1

3N-5 Linear molecule @(;)8
=» normal modes (7|3 Z4HH4]) +®\;/> :



= Coupling of different vibrations shifts frequencies
= Coupling (B Xl 3) likely when:

(1) common atom in stretching modes

(2) common bond in bending modes

(3) common bond in bending+stretching modes
(4) similar vibrational frequencies

= Coupling not likely when:
(1) atoms separated by two or more bonds
(2) symmetry inappropriate
Example v(C-0)in  methanol 1034 cm-!

ethanol 1053 cm-1

butanol 1105 cm-l
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A) CO, (o]rtte4) 3N-5 = 4 A&
279 52 A
HZANSAE =2 ZHE 9i5),
7 w3 R (g E}EEE 22 v)
H,0, SO, 3N-6 = 3%

7713871 &R S (coupling; EAAF Alo] 9

A3 AE) AN "o FE3A A 5 vt

(o) et &9 C-0 AFAF F59571
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1. Identify
functional
groups (group
frequency
region)

2. Compare with
standard spectra
containing these
functional group
(fingerprint
region)

Percent transmittance

Percent transmittance

Wavenumber, cm”

5000 4000 3000 2500 2000 1500 1400 1300 ]EIH.'] llﬂﬂ llll'll] S00 B00 700
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Wavelength, ym
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Wavenumber, cm™!
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Fregquency

Bond Type of Compound Range, cmm Intensity
C—H Alkanes 28502970 Strong
13401470 Strong
C—H Alkenes [: }E=C iH) 30103095 Medium
675095 Strong
C—H Alkynes (—C=C—H) 3300 Swrong
C—H Aromalic rings 3010-3100 Medium
G050 Strong
O—H Monomenic aleohols, phenols 3500-3650 WVariable
Hydrogen-bonded aleohols, phencls J3200=3G00 Variable, sometimes broad
Monomeric carboxylic acids ASH-3650 Meadinm
Hydrogen-bonded carboxylic acids 25002700 Broad
N—H Amines, amides 33003500 Medium
= Adkenes 16101680 Wanable
C—=C Aromatic rings 15001600 Variable
C=C Alkynes 21002260 Yariahle
C—N Amines, amides 1180-1360 Strong
C=N Nirtribes 2210-2280 Strong
C—0 Alcohols, ethers, carboxylic acids, esters 10S0—1300 Strong
C=0 Aldehydes, ketones, carboxylic acids, esters 1690—1760 Strong
N Mitro compounds 13001570 Srong
1300—-1370 Strong




¢ JGEA
IR more difficult than UV—Vis
because
= narrow bands (variation in &)
= complex spectra
= weak incident beam

» J]ow transducer sensitivity

= solvent absorption

IR mostly used for rapid qualitative but not quantitative
analysis
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4.5, Raman Spectroscopy ‘%

= This was simultaneously discovered
by Raman et al. (traiadkof] 2291 FE ALk
4R off o1& LAFeEAFo] FOpTf QARG
FUf 2 o= WA UFH)
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' = hv, hv — E(Stokes), hv + E(antiStokes)

« FATE TF =/ HBOM LojLis HA



Raman

- W p

: » A non—absorption
method

T = Any excitation
wavelength can be
used

= Scattered light can

lose (Stokes) or gain
., | (anti—Stokes) one or
: more quanta of

- e vibrational energy
L » x ¥
RAyLEGH STKE ANT\ - STOKES




Stokes Anti-Stokes
I BRI f 7

600 400 200 0 —200 -400 —600
AS

Figure 6-14 Raman spectrum of liquid CCl, scanned at S00cm —
neon 632.8 nm excitation. The strong signal at A¥
(Journal of Chemical Education.'3%")

'/min using a 3-ul sample with helium-
= O 1s due to Rayieigh scattering of laser radiation.

» A light—scattering phenomenon



(c) Fluorescence

(b) Nonradiative
relaxation

(2) Molecular
absorption

VIS

IR
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Singlet excited states

Triplet excited state

Internal Vibrational
i * conversion relaxation
5 A
2 +{ + i + /,-// Intersystem
'y ¥ Crossing
A [} ¥
A
51
T
|
ey
§ |
5 Internal I
. and I
Absorption Fluorescence p
external HNEEN
conversion I
T |
O I
O I
L i K.
Y ¥ Vibrational : ; : ¥
Sa Y ¥ r,f""— relaxation “‘ﬂ-—'\"
Ground ¥ LY
_——%
state

ll J'jr "l‘r

As

Energy Leveal‘ Diagram
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radiationless transition to lower state when vibrational
energy levels “match”

9% A% SERALY 4 B T2 gaAto|o] A doju}
= A3 289 o x] Ao] (radiationless transition to
lower state by collisional deactivation)

AZEA o] (Intersystem crossing) : & &9 A3 o] i)
Ho‘)*q}f?_i =)= 3}A (transition with spin change) (e.g. S to
T

& 3% emission not involving spin change (e.g. S=>S,
T->T), efficient, short—lived <10~ °s

2134 emission involving spin change (S =T), improbable,
long—-lived >1075s &= 453 AHZ Al7bE o> U/ F
2 &k




Raman

- W p

: » A non—absorption
method

T = Any excitation
wavelength can be
used

= Scattered light can

lose (Stokes) or gain
., | (anti—Stokes) one or
: more quanta of

- e vibrational energy
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