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5. INTERPRETATION AND ASSIGNMENT OF IR 
AND RAMAN SPECTRA 

 
 
Introduction 

- Masses (atomic weight) 
- Force constants 
- Geometry (bond angles, distances) 
These molecular parameters: 
a) determine the band position and  
b) allow to calculate the form and frequencies of all 

normal modes. 
 
Examples: 

1.  
H35Cl 2886 cm-1 F(XCl) = 4.81 Ncm-1 
D35Cl 2091 cm-1  
T35Cl 1739 cm-1  

 
 
2. CC stretching force constants 

CH3-CH3 4.50 (993 cm-1, Raman) 
CH2=CH2 9.60 (1623 cm-1, Raman) 
CH≡CH 15.6 (1974 cm-1, Raman) 

 
 
3. CH2Cl-CH2Cl   C-Cl stretching vibrational (cm-1): 
 gauche: 653 (R )  656 (IR) 
 trans: 753 (R )  (- IR) 
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For complicated (big) molecules the calculations become very 
complex, so empirical methods are frequently used. 
Certain sub molecular groups, e.g. –CH3, -NO, -COO-, -C≡N, 
-SCN, C6H5- etc. consistently produce bands in a characteristic 
frequency region of the vibrational spectrum. These bands are 
characteristic GROUP FREQUENCIES. 
 
 
Example: 
 Common bands Not common bands 
n-heptane characteristic e.g. 1150-1350 cm-1 region 
n-octane to n-alkanes characteristic bands 
n-nonane (CH3, CH2, groups) of chain length 
 
 
The non common bands as so-called 
FINGERPRINT BANDS, because they are characteristic of 
individual compound. 
 
 
In order to understand the origin of group frequencies, some 
knowledge is necessary about theory of normal vibrations. 
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5.1. Basic ideas of theory of vibrations 
 
The diatomic molecules have is only one stretching vibration 
(ν) which can be calculated very sample way using atomic 
masses (m1, and m2) and force constant (F): 
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F is the force constant (Ncm-1 = mdyn/Å) 
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In polyatomic molecules the situation is more complicated because 
all the nuclei perform their own harmonic oscillations. 
Since the atom can, move in three directions (x, y, z) an N-atom 
molecule has 3N degrees of freedom of motion. 
The 3N includes three (3T) translations and three rotations (3R) of the 
whole molecule. 
 
This the vibrational degrees of freedom is 3N-6 or 3N-5 for linear 
molecules. 
(One rotation along the axis is inactive.) 
In the case of H2O molecule, we have 3x3 - 6 = 3 normal vibrations 
shown below. 

cm-1

ν1(A1)

H2OC2v

3657

ν2(A1) 1595

ν3(B2) 3756

 
 

Figure below illustrate the normal modes of CO2 molecule 
D∞h O=C=O cm-1 

 

ν1(Σg+) 
 
 
 

ν2(Πu) 
 
 
 

ν3(Σu+) 

+ +-

 

 

1340 
 
 
 

667 
 
 
 

2350 
 
Normal modes of vibration in CO2 (+ and – denote vibrations going 
upward and downward, respectively, in direction perpendicular to the 
paper plane). 
How can we calculate these vibrations? 
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5.1.1. Normal coordinates and normal frequencies 
 
T – function of the velocities ( q ) 
V – function of the displacement (q) 
 
Newton’s equation in Lagrangian from: 
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N – number of atoms 
 
Kinetic energy of molecules 
 

Displacement vectors (ξi) 
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1 ξ1 ξ2 ξ3 
2 ξ4 ξ5 ξ6 
3 ξ7 ξ8 ξ9 
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Coord. Syst. 
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Potential energy of molecules 
 

- No analytical expression 
 
V=Ee

vib – Ee
eq  (very general) 

 
For small displacements: 
Expand V in a Tailor’s power series 
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{ } qFq
2
1V q=  
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(1) fij  =  0 
 
 
(2)  

f1z

f1x

f3z

f3x

f2z

f2x  
 
 

(3) 6λi  =  0  (3T  +  3R) 
     (3T  +  2R)  linear 

 
 
5.1.2. Internal coordinates 
 
Characteristic to molecular structure 
Types: 
(1) r  

(2) 
α

 

(3) 
ρ

 

(4) 
4

32 χ

1
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Molecule Rotational 

axes Rotation Translation Vibration 

Linear     

Symmetric 
Top 

 

 
  

Asymmetric 
Top  

 
  

Spherical 
Top 
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Further examples for introducing internal coordinates: 
 

Molecule Coordinates Total No 
of coord. 

3N-6 
3N-5 Redundant 

C OO  
 

C CH H  
 

B

F

F F  

    

 
The V and T in terms of internal coordinates 

Δr 
Δα  Cartesian jq  displacements 
ρ 
 

 
        ri 

 

 
iiji qbr


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,12121111 +++=  
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…………………………………….. 

NN,n2n1n)6N3( qbqbqbr
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     n          scalar  
product 

qBr =  
 
Opposite way: 
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Transformation of sq −  to r coordinates: 
 

 
 
 
Potential energy 
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Kinetic energy 
 

{ } momentumppMpT  1
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     mi – atomic mass (i=1, 2, …, N) 
     p  - its momentum 
 
 

{ } pB~MBp
2
1T 1 −=  

 
             G 

a. { } pGp
2
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b. B~MBG 1 −=  
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5.1.3. Normal coordinates  
 
 
 
Problem in Schrödinger equation: ri rj cross terms 
 
Transformation 
 
r1 = l11 Q1 + l12 Q2 + …….. + l1m Qn  n = 3N-6 

r2 = l21 Q1 + l22 Q2 + …….. + l2m Qn  

…………………………………… 

rn = ln1 Q1 + ln2 Q2 + …….. + lnm Qn 

 

{ } { }L~QrQLr ==  

{ } { }L~QrQLr  ==  
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2
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2
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(1) ELGL~ 1 =−  

     Properties of L 

(2) Λ=LFL~  

 

From (1)  →= − GLL~ 1 to (2) 

L-1 G F L = Λ 

G F L = Λ L 
 

 

Computation: 
 
Calculate G (masses, bond lengths and angles) 
 
Construct F (transferability) 
 
Diagonalise G: 
 

)seigenvalue(LGL~ 11 µ=  
 
Multiply F: 

'FLFL~ 11 =µµ  
 
Diagonalise F’: 

)seigenvalue(L'FL~ 22 Λ=  

)rseigenvecto(LLL 21 µ=  
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Examples: for introduction of internal coordinates 
 
 

 



 236 

5.1.4. Calculation and characterisation of kinetic 
energy matrix 

 
Atomic masses 
Molecular geometry   G-matrix 
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zy
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yx
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B~MBB~MBB~MBG
B~MBG
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−

++=

=
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G-matrix for water type molecule: 
 
Internal coordinates: r1, r2, α 

2

31

r1 r2α

 
 
G-matrix in internal coordinates: 
 

r1 r2 α 
μ1+μ3 μ3 cosφ -μ3 σ23sinφ 
 μ1+μ3 -μ3 σ13sinφ 
Sym. -μ1 σ132 + μ2 σ232 + μ3(σ132 + σ232 - 2σ13 σ23cosφ) 

μi – inverse masses of atom i 
σij – inverse bond lengths between atoms i and j 
φ – is the bond angle 
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G-matrix 
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Special properties of matrix G 
1.  
- Identical coordinates → identical matrix elements 
- Diagonal elements are always positive and bigger than off-

diagonal ones 
 

2. No common atom, no interaction term 
 

3. Planar molecules: 
2N-3 in-plane 
N-3 o.-o.p. 
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G (in-plane) = BxM-1
xB~  + ByM-1
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G (o.o.p.) = BzM-1
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4.  Redundancy conditions 
a. Branching redundancies 

 
Structure of G-matrix: 
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SUMMARY 
 

(1) It means, that the vibrations of a polyatomic molecule have been separated to the 
vibrational motion of 3N-6 oscillators. If the vibrational frequency of two or three 
oscillators are identical, then the two (or more) vibrations are said to be degenerate. 
The energy expression then has a form 
Ei = hcνi (Σvik + αi/2) 
 
(2) The complicated vibrational motions have been separated into  
3N-6 normal vibrations along Qi coordinate. 
 
(3) The vibrations along the Qi normal coordinates mathematically refer to an one-
dimensional motion, which is basically identical with the motions of diatomic 
molecules, but here Qi represents a linear combination of internal coordinates. 
 
(4) For each given solution λk=4π2c2νk

2 of the secular equation, i.e. for each normal 
coordinate Qk, the molecule undergoes a simple motion in which all the nuclei move 
in phase with the same frequency νk, but with different amplitudes, Q0

k. In other 
words, all the nuclei will pass through the equilibrium position at the same time, 
reach their maximum displacement in a given direction, pass again through the 
equilibrium position, reach their maximum displacement in the opposite direction and 
so forth. 

Mode of motions of this kind is called a normal mode of vibrations or simply a 
normal vibration and the frequency associated with it is call ed a normal or 
fundamental frequency of vibrations. Normal modes of H2O 
 

O

H H

O

H H

O

H H

 
 Q1(r1+r2) Q2(α) Q3(r1–r2) 
 

Normal or fundamental frequencies 
 

The relative 'length of the arrows can be chosen so that they give the relative 
amplitudes of displacements of the individual nuclei. If this is done in the proper 
scale, then each drawing will represent the normal coordinate as well. 
(5) The theoretical ca1culation of vibrations simply lead to the determination of the G 
and F matrices. 
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5.2. Principles of the origin of group frequencies 
 
 
Number of functional groups exhibit characteristic bands in IR 
and Raman spectra which can be characteristic by 

1. frequency 
2. frequency and intensity. 

 
Origin of characteristic bands: 

- Similar atoms (with identical masses) form groups in similar 
geometric arrangement. 

- The transferability of force constants means identical force 
constant set for similar groups in different molecules. Part of 
G and F matrix for CH3 and CH2 groups: 

 
 

 CH3 CH2  CH3 CH2 
  r1    r2    r3   q1  q2 

q2 
  r1     r2     r3     q1     q2 

G 
=  

a b b
b a b
b b a

a b
b a

 

F =  

qqq

qqq

rrrrr

rrrrr

rrrrr

ff
ff

fff
fff
fff

 
 
Bond lengths: ~1.09 Å 
Bond angles: ~109.47° (tetrahedral) 
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After diagonalization of G and F matrices the calculated 
frequencies will be close to: 
 
 

 Wavenumber (cm-1)  
ν CH3 asym str 2960, s   degenerate ν CH3 asym str 2960, s 
ν CH3 sym str 2870, w  
   
ν CH2 asym str 2926, s  
ν CH2 sym str 2853, w  
   

 

 
 
The infrared spectra of some alkanes in the CH stretch region. 
 
Factors influencing characteristic frequencies: 
• mass effects (isotope substitution, or changing e.g. Cl, Br, I 

substituents) 
• electron affinity of substituents (changing the force constant) 
• steric effects (ring strain, isomers, conformations, steric 

hinderance, co planarity etc.) 
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• tautomeria (keto-enol) 
• external conditions 

♦ state (solid, liquid, gas) 
♦ temperature 
♦ crystal modification 
♦ solvent effect 
♦ concentration 
♦ association (H-bonding, adsorption, cage effect, matrix 

effect) 
 
Characteristic X-H stretching frequencies 
 
The hydrogen stretching vibrations are mechanically independent 
of the rest of the molecule and tend to make good group 
frequencies. (See Table below). 
 

1.) Reduced mass changing very little 
 μ(BH) = 0.9087  μ(IH) = 1.008 
(1.008 is the atomic weight of H) 

2.) Therefore the most of the shift is caused by changes in the 
X-H force constants from F(AlH)=1.9 till 
F(HF)=8.8 Ncm-1. 
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Approxymate X-H stretching frequencies (cm-1) and force 
constants (mdynes/Å) 
 

BH CH NH OH FH 
2500 3000 3400 3600 3960 cm-1 
3.4 4.9 6.4 7.2 8.8 mdynes/Å 
     
AlH SiH PH SH ClH 
1820 2150 2350 2570 2890 
1.9 2.6 3.2 3.8 4.8 
     
 GeH AsH SeH BrH 
 2070 2150 2300 2560 
 2.5 2.7 3.1 3.8 
     
 SnH SbH  IH 
 1850 1890  2230 
 2.0 2.1  2.9 

 
3.) Force constants increase as the electronegativity of X 

increases. 
4.) Change in hybridisation (changing the special arrangement 

of electrons). 
 

C

H

C

H

C

H

C

H

C

4.9 5.1 5.9 Ncm-1

 
 
5.) Hydrogen bonding (NH, OH, FH) 
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5.3. Group frequencies of organic molecules 
 
 
Spectra-structure correlations are similar in IR and Raman spectra. 
The band intensities are different: 
 

1.) Center of inversion (alternatively) 
2.) C=O, OH groups are strong in IR 
3.) S-H, N-H, N=O are strong in Raman 

 
By comparing the infrared spectra of two substances thought to be 
identical, you can establish whether they are, in fact, identical. In 
case if their infrared spectra coincide peak for peak (absorption for 
absorption), in most cases the two substances will be identical. 
A second and more important use of the infrared spectrum is to 
determine structural information about the molecule. The 
absorption of each type of bond (N–H, C–H, O–H, C–X, C=O, C–
O, C–C, C=C, C≡C, C≡N, and so on) are regularly found only in 
certain small portion of the vibrational infrared region. A small 
range of absorption can be defined for each type of bond. 
See Characteristic stretching frequencies in the next Table. 
 
 
5.3.1. Hydrocarbons 
 
Hydrocarbons contain only C–H, C–C (C=C, C≡C) bonds but there is 
plenty of information to be obtained from the IR and Raman spectra
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Characteristic group frequencies of some stretching 
modes
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Aliphatic hydrocarbons 
 
They contain:  –CH3 (C3v) 
 >CH2 (C2v) 
 CH (C3v) 
 
Methyl groups 
 
Internal coordinates 

CH2

C
H 3H 1

H 2

β1
α3

r1

r2

r3

 
 

Linear combination of internal 
coordinates 

Absorption region (cm-1) 
–CH2–CH3 

νa(CH3) = 2r1 – r2 – r3 2985(25) 
νa'(CH3) = r2 – r3 2970(30) 
νs(CH3) = r1 + r2 + r3 2905(65) 
δa(CH3) = 2α1 – α2 – α3 1465(20) 
δa'(CH3) = α2 – α3 1445(25) 
δs(CH3) = α1 + α2 + α3 – β1 – β2 – β3 1380(20) 
ρ(CH3) = 2β1 – β2 – β3 1100(95) 
ρ'(CH3) = β2 – β3 1080(80) 
τ(CH3) = χ (coordinates) 230(105) 
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Methyl groups 
 

 
 
 
νa(CH3) > νs(CH3) > δa(CH3) > δs(CH3) > ρ(CH3) > ν(CCl) 
~2960 ~2870 ~1460 ~1380 ~1000 ~700 cm-1 
Characteristic (strong) bands 
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Special features of CH stretching: 
1.) νa(CH3) as a double degenerate mode can be splitted. 
2.) Separation between νa and νs is about 100 cm-1 

(without Fermi resonance). 
 

 
 
IR spectra in the CH stretching region 

a.) Bands above 3000 cm-1 
b.) Splitting of νa(CH3) (~2970, 2940 cm-1, is 

weak) 
c.) Fermi resonance, 2x1448 cm-1 
d.) Sharp isolated band at 2838 cm-1 (methoxy) 

and 2815 cm-1 (N-methyl aniline) 
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CH3 deformation vibrations 

 
CH3 deformation bands of alkanes 
 
X-sensitive vibrations of X–CH3 groups 
 

Symmetrical CH3 deformation frequencies (cm-1) (±20 cm-1) 
 

BCH3 CCH3 NCH3 OCH3 FCH3 
1310 1380 1410 1445 1475 
 SiCH3 PCH3 SCH3 ClCH3 
 1265 1295 1310 1355 
 GeCH3 AsCH3 SeCH3 BrCH3 
 1235 1250 1282 1305 
 SnCH3 SbCH3  ICH3 
 1190 1200  1252 
 PbCH3    
 1165    

Effects: – electronegativity – mass 
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CH3 rocking vibrations (degenerate) 
 Si–CH3 855 – 765 cm-1 (1.90) (electronegativities) 
 P–CH3 960 – 860 cm-1 (2.19) 
–S–CH3 1030 – 950 cm-1 (2.58) 
F–CH3 1182 cm-1 (3.98) 
Cl–CH3 1017 cm-1 (3.16) 
Br–CH3 955 cm-1 (2.96) 
I–CH3 882 cm-1 (2.66) 
Electronegativity / mass effect 
 

Mixing with C–C stretching vibrations 
 

Methylene group vibrations 
 
Internal coordinates 

C

H1 H 2

C 4 C 3

α
β14 β23

γ

r1 r2

R3
R4

 
Linear combination of internal 

coordinates 
Absorption region (cm-1) 

–CH2–CH2–CH3 
νa(CH2) = r1 – r2 2935(35) 
νs(CH2) = r1 + r2 2865(25) 
δ (CH2) = 2α – β13 – β14 – β23 – β24 1460(20) 
ω(CH2) = β13 – β14 – β23 + β24 1335(30) 
t(CH2) = β13 – β14 + β23 – β24 1245(45) 
ρ(CH2) = β13 + β14 – β23 – β24 780(55) 
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C

H
H

C

H
H

C

H

H

C

H

H

C

H

H

Symmetric stretch
(~2853 cm-1)

Asymmetric stretch
(~2926 cm-1)

Scissoring
(~1450 cm-1)

C

H

H

Rocking
(~720 cm-1)

Wagging
(~1250 cm-1)

Twisting
(~1250 cm-1)

IN-PLANE OUT-OF-PLANE

STRETCHING
VIBRATIONS

BENDING
VIBRATIONS

 
Asymmetric stretch, νa(CH2): 2925 ± 10 
Symmetric stretch, νs(CH2): 2855 ± 10 
Both are in very characteristic positions. 
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 N-CH2CH3 P-CH2CH3 C-CH2CH3 Si-CH2CH3 X-CH2CH3 

νa: 2940 2940 2968 2980 3010 
νs: 2850 2885 2887 2885 2945 

½( νa+ νs) 2895 2913 2928 2918 2978 
 
 

 

   
νa: 3103 2987 2927 
νs: 3025 2880 (FR) 2852 

½( νa+ νs) 3064 2933 2890 
 
 
CH2 deformation vibrations 
 
Scissoring is very close to δa(CH3) (1465 ± 20 cm-1) 
X*= Ph C=C C≡C C=O S 
δ (CH2) 1450 1435 1430 1410 1400 
*X–CH2Cl group. 
 
 
CH2 wag vibrations are spread over a region. These exhibit a 
special pattern for long CH2 chains. 
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CH2 wag band progression sodium stearate  

(range 1350 – 1180 cm-1) 
 
Similarly to δs(CH3) and  ρ(CH3) the ω(CH2) shows the same 
sensitivity to substituent electronegativity: 

 –CH2Cl –CH2S– –CH2Br –CH2I 
ω(CH2) 1275 1250 1230 1170 cm-1 

 

 
Vibrations of the –CH2–CH2– group. 
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CH2 rock vibrations have very characteristic weak, medium 
bands around 720 cm-1. In crystalline state the CH2 rock, 
ρ(CH2), band splits. 
 

 

Splitting of ρ(CH2) modes in 
crystalline, long CH2 chain. 

 
Carbon hydrogen group 
 
Internal coordinates 

H

C
C 3C 1

C 2

β1 β3
r

 
Linear combination of internal 

coordinates 
Absorption region (cm-1) 

(isopropyl) 
ν (CH) = r  2930(20) 
γ(CH) = β2 – β3 1325(25) 
β(CH) = 2β1 –β2 – β3 1285(45) 
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The  CH group exhibit bands at ~2900 and ~ 1330 cm-1 as 
stretching and bending modes, respectively. 
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ALKENES 
 
Noncyclic olefins 

I. The CH stretchings are above 3000 cm-1 
(sp2) in 3100–3000 cm-1 region 

II. The C=C stretch: 1680–1630 cm-1 
a) IR-variable, Raman-strong 
b) 1680–1665 cm-1 trans-, tri- and tetra- subst. 
c) 1660 – 1630 cm-1 vinyl-, cis-, vinylidine. 

III. Out-of-plane CH deformation vibrations are very good 
group frequencies (1000–650 cm-1) 

 

 
Olefin vibrations 
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General IR spectra expected for ethylenes with alkane substituents. 
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External cyclic C=C 
 
Increasing ν(C=C) – increasing interaction with the C–C 
bonds 
 

 
 

C
CH3CH3 C

CH3CH3

1687 cm-1 1668 cm-1
 

 
 
Internal cyclic C=C 
 
It is similar to noncyclic cis counterpart (1660–1630 cm-1). 
As the ring gets smaller, the C=C / C–C interaction decreases. 
This interaction is minimum at 90° (cyclobutane) 
(Stretch–stretch interaction term GRR = μc∙cosφ) 
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Effects of ring size and alkyl substitution (R=CH3) 
 
Triple bonds and accumulated double bonds 
 
Frequency range: 2300–1900 cm-1 

 
Bands expected for various triple bond and cumulated double bond 
stretching vibrations 
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Summary of the CH stretching of different hydrocarbons. 
 

 
 
 

 
 
 
 


