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INIRA RED SPECTROSCOPY L

Infra-red spectrum is an important record which gives sufficient information about the structure
of a L-_nnuumml. Unlike ultraviolet spectrum which comprises of relatively few peaks, this technique
l‘““"‘l“f a spectrum containing a large number of absorption bands from which a
wealth of information can be derived about the structure of an organic compound. The absorption
of Infra-red radiations (quantised) causes the various bands in a
molecule to stretch and bend with respect to one another. The
most important region for an organic chemist is 2.5 p to 15
in which molecular vibrations can be detected and measured in
an infra-red spectrum and in a Raman spectrum. The ordinary
infra-red region extends from 2.5 w to 15 w. The region from
0.8 uto 2.5 p is called Near infra-red and that from 15 p to
200  is called Far IR Region.

——— Wavelength

0.8 25 15 200 p
Nﬁq"’" ‘g;gi:)end Far Infra-red Region
12500 4000 T 667 50cm '
———» Wave number
Fig. 3.1. Infra-red region. Radiation.

The absorption of Infra-red radiations can be expressed either in terms of wavelength (A) or
in wave number (V). Mostly infra-red spectra of organic compounds are plotted as percentage
transmittance against wave number. The relationship between wavelength and wave number is as

follows:
1
wavelength in centimetres

2.5 % 10 cm, then

Wave number

I

If wavelength (A) is 2.5 p

1
Wave number (V) = ————_—2 510~ om

- 1
4000 cm” [v = —— }
Alincm

The wavelength 15 p corresponds to wave number equal to 667 ¢cm ' Thus, in terms of wave
number, the ordinary infra-red region covers 4000 cm 'to 667 cm '
Band intensity is either expressed in terms of absorbance (A4) or Transmittance (7).
A = log,, (1/T)
This technique can be employed to establish the identity of two compounds or to determine
the structure of a new compound. In revealing the structure of a new compound, it is quite usetul

7 T rebresreﬁitsw microns. 1w =10%cm = 16
10000

wavelength in microns -
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The absorption of Infra-red radlatlon}s, \C/?brational level 15 aSidered as vibrational-rotag,

1 ns
higher vibrational level. We know that e[acfra-re d spectra is cO red energy but only thoy
spaced rotational levels. Clearly, the In

ping infra-red ; _ |
lecule are not capable - abs:;t wfigll absorb in the infra-red regy, o
' ¢ m
spectra. All the bonds in a mole le MO

i in dipo the dipole-moment ofy, be
bonds which are accompanied by a change in diP

: change in _ _
i nied by 2 ible for absorption, (h
Such vibrational transitions which are alCC'O.mpa Thus, these are respons Iption
ucl le are called infra-red active transitions. )
molecule

d. the vibrational transitions which are 5,
' hand, £ i served and t
energy in the Infra-red region. On the otherf L slecule are not directly ob s dhe& W
accompanied by a change in dipole-mome_nt 0l oiitionis oFC.= O, N—H, O—H edc. andsy o
nact ample, vibrationa £ in the Infra-red region. B; 1
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?r(:lzlirtlilz;s in C};rbon-Carbon bonds in symmetrical allgepeihaen;ing :}rled rogion. It is importantt'(

i in - ‘ ‘
the change in dipole-moment and hence do .not .absor oo, & moleculo of the organic compon
note that since the absorption in infra-red region is quantised,
will show a number of peaks in the infra-red region.

Theory—Molecular Vibrations

Absorption in the infra-red region is due to the changes in the Vibratilonal and rotational level
(see Fig. 3.2). When radiations with frequency range less than 100 cm™ are absorbed, molecul'flr
rotation takes place in the substance. As this absorption is qQuantised, discrete lines are formedi

. ; Oscopy (Region 2.5 p — 15 p), ¢
absorbed energy brings about predominant changes i ibrationa| eflerggy which zepends upor
(1) Masses of the atoms present in 5 molecule,

(iti) The arrangement of atomg within the
It has been found that no twe compoundy ey cept the .
red spectra. e”a"tlomers c
It may be noted that the atomg in
visualised as consisting of balls of different sjeq tied
and springs correspond to atoms gp chemical bonds
through the sample, the vibrationg] and the *
kinds of fundamental vibrations are.

molecyle.

an have similar Infr*

are aa . .

Wilhngl hLId rlgldly, The molecule may be

reqpécptrimg;s Of varying strengths. Here balk

ot ' vely. ) )

rotationg| energieg of the en Infra-red light is pass®
m

. 0
hi i ‘ olecules are jncreased. TV
(a) Stretching. In this type of 0

-~ O Vibrationg,
decreases but the atoms remain ip ¢,

dista v
A o n('c e .
¢ same bopg axis. tweep the tWo atoms increases of



(a) N I g

Types of vibrations : (a) Stretching, (b) Bending.

In this type of vibrations, the positions of the atoms change with respect to the
original bond axis. We know that more energy is required to stretch a spring than that required to
bend it. Thus, we can safely say that stretching absorptions of a bond appear at high frequencies
(higher energy) as compared to the bending absorptions of the same bond.

The various stretching and bending vibrations of a bond occur at certain quantised frequencies.
When Infra-red radiation is passed through the substance, energy is absorbed and the amplitude
of that vibration is increased. From the excited state, the molecule returns to the ground state by
the release of extra energy by rotational, collision or translational processes. As a result, the

temperature of the sample under investigation increases. P
[ypes of stretching vibrations. There are two types of - . ol
stretching vibrations: ey ¢ 'h-..<
; ,. ) L N v
Symmetric stretching. In this type, the movement of p H

the atoms with respect to a particular atom in a molecule
is in the same direction.
(i) Asymmetric stretching. In these vibrations, one atom

Symmetric stretching

approaches the central atom while the other departs H
from it. e,
. . L

vpes of bending vibrations. (Deformations). Bending H

vibrations are of four types:

. A symmetric stretching
(i) Scissoring. In this type, two-atoms approach each other.

. Fig. 3.3. Types of stretchin
(i) Rocking. In this type, the movement of the atoms takes . v?bprations g
place in the same direction.

(iiiy Wagging. Two atoms move ‘up and down’ the plane with respect to the central atom.

(iv) Twisting. In this type, one of the atoms moves up the plane while the other moves down

the plane with respect to the central atoms.

H l,, H H : H

ta,, - & ix
* 4 N\ X \$
’ H - , & & v d
i i Twisti
Scissoring Rocking Wagging wisting

Fig. 3.4. Types of bending vibrations. (a) Scissoring, (b) Rocking, (c) Wagging, (d) Twisting
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where p is the reduced mass. d in grams in a particular bond.
ed In
M, and m, are the masses of the atoms concern

bond. For a single by
o s constant of the bogd and relates o the strength IOftglrethe double and t%iple br:j;
is approximately 5 x 10° gm sec 2. It becomes double and triple |

respectively. .
¢ = Velocity of the radiation = 2.998 x 10'° cm sec
Thus, the value of vibrational frequency or wave number depends upon:
(/) Bond strength, and (/) Reduced mass.

Clearly, if the bond strength increases or the reduced mass
decreases, the value of the vibrational frequency increases.

Let us calculate the approximate frequency of C—H stretching
vibration from the following data:

k =5x IOngsec
Mass of carbon atom (m)) =20 x 107 gm
Mass of hydrogen atom (my)) =16 x 1072 gm

-2

k
vo= L. [ mm
2n m +m,

e = 91 s 107 :

_ o , 1sec”! T 3. m " = 3100 cm”

c = C stretching 11 expected to absorp 5 higher frequenc

e higher bqnd sirengt (val'ue of &) of the doubl bond o Y than C—c Stretching, It is due 10

the i Stretchmg”abSOT:)S o ?ngZer frequency compargy (wmpgrcd to the Single bond, Similarly

basis of the smaller value of reduced mass for ) '~ bong It can b : $
¢ explained on t

O—H to absorb at higher frequency 4 COmpareg 1, :ompared With ¢

. i —C bo d. W ect
i frequency. This . H. R . nd. We can exp
absorbs at the higher freq o 5 gan e CXplainey due o s is Not trye, Actually F—

» ) red to that of oxygen. ¢ to h :
fluorine compa ¢ higher Clectronegativity of



vibration of d carbon-carbon dOUILE

Calculate the wave number of stretching
]

| AT .
s 1] (,v!i\(‘ f{)l('(‘ constant (/\ /() X I()ﬁ (jhvncs cm )
Atomic mass of carbon 12 amu
‘ 2x12 6 24
l\'L'til\Ci‘d mass (W) AI—)ZL'” _ = ,l,il.w -6 amu = /’l”zfgm: 9.97 x 10 “'gm
m, +m, 12+12 6.02x10
_ ] k
wave number y = T,
2ne | U
o I 10%10° gm sec”’
V. T 5x3.142x3x10"cm s 6 gm

6.02 %10
R S—— T Y0 [V 0.1680x10*cm”
18.852x10"°cm s
~ 1680 cm .
The reduced mass of a diatomic molecule is 2.

frequency is 2000 ¢cm . Calculate the force constant.

5 x 107 kg and its vibrational

SOLUTION. Given reduced mass, U = 2.5 % 10 kg
vibrational frequency, v = 2900 cm.
Applying the relation v = L [‘7{ or force constant, k = 4mPct - u-Vz
pplying v 2Me V mn >
or k = 4 x (3.142)° (3 * 108 ms™)? (2900 x 107 m Y (2.5 % 107 ke)
~ 7476.4 Nm™' [IN=1kg ms ]
The force constant for carbon monoxide molecule is 1840 Nm;. Calculate
the vibrational ﬁfezq7uency (in cm‘l). Given atomic masses are: 20 =199 x 107 kg;

180 = 26.6 x 10" kg.
SOLUTION. We know that fundamental vibrational frequency (V) is expressed as:

1 [k
5 = ——\/: Given k = 1840 Nm™'
2nc | W

; B _ mgXmy 19.9x10~2 kg x 26.6 10" kg
Reduced mass = Hco = (o 4my)  (199x107%7 +26.6x1077 ke

1.138 x 10°° kg

li

1 |k

—

The relation 1S : Y e\

upetituting the values: 7 = 1 1840kes™”  _ 5 132 x 10°m”"
va 2 = = 5
Mestiniog T VT x3142x3x10°ms™ 1138107 ke m

_ 9132 x 10° x 1072 cm ™' = 2132 em .

Il

or Vv
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The force constant o H/ ()I:Ufl'()n XpP ecléd
Jundamental v = () —» \ =] vibrational abs
I k
We know the relation: V = omc VM
: e ——
T - be simple harmonic: . 2)(1+19)x6.02x1(%
Assuming vibrations to s l(or kg s

-3
Sk 1x19x107kg
_— —_—
YT %3 142x3x10°ms” |
~ 396071.8 m | = 3960.7 cm

° H S 3
Number of Fundamental V'bratlor,‘ - ole-moment interacts with the 0scilly;
The Infra-red light is absorbed when the oscillatln.g dlproa%-sofption to occur, it is Importan; 1&
o o) .
electric vector of an Infra-red beam. For this interaction fferent from the d1p01€-m0mem

- t be di . .
t1 dipole-moment t ane extreme of the vibration mus fra-red absorption, the vibrations shoy
the other extreme of the vibration in a molecule. For Infra-r

i ich are not centro-symmet:
not be centro-symmetric. Only those vibrat'ions are 'Infra-red actlvc;l Zgjs}}zlmmetric, this teg,hniqut:\
As most of the functional groups in organic chemistry are not.ce lecule in a solid cay
most informative to organic chemists. The symmetry properties of a molecu it}
different from those of an isolated molecule. .

The Infra-red spectrum of a molecule results due to the transitions between two differs
vibrational energy levels. The vibrational motion resembles the motion observed for a ball attacl;
to a spring, i.e., harmonic oscillator. A chemical bond can be visualised as two balls attached:
a spring. But it differs from this system since in Infra-red certain vibrational energy levels onlyx
allowed in molecules. The vibrational energy of a chemical bond is quantised and can have t
value.

E, = (V+l)hv
2

where ¥ is the number of the vibrational leve] and can have the values 0, 1, 2. 3
h = Planck’s constant B
and V = vibrational frequency of the bond.
It is already known that :

[ ' Harmonic

k L Oscillator
v L mm L |

2n ”’ll-i-m2 | | | )

. | : Chen"

The energy difference between the two 5 | 4ot
vibrational energy levels can be written g T | %
AEW’I; = hv PE | ‘

At ordinary temperature, where Mmolecuyleg \
are in their lowest vibrationg] energy levelg \
the potential energy diagram approximateg that’ ; TS v=2
of a harmonic oscillator. But gat higher , ,
temperatures, the deviations do occyr (see Fig,

35) » 7 v=

Fig. 3.5



INFRA RIED SPECTROSCOPY

nce between two vibrational energy
h energy sufficient to cause
¢ spectrum.

,\hsmmmnvnf radiation with energy equal to the differe
evels (AE, ;) will cause a vibrational transition to occur. Radiation wit
\il’ﬂmonal transition is found in the Infra-red region of the clectromagneti

T'ransF tons .trom the ground state (¥ = 0) to the first excited state (V"= 1) absorb light strongly
and give rise to mtense bands called the Fundamental bands. The energy difference (AE ;) between
the lowest possible energy level of a bond and the next higher energy level is given as:

AE., = By =1~ Evinr -0
1
[1+*th—[0+l)h\/
2 2

3
= —/N—lhv:hv
9 "

L

ons from the ground state (V=20)to

This gives the frequency of a fundamental band. Transiti
d radiation give rise to weak bands,

the second excited state (V = 2) with the absorption of Infra-re
called overtones.
Assuming that all the vibrational bands are equally space
of the first overtone is given by
AE,, = Evib(V =2) " Evib(V =0)

{2+ljhv—[0+l)hv
2 2
= 2 hv

Polyatomic molecules may exhibit more than one fundamental vibrational absorption bands.
The number of these fundamental bands is related to the degrees of freedom in a molecule. The
qumber of degrees of freedom is equal to the sum of the co-ordinates necessary to locate all the
atoms of a molecule in space. Each atom has three degrees of freedom corresponding to the three
cartesian co-ordinates (X, Y, Z) necessary 1o describe its position relative to other atoms in a
molecule. An isolated atom which is considered as a point mass has only translational degrees of
freedom. It cannot have vibrational and rotational degrees of freedom. When atoms combine to
form a molecule, no degrees of freedom are lost, i.e., the total number of degrees of freedom of
a molecule will be equal to 3n where n is the number of atoms in a molecule. A molecule which
is of finite dimensions will, thus, be made up of rotational, vibrational and translational degrees

of freedom. So,
3n degrees of freedo

Rotational degrees of fre
centre of gravity. Since we are concern
of a molecule, so we calculate only the
Since only three co-ordinates are necessary to locate
has always three translational degrees of freedom.

In case of linear mol re are only two degrees of rot
rotation of such a molecule i« of linearity does not bring
posttion of the atom® while rotat axes changes the position of the atoms.
Thus, for a linear molecule of n atoms.

Total degrees of freedom
Translational degrees of freedom
Rotational degrees of freedom
Vibrational degrees of freedom

Each vibrational degree of freedom coOrre

d (in fact, these are not), the energy

I

m = Translational + Rotational + Vibrational.

edom result from the rotation of a molecule about an axis through the
ed only with the number of fundamental vibrational modes
number of vibrational degrees of freedom of a molecule.
a molecule in space, we say that a molecule

atton. It is due to the fact that the

ecule, the
about its ax about any change in the

jon about the other two

In

S I

m 3-2=3n-9

sponds to the fundamental mode of vibration and
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Jence,
pand. H . . ‘
cach tundamental mode corresponds 10 3]65- ol VibraUOﬂa] degrees of fre%
fundamental bands for the linear molec de (CO) the num
ioxide 2/?
In a linear molecule of carbon dioX!
can be calculated as follows: _3
Number of atoms (n) T 3=9
Total degrees of freedom 3
Translational - 5
Rotational ; 9_3-2= 4

Vibrational degrees of freedom f fundamental bands shou)g

. 0

ical number
Hence, for carbon dioxide molecule, the theoret |
equal to four. degrees of rotation as the rotation aboy;,
In the case of non-linear molecule, there are three deg of the atoms. So, for a non-Jj,

y . sition
the three axes (X, ¥, Z) will result in a change in the po can be calculated as follows:
molecule of n atoms, the vibrational degrees of freedom

Total degrees of freedom = 3n

Translational degrees of freedom = 3

Rotational degrees of freedom = 3

Vibrational degrees of freedom = 3n-3-3=3n-6

Thus, in a non-linear molecule, CgHy, the number of vibrational degrees of freedom cay
calculated as follows:

Number of atoms () = 12
Total degrees of freedom =3x12=36
Translational = 3
Rotational =3

<. Vibrational degrees of freedom = 36 -3-3=3
So, theoretically there should be 30 fundamenta] bands in the Infra-

It has been observed that the theoretical number of fundamenta] vibr
It is because of the following reasons:

red spectrum of benzex
ations are seldom obtaint

(1) Fundamental vibrations that fa]| outside the regjop under investigation. j e.. 2.5 to 15}
on, i.e., 2.

eak to be observed

— as

(iif) Fundamental vibrations that are go close that they ove ] bands.
Tlap,

ar for want of the re

(if) Fundamental vibrations that are too w

L.e., degenerate vibrations

(iv) Certain vibrational bands do not appe
quired change in the dipok

moment in a molecule.

(v) There may appear some additiong
overtones. Thus, due to these, a |
the theoretical number. If there
bands can be expected at:

(i) 2x, 2y (Overtones)

(i) x+y,x+ 2y, 2x +y etc.

I bandg called ¢
arge number of
are two fundame

‘;Tb(;natif)n bands, difference bands &"
ntalnbs Wil be observed - compared [(:
ands at x and y, then the additio"

(Combyipas:
(i) (x =2 (x = 2), 2y - x) e (D'f';’blnauon bands)
It may be noted that these additiong] band are us, ]| €rence bands)
to the fundamental bands. ally

10-100
00 timeg less intense as compared



cdict the numaoer O] JURAAdmeriicid VIUDT CALEUTTER
.5 (i) C,H,
(/) H,S molecule. This a non-linear molecule. Thus, the number of normal
mades of vibration = (3n — 6).
Where n — Total number of atoms in the molecule. Here n = 3.
Number of normal modes of vibrations in H,S = 3 X 3-6=3
(i) HC = CH. Acetylene is a linear molecule
Here n = 4
. Number of normal modes of vibrations = (3n — 5) = 3 * 4-5=7

Absorptions due to bending vibrations occur at frequencies below 1500 cm . These are
not very useful for structural information as confusion of one with the other may occur. Moreover,
bands are obscured due to overtones and combination bands. The region below 1500 cm ' is called
Finger print region. This region is important for comparing the identity of the two compounds

and also for the detection of certain functional groups like esters, ethers, type of disubstitution on
the benzene ring etc.

Selection Rules (Active and Forbidden Vibrations)

Infra-red light is absorbed only when a change in dipole character of the molecule takes place.
Complete symmetry about a bond eliminates some absorption bands. Clearly, some of the fundamental

vibrations are Infra-red active and some are not. It is governed by the selection rules which are
explained below:

(i) If a molecule has a centre of symmetry, then the vibrations are centrosymmetric and are
inactive in the Infra-red but are active in the Raman.

(ii) The vibrations which are not centrosymmetric are active in Infra-red but inactive in Raman.

Since in most of the organic compoun, the functional groups are not centrosymmetric.
Infra-red spectroscopy is most informative. Consider various vibrations in case of carbon dioxide.

b
«— - ~» - }) =C= }) ({ = ; = ({
0=C=0 0=C=0 ‘
(0 (ii L_Gii) ) |
Symm Stretching Asymm Stretching
DM = 0. IR inactive v = 2350 oA

Bending vibrations

NG v=667cm
IR inactive

The above vibrations are all fundamental vibrations of carbon dioxide. Since (i) does not give
rise to any change in dipole-moment, it is infra-red inactive. Asymmetric stretching causes, a net
change in dipole-moment and thus is infra-red active and absorbs at 2350 cm ' vibrations (iii) and
(iv) are said to be degenerate. The bending of bonds in the molecule are identical but occur in
perpendicular planes and thus appear in the same position (v = 667 em ') in the spectrum. Thus

the spectrum of carbon dioxide consists of two bands (i) 2350 em ' due to asymmetric stretching
and (i) 667 cm ' due to bending vibrations.

Intensity and position of Infr a-red absorption bands. The intensity of a fundamental
absorption depends upon the difference between the dipole moments of the molecule in the ground
state and the vibrational excited state. Greater the difference, more is the intensity of absorption.
In case, there is no change in the dipole moment, then the vibrational mode is said to be Infra-
red inactive. Since the intensity of absorption band in infra-red spectroscopy cannot be measured
with greater accuracy, it 18 sufficient to know whether the absorption is strong, medium or weak.
If the most intense peak is assigned an intensity of 100%, then the relative intensities of other
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[. Coupled Vibrations and Fermi Resonance. We (_CH —) group, two absorptions 0cqy
for an isolated C—H bond but in the case of methylent? f%ollows‘
which correspond to symmetric and asymmetric vibrations as :

H
H H
:’ ; * LN o

% Y24
‘\,./

Factors Influencing

We know that the probable freque
application of Hooke’s law. It has been
for a particular bond is never exactly 'eq
the fact that vibration of each group is mﬂue.nce
neighbourhood of the bond. If a particular vibra "
Infra-red spectrum would tell us whether a €€ .
Moreover, the value of absorption frequency 15 ny factors W
changes with its electronic structure. There are many

§

pect one stretching absorption frequey,

(a) Symmetric (b) Asymmetric
Fig. 3.6. Stretching vibrations in methylene group. }

e —

In such cases, asymmetric vibrations alw ys occur at higher wéve
symmetric vibrations. These are called coupled vibrations since these
frequencies than that required for an isolated C—H stretching. Simj

—CH; group take place at different frequencies Compared to —CH
symmetric vibrations are as follows: 2

number compared with i
vibrations occur at differes
larly, coupled vibrations
—— 8roup. For methyl grou

H H H

"N N4
: \

(b) Asymmetric |

(a) Symmetric
Fig. 3.7. L
,;,»,_.m...lf..,,‘. ,{.!,,I-Y.gis..giftr?tc’""g Vibrationg in meth I
Sometimes, it happens that two different ;TE,:;{;‘;"TMMV group. !
such vibrations belong to the same sp "al levels "

) ecies (as jp have né;rl Al
then a mutual perturbation of cnergy may ocqu he case of oy the same energy )
) resUltmg in the 27 group or ~CH3 group’

frequency and the other towarfis higher frequency, It'i shif {
in the intensity of the respective bands. Y-ltis algg 4 OMpanied 1, " one towards 1ow€c
Y a substantial incres’
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Acid anhydrides = .

cm | with a diiTerc(nt;c :)I;‘;Vl;’ t\:/((zsc‘(-)l Strchhlng absorptions between 1850-1800 and 1790-1745

irotoHing. T s L(C)tl cm . Th}S can be explained due to the Symmetric and asymmetric

- h;{ppcn St e e;] r;rgyl‘l(l)l;l; nabsorptlon bands are spread over a wide range of frequencies.
: i - .

of different vibratiop. e ertone level chances to coincide with the fundamental mode

O=——=C=——o0
DM =0
(a)

(b)
a) Symmetric stretching, (b) Asymmetric stretching.

For symmetric stretching,
| bending vibrations are equivale

Raman spectrum shows a strong band at 1337 cm™'. The two

nt and absorb at the same frequency of 667.3 cm™. The overtone

- of this is 1334.6 cm™ (2 x 667.3) which is very close to 1337 cm ™. Thus, Fermi Resonance takes
place resulting in the shift of first level towards higher frequency. The mutual perturbation of
1337 cm™ (Fundamental) and 1334.6 cm™ (Overtone) gives rise to two bands at 1285.5 cm ™ and
1388.3 cm™ having intensity ratio of 1 : 0.9.

Another example of Fermi Resonance is given by aldehydes in which C—H stretching absorption
usually appears as a doublet (~2820 cm ™ and ~2720 cm') due to the interaction between C—H
stretching (fundamental) and the overtone of C—H deformation (bending). Fermi Resonance is
also shown by the spectrum of n-butyl vinyl ether. In this case, the overtone of the fundamental
vibration at 810 cm™' chances to coincide with the band at 1640 cm™. The mixing of the two bands
(Fundamental and Overtone) in accordance with Fermi Resonance gives two bands of almost equal
intensity at 1640 cm  and 1630 cm.

Similarly, Fermi Resonance is required to explain the doublet in case of certain lactone_sl and
cycloketones. In cyclopentanone, the absorption due to carbonyl group occurs at 17{6 cm  and
1750 em™". This splitting can be explained by Fermi Resonance. In large molecules, Fermi Resonance
1s observed only when the normal vibrations and the overtones are in the same area of the molecule
and also if certain symmetrical conditions are fulfilled (Two bands should be of the same symmetry).

2. Electronic Effects. Changes in the absorption frequencies for a particular group take
place when the substituents in the neighbourhood of that particular group are changeq. Thg trequepcy
shifts are due to the electronic effects which include Inductive effect, M¢f.s'orr.xeru' f’f]ects, ‘F ield
effects etc. These effects cannot be isolated fron} one anoth?'r and thcj contrlbu}non of 0{1? of them
can only be estimated approximately. Under the mﬂucpce (?t these effects, the force cor.mtan‘ti or Fhe
bond strength changes and its absorption frquency shifts trqm the normal valu‘c. Thfe }l}ntr;)) u(;:tlor:1
of alkyl group causes + I effect which results in the lengthening or the weakening of the bond an

hence the force constant is lowered and wave number of absorption decreases. Let us compare the
war:]céenu(:n bers of v (C=0) absorptions for the following compounds:



LINAN § )L)(

(/1) Formaldehyde (HCHO)
(1) Acetaldehyde (CH,CHO)
(i) - Acetone (CH,COCH,)

ketones.

) r than . .
Aldehydes absorb at higher wave numbe auses—I effect which results in the by
The introduction of an electronegative atom Of group €

f absopy
e wave number o oy
s nd hence th .

order to increase. Thus, the force constant increases 2 o the following compounds:

. . sorptions 1
rises. Now, let us consider the wave numbers of absorp ]

cm

(i) Acetone (CH,COCH,) 1;212 o

(7) Chloroacetone (CH,COCH,CI) I _1
1740 cm

(1if) Dichloroacetone (CH,COCHCI,) 1

(iv) Tetrachloroacetone (CL,CH—CO—CHCl,) 1750, 1778 ?m d _—

In most of the cases, mesomeric effect works alongwith inductive effect an c_anno' e.lgnorec
Conjugation lowers the absorption frequency of C=O0 stretching ‘thethC.I' the conjugatlgn 18 duey
@, B-unsaturation or due to an aromatic ring. In some cases, inductive effect domlqates Ve
mesomeric effect while reverse holds for other cases. Mesomeric effect causes 'lengthenmg or ff:
weakening of a bond leading in the lowering of absorption frequency. Consider the followiy
compounds:

In these two cases, —I effect is dominated by mesomeric effect and thus, the absorptin

frequency falls.
H,c—cLY

«
CH,— —Kc;{\z CH,

Methyl Vinyl Ketone

v C=0 1706 cm-! Acetophenone

vC=01693 ¢!

In some cases, where the lone pair of electrong present
double bond of a group, say carbonyl group, the mobility of the ]
us compare the absorption frequencies of V(C=0) stretch;

Hzrﬁ'czf}-’: :({\:CJQ)'

— CH,

Benzamide
vC=01693 cm! Methy| benzoage
vC=( 1730 cml

As nitrogen atom is less electronegative than OXyg
i ile and participates 5 5 :
in amide 1s morc labile participates more jn conjugagion . €ctron pajr o nitrogen ator”
the C=0 absorption frequency j Much Jegg ; .« U to thie of
n, €SS N amjdec S greater degree

tion frequencjec , €S as o ,
LS ARGID Fauencies of the a8 Compare to that in ester*
pOUnds;

€ atom, the ¢

conjugatio

are o
Let us comp followmg com
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( ‘i ( » 0
b ol
(1. | 0—C—CH,
( NH
Pale N :0—CH
i g 3
s Xy
0] 0]
I 11 I v
p-Amino p-Nitro p-Methoxy Pheny! Acetate
Acetophenone Acetophenone Acetophenone v C=0 1770 cm™!
v C=0 1677 cm’! v C=0 1700 cri”! v C=0 1684 cm™!

Due to the low electronegativity of nitrogen atom, the lone pair of electrons participates more
in conjugation in compound I as compared to that in compound III. Thus, in compound I, v (C=0)
absorption occurs at lower wave number compared to that in compound IIL. In compounds IT and
[v. inductive effect dominates over mesomeric effect and hence absorption takes place at
comparatively higher frequencies.

I nportant to note that only inductive effect is considered when the compound is
tituted
stitution, both inductive and mesomeric effects become important and the domination
of one over the other will decide the wave number of absorption. In ortho substitution, inductive
effect, mesomeric effect alongwith steric effect are considered. In ortho substituted compounds, the
lone pairs of electrons on two atoms influence each other through space interactions and change
the vibrational frequencies of both the groups. This effect is called Field effect. Consider ortho

haloacetophenone.

neta

In para sub

CH,
C=0

X:
The non-bonding electrons present on oXygen atom and halogen atom cause electrostatic
repulsions. This causes a change in the state of hybridisation of C=0 group and also makes it to

go out of the plane of the double bond. Thus, the conjugation is diminished and absorption occurs
at a higher wave number. Thus, for such ortho substituted compounds, cis absorbs (field effect) at

a higher frequency as compared to the trans isomer.
3. Hydrogen bonding. Hydrogen
bonding brings about remarkable downward
frequency shifts. Stronger the hydrogen
bonding, greater is the absorption shift

Covalent bond
(strong)

towards lower wave number than the normal n

value. Two types of hydrogen bonds can be H ==temCF  weesssee H e F

readily distinguished in Infra-red technique. | \\ :

Generally, intermolecular hydrogen bonds g \ g

give rise to broad bands whereas bands arising Intermolecular
attraction (weak)

fromt intramolecular hydrogen bonds are sharp
and well defined. AIntermolecular hydrogen
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_ sjties 0 ° - +od molecula :
1ion the intensit! od assOc'd“d Am(‘)luulc iy 1
¢. On dilutio een fre€ @ gsociation. b

bonds are concentration dependen . crarence D€ Olecular g

. : ency differ in inté 2] attention h

concentration. The absorption frequ di than that 1n e s eCla] atte : MOSt]

. in T

In case of intramolecular hydrogen tzol i compo ds desef‘; tetrachlorlde arc useq y, \
e 6]

. . G a

Hydrogen bonding in O—H a'nd : chlorOforms H Compounds to a CO“Sid t
associating solvents like carbon d””"’h'.d?{uence <k ’t/m hydrogen bonding iy a%t
5 ants |i ., 10 atont,
e ke e HEACE ive than an oxyger mines are less dramatién I‘ i

extent. i : ectronegatl fts in @ o ‘
extent. As nitrogen atom is less el the frequency shift s while in COﬂdensed
Is weaker than that in alcohols and thus, 1

1 dilute solut Ly
example, amines show N—H stretching at 3500 cm 11 di |
spectra, absorption occurs at 3300 cm .

In aliphatic alcohols, a sharp band* app
O—H group while a broad band is noticed at
Alcohols are strongly hydrogen bonded in conqeﬂse
dimers and polymers which result in the broadening 0
vapour state or in inert solvents, molecules exist in free s

Iin dilute solutions dye i

m’ ll
3650 ¢ o hydrogen bonded O—y 0:
d phases. These ar¢ usu'ally ass0cizgy
¢ bands at lower absorption frequ eny

tate and absorbs strongly at 365 )

ears at
3350 cm | due t

Alcohols can be written in the following resonating structures.
o ®
R—O—H O—R R—O H_?_R
! ,L 1 H
R—O—H---(I)—R
H
I

Fig. 3.9. Resonating structures of alcohols.
Structure I1I is the hybrid of structures I and II. This results in the lengthening of the origin
O—H group. The electrostatic force of attraction with which hydrogen atom of one molecule
attracted by the oxygen atom of another molecule makes it easier to pull hydrogen away fromt

oxygen atom. Thus, small energy will be required to stret
. X ch s 0O
absorption occurs at a lower wave number. uch a bond ( H) and hen

and polyhydrr

these conditions, it was observed that a number of eyclic and acyclic diol hare form;d. ;Jn::
§ have two bands &

others have a single band in the O—K stretching mode reg;
The spectrum of glycol in dilute carbon [~ =
tetr_alchloride shows two vO—H bands at 3644 =
cm * and 3612 cm . The band at 3644 om 1 | H H |
is due to free O—H and that at 3612 cm™! ig ) ¢’ AP
due to O—H--"O bonding. As the absorption g
shift (32 cm™) is small, the type must be / ’ N\
intramolecular hydrogen bonding. Out of e W S K/ \
two possible conformations of ethylene glycols r " H' \T/ :
only staggered syn conformation can form an, OH
intramolecular hydrogen bond. The occurrence
of a strong band arising from the Intramolecy]ar Fig. 3.10, Anti ang

broad and sharp.
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hydrogen bond shows that the molecule exists in staggered-syn conformation.
I'he energy «»I‘ the hydrogen bond compensates for excess energy (5 keal mole ') due to steric
and dipolar repulsions of the two O—H groups. The small frequency shift (Av = 32 cm ') shows

that hydrogen bonding is weak.
At higher concentrations, the 1.R spectra of diols show a third band arising from the

: inlcrmulcgular hydrogc.n bonding of the hydroxy group. This new band shows all the characteristics
ohscr.\*ct.i in mm.lohydrlc alcohols, i.e., the bands formed are strong and broad. The intermolecular
association of diols results in a larger shift of vO—H than intramolecular hydrogen bonding does.
If the ﬁ,ie vO—H in diols is 3626 cm ', then intermolecularly bonded O—H abosrbs at
3477 cm .

ln'aromatic amines, differences between intramolecularly associated and free N—H
bond absorption frequencies are small and difficult to observe.
In enols and chelates, hydrogen bonding is exceptionally strong and absorptions due to
O H stretching occurs at very low values. As these bonds are not broken easily on dilution by
an inert solvent, free O— H stretching may not be seen at low concentrations. It is due to the fact
that the bonded structure is stabilised by resonance. Consider acetyl acetone:

o ® (O]
Q’?H_ el O_ZD :OH— — —:0:
| —p || |
R—C’——_@—C—R R— C—CR'=C—R
I II

The O—H group involved in chelation gives rise to broad absorptions between 3000 and 2500
cm . The vCO absorption in the enolic form occurs at 1630 cm " and that in the keto form at 1725
em~'. From the intensities of the two peaks, it is possible to determine the quantities of the enolic
and the ketonic forms.

Mostly the acids exist as dimers and bridges formed are stabilised by resonance.

%49 o'® @ X @
S;Q_ H_@ /O——H—O\\C_
_— // — H—C\\
Lo —9) ST e

The formation of bridges lowers the force constants and thus vC=0O and vO—H decreases.

The larger decrease in the frequency in these dimers indicates the exceptional strengths of hydrogen

bonds.

The carboxylic acid dimers display very broad band at 3000-2500 cm' due to O—H stretching.

In vapour phase, VC=O absorption occurs at 1770 cm ! in acetic acid and in the liquid state,

absorption band appears at 1739 cm™". Infra-red spectrum of benzoic acid shows a broad band at
3000-2500 cm”’ due to O—H stretching. Pi (m) cloud interactions are also noted when acidic
hydrogen interacts with lewis bases (Nucleophiles) such as alkenes and benzene. For example, the
frequency of O—H stretching in phenols is lowered by 40-100 cm ' when spectrum is taken in
benzene solution as compared to that in carbon tetrachloride solution. Due to this interaction,
lengthening and hence weakening of O—H bond occurs.

4. Bond angles. It has been found that the highest vC=0 frequencies arise in the strained
cyclobutanones. This can be explained in terms of bond angles strain. The C—CO—C bond angle
is reduced below the normal angle of 120° and this leads to increased s-character in the C=0 bond.

Greater s-character causes shortening of C=0 bond and thus C=O str occurs at higher frequency.
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fow will vou exp . L= ; " )
| R, plain that the carbonyl stretching frequency of an aldehyde is slightly
higher an that of the corresponding methyl ketone ?
is¢ of methy] ke " , ’ , : .
- i““”“ (CH, CO ), the electron donating group is methyl which
lcads to more single b o , - ‘ '
lca ‘ore single bond character in carbonyl and hence vC = O stretching 1S lowered.
» carbony -etehi . . ) ) ;
: e I‘ _ 1yl stretching frequency in 2, 4, 6-cycloheptatrienone is exceptionaly low.
wplain.
I'he (-\\cplmnql low value of vC = Ostr in 2, 4, 6-cycloheptatrienone is due to the
conjugation effect. The cyclohepta trienyl cation (II) which is tropylium cation

0.0

I 11
contains 6 T electron cloud and its structure is stable. As a result of strong resonance

contribution, the vC = O str frequency is quite low.

Saturated aliphatic monocarboxylic acid, show carbonyl stretching near 1755 cm
whereas the saturated aliphatic ketones absorb near 1720 em . Explain.

In monocarboxylic acid, the carbonyl group is bound to oxygen atom. Now two opposing
effect strongly influence the carbonyl frequency. These effects are inductive effect and
mesomeric effect. Out of these, inductive effect dominates and thus absorption frequency
in case of carboxylic acid is more.

1

| important Tips for Interpreting an Infra-red Spectrum

Following are some useful tips for interpreting an infra-red spectrum.

(i) Always place more reliance upon the negative evidence. The absence of a band in a
particular region is a sure indication of the absence of group/groups absorbing in that region. For

example if there is no absorption in the region 1900-1600 cn_}—l,_th¢ carbonyl group (>C_—_ ()J

must be absent in the compound.
(ii) Always start from the higher frequency end of the spectrum. Mostly stretching vibrations
oceur in the region above 1500 cm ! and are most informative. The rggion 1500—100(),Acm"1 may

be used for confirming esters, alcohols, ethers etc.

(iii) To distinguish between intermolecular and intramolecular hydrogen bonding, the spectra
of the sample are scanned at two different concentrations. Various solvents may be used to study

association effects.
(iv) For easy detection of the various groups present in the compound, the infra-red region
(4000 to 667 cm™') may be visualised as consisting of the following portions:
Characteristic absorption frequencies of functional groups

Type of Vibration Class of Compound Frequency (cm ) Intensity
C - H Str (i) Alkanes 2960-2850 (s)
C-H Str (i) Alkenes 3100-3010 (s)
C - H Str (iii) Alkynes ~ 3300 (s)
C —H Str (iv) Aromatics 3150-3020 (s)
| C _ H Str (v) Aldehydes ~ 2820, (w)
| o 2775-2720 (w)
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675-1600

156 o (
T | -1450 "
. ( 7 Alkenes | 1600-1 o
e (( ‘ :ltr (”) Aromatics 226()'2 ] ()() vy
b Str \
. (iii) Alkynes 1740-1720 .
C : O Str (i) A]dehdeS 1725-1705 (XJ
0 (ii) Ketones . 1725-1700 Y
C=0 Str lic acids (S)
C =0 Str (iii) Carboxyl! 1750-1730 :
| c-ost (i) Esters 1680-1630 ;
C=o0 st (v) Amide 1850-1800 (s?
C=0 st (vi) Anhydrides 1790-1740 .
| ~ 1790 ’
C=0 Str (vii) Acid chlorides (y
~ Is 36503580 (sh
O - H Str (i) Alcohols and Pheno an
(dilute Solution)
O - H Str (i) Alcohols, Phenols 3550-3200 (b,
(Hydrogen bonded)
) O —-H Str (iti) Carboxylic acids 2700'2'500 (b
’ N - H Str (i) 1°-amines, amides ~ 3500 (n
| (Free) (Two bands)
N - H Str (i) 1°-amines, amides ~ 3400 P (m)
(H-bonded) .
N - H Str (7ii) 2°-amines, amides 3500-3300 (m)
Free-(one band)
N - H Str (iv) 2°-amines, amides 3310-3140 (m)
(Hydrogen bonded) '
C=NStr Nitriles 2260-2220 (o
-+ (ﬁ% - r
—N& o (Str) Nitro compounds
(Eg ’;‘S’ annelic 1620-1535 8
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Fhe appearance of the bands in this region shows the presence of
and the breadth of

OH Iy gion s
| .~ NH,, NH group in the compound. The position, intensity
:ht | ?dnds lg‘ll w.hclhcr the group is free, intramolecularly bonded or exhibit intermolecular
wydrogen bonding. = C—H str also shows a medium band near 3300 cm .

. Absorptions due to C—H str and Ar—H stretching occur in this region.
Ihe sharp bands of weak to medium intensities are observed.

30002500 cm The absorptions due to C—H stretching from methyl or methylene
groups occur in this region. The asymmetric C—H stretching occurs at slightly higher
wave number as compared to that of symmetric C—H str. A very broad band between
3()00—25001 cm ' is most characteristic of acids (—COOH group). Two weak bands, one
at 2720 cm  and the other near 2820 cm ' are most characteristic of C—H stretching in
aldehydes. The higher frequency band is seldom observed.

(d) 2300—2100 cm '. This is the region in which alkynes, cyanides, cyanates, isocyanates
absorb. The bands observed are weak and variable. __C=C stretching occurs between
2140-2100 cm . —C = N stretching shows a variable band between 2260-2200 cm .
Isocyantes show a strong band between 2280-2250 cm .

(e) 1900-1650 cm' '. Strong bands due to C = O stretching occur in this region.

Anhydrides show two strong bands in the region 18501740 cm . Esters, aldehydes, ketones,

lactones, carboxylic acids, amides show strong bands due to C=0 stretching in this region. Imides
are also recognised by two strong bands (doublet) in the region around 1700 cm”'. Following
points regarding C = O stretching may be helpful.

(i) o, B-unsaturation lowers the frequency of absorption by 1540 cm'. But in amides, a

small absorption shift towards lower frequency is observed.

(ii) Increase in the ring strain in case of cyclic ketones raises vC = O absorption.

(iif) Hydrogen bonding to the carbonyl compound lowers vC = O absorption by 40-60 cm .

(/) 1600-1000 cm . This region is very important for identifying nitro compounds and also
confirming the presence of ethers, esters, primary, secondary and tertiary alcohols. The
appearance of strong bands due to C—O stretching at 1300—1050 indicates (i) an ester
provided C = O stretching 1s observed in the region 1750-1735 cm ' and (i) an alochol
if O-H stretching free and/or bonded occurs between 3600-3200 cm . Ethers show a
strong band in the region 1150-1070 cm ! due to C—O stretching in — C—O0—C—.This
region also helps to identify C—H str in aromatic compounds. For aromatic rings, medium
bands around 1600 cm ', 1580 cm”' and 1500 cm” are observed.

(g) Below 1000 em . This region is very useful in identifying the type of substitution on the

aromatic ring:
(i) a strong band at 770-730
(i) ortho and para disubstitute
higher wavenumber.
(ifi) Meta-disubstituted com
850-710 cm -
EE¥d Important Terms and Definitions in Infra-red Spectroscopy

1. Infra-red region. For structure elucidation, the Infra-red region is from 4000-667 cm g
Out of this, the high frequency region (4000-1300 cm ') is the functional group region

and that from 1300667 cm | is the finger print region.
2. Infra-red spectrum. [.R. spectrum of & compound represents its energy absorption pattern

in the infra-red region- It is obtained by plotting percent absorbance/transmittance of the

cm  (s) shows monosubstitution.
d compounds show one band each. The latter absorbs at a

pounds are usually recognised by two medium bands in the region




{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }

