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aoe (n the dipole —
change pole moment. T . g :
his technique clearly makes a distinction between €IS and trans

~mers. Consider 1, 2-dic
isomet r 1, 2-dichloro ethene. Its geometrical isomers are

H_ q H.  Cl
AN
ﬁv/ \C)//
|
PAS C
i Cl C1//( Sy
h=185D =B

For most of the vibrations, the . . . n i
ibrations, the change in the dipole-moment occurs 10 the cis isomer. On the

sther hand, trans isomer is non-polar with dipole moment equal to zero.
1 - . S
is not observed In casc of trans-

Accordingly the C = Cstr absorption peak at 1580 cm
ole moment. On the other

isomer since the vibration in it does not produce any change in the dip

; i -1
hand, this peak (1580 em ™) appears due to C = Cstr in cis isomer.
CH,C = CH). the vibration due to

In the same way, it is observed that in methyl acetylene (
H,C = C—CH,), the vibration is

C=Cstr is iqfra—red active whereas in dimethyl acetylene (C
infra-red inactive.

11. Rotational Isomerism : Infra-red spectroscopy helps in the
aggered conformations. The two conformations of 1, 2-dichloro et

detection of Gauche (skew) and
hane can be shown below :

st
Cl Cl
H cl H H
H H H H
H Cl
I I
Gauche Staggered (Trans)

1235 cm | (CH, rocking) 1291 cm ' (CH, rocking)
1291 cm | and 1235 cm ' appear in the spectrum of 1, 2-dichloroethane. The
dominates at lower temperature whereas gauche form dominates at
lative intensities of the bands depend upon temperature. The rocking
! becomes less intense as the temperature is raised. From the relative
intensities of the bands, their relative abundance at a particular temperature can be estimated.
12. Detection of Impurity in 2 compound. Infra-red spectroscopy 1s also useful in the
detection of impurity in a compound by comparing its spectrum with the spectrum of the authentic
sample of the compound. Moreover, 4 pure sample always consists of sharp peaks and bands while
impure sample will consist of poor bands and also some additional bands.

simple Problems on infra-red Spectroscopy

d with molecular mass Cyll 5 shows the following characteristic

Two bands at
staggered (trans) form pre
higher temperature. The re
vibration band at 1291 cm-

1. An organic compoun
absorption bonds :
(i) 2925 cm ' (sV),
Determine the structure of the compound.
Ans. From the positions of the absorption bands, it is clear that the compound is a saturated

! o .
hydrocarbon. A band at 2925 cm shows C-—H stretching whereas that at 1465 cm ' is due
to C-——H bending for methyl and methylene. Absorption position of 1380 ¢m "is due to

(if) 1465 cm ', (iii) 1380 cm ' and (iv) 720 em !
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, 1o rocking motion for mcthylcnt -
¢ H bending fo methyl. Absorption at 720 ¢cm d:f:lm“(?%lklv %(,‘l L,—CH, ('H,’ (}:'&nvs
the orpanie compound is p-octane (CH, - CH, ) y

it} sooty flame. Jq ¢} V.
I, burns with a SOOIy Shopy,
n organic hiqui g

fwith molecular formula ( frum (i) 3060 cm | (1) 3040 ¢y 1 the
following absorption hands in its Infra-red spec ' Deduce the structure of the Compy, ¥
2918, 2870 em (1) 1500, 1450 cm ' (v) 750 em . Dec )

i 1 Ung
. . allC. 1he ghe y

. , sars to be aromat absor

Sinee the compound burns with a soaty flame, it appea .

I lop
| , Iso a band at 3040 cm ~ is dye o ¢ 1
at 3000 cm s due (o ¢ Hstr aromatic. A h(; ¢ o Gt str for methyl en C
" § : N . lel \ llC O § g ]
sStretching (aromatic). Twao absorption positions o
S ic ring is fi :r confirmed as two ahe
L2918 em - and at 2870 em . The aromatic ring is further con TGS a8 i “h“"fph(m
. | Uy .. C stretching. The aromatic Compo,
bands appear at 1500 em " and 1450 em ' due to (= C et o Hemen i
| ‘ of . k3 « . o . s . r
I8 mono substituted due to the appearance of a band at Probab,
organic aromatic compound is toluene.

{
p APpey,

lhe analvtical darg and the molecular mass determination gave CylyO as the

Jormulda of the ¢ 'mpound. The compound burns with a sooty flame and gav'c an f’XiMe
with hvdroxviamine hvdrochloride. Following absorption Ibands appear in it ]/r; Ya-re|
Spectrum : (i) 2825 ¢m ' (1) 2717 em l, (iii) 3060 cm * and (iv) 1700 c¢m (s) ang
830 ¢m Deduce the structure of the compound.

mol eculgy

The organic compound is

aromatic as it burns with a Sooty Flame. It also contains g,
aldehydic group

as it forms an oxime with hydroxyl-amine hydrochloride.
Two bands at 2825 ¢m ! and 2717 em ' are due to C-
of'an aldehydic group. A'band at 3060 cm ' is due to C
Benzene ring in it must be disubstituted as an abso
Thus, Ce¢Hy— and CHO are the parts

~H str which are most characteristic
—H stretching in aromatic compounds,
rption peak is formed at 83( cm’
of the molecule. Clearly, CH, is left. Thus, the

organic compound under investigation is p-Tolualdehyde CH; CHO|.

An organic compound dissolve
It gives brisk effervescence with sodium' bicarbong

exhibits the following absorption bands - (i) 3060-

1602, 1510, 1450 em™" and (iv) 1620, 1375 cpm !

Organic compound which dissolves in sodium hydroxide pProducing yellow coloured solution
should contain —NO, group in it. The efferrescence wigh sodium bicarbonate shows thal
it contains a - COOH group in ill. The presence of —COOH group is further confirmed from
a broad band at 3000-2500 ¢m . The

| ' absorption bands at 1602, 1510 and 1450 cm ' ar
C stretching in aromatics. The presence
from the two bands at 1620 and 1375 em ! The absorption po

that the compound i disubstituted. Hence, the most likely stpy

p-Nitrobenzoic acid.
();N@* COOH

O compounds wij) show
2 Give suitable re

s in sodium hydroxide to form a yellow coloured solution.

te solution. [ts infra-red spectrum

310 em™, (i) 3000-2520 em ' (b), (il
(s) and 830 cm'l.

of nitro group is revealed
Sthion at 830 ¢m ‘\h”“j‘
cture of the compound 1§

Vhich of the following tw .
Which of the f @ - o e
a higher wave number

ason for you, answ,

O o
d q“\
and
. .

; . i
{ching absorption band ¢
er.
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Compound : alany
ompound (0 will absorb (due to v( O str) at a sightly higher wave number as

compared to ¢ N ‘ :

uhl»n\l 0| compound (i). It is due to steric hindrance. The effect occurs when the
carbony oup 1s torced «li . .
{ ny! groug is forced shightly out of the plane of the double bond and due to this
f,,\nﬂ\\hl' OV (.'»ln‘y is reduced

{rrange the qne con ; » :
g= e (“”‘”‘ g compounds in order of their increasing wave number of absorption
due 1o ( C stretching )

CH,

\ »==CH, \ Se—CH =CH,
— ,.”I ', __——‘_——‘/ ‘—

@) (if) (iii) (iv)

Assign reason for your answer

Ilhc exocyclic olefinic double bonds show an increase in C=C stretching frequency as the
size of the ring decreases. Thus, with the increase in ring strain, C=C str requires more
energy and wave number of absorption is raised. The wave number of absorption has the
order :

() < (iv) < (i) < (ii)

. An organic compound with molecular formula CyH, decolourises bromine in carbon

retrachloride and gives a white precipitate with ammonical silver nitrate solution. Give

the probable structure of the compound. Its infra-red spectrum gives a band at 2150-

2200 em ' and the region near 3300 em ' is transparent.

The compound appears to be unsaturated as it decolourises bromine in carbon tetra

chloride. 1t cannot be ethylenic as it gives, white precipitate with ammonical silver nitrate

solution. The presence of C = C is further confirmed due to an absorption band at 2150-
2200 em . Hence, the compound can be C¢Hs—C=CH.

How will you distinguish between : (i) p—CH,CO—CH,—OCH; and

(i) CH_‘CO——C(,H“—NO2 ?

Methoxy group in the para position causes +M effect in p-methoxy acetophenone. Due
to this, the force constant of C = O bond is decreased which results in the lowering of
wave number of absorption. On the other hand, the —NO, group causes —M effect and
raises the bond order of C = O bond resulting in the absorption at higher wave number.

Arrange the following compounds (Lactams) in order of their decreasing wave number

of absorption :
0 Q)
O
‘ NH P
L NH

() (i) (ii)
In cyclic amides or Lactams, the ring stra}n increases the C=0 stretching frequency. We
know that the smaller rings are more strained than the bigger rings. With the decrease in
ring size, the force constant of C=0 .bond increases and hence the absorption position is
raised. Hence, the decreasing order 1s :
(i) > (i) > (i) |
4n aromatic organic compound decolourises bromine in carbon tetra-chloride and exhibits
the following absorption position. .
(i) 3090 em ! (if) 3040 and 3000 em (iii) 2820 and 2750 cm ' (iv) 1685 cm '(s)
'S 160 ernct (vi) 1580 and 1450 cm™' (vii) 750 cm .
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) The carbonyl group >
the presence of carbonyl gmup. The carbc yound cortains
peaks appear at 2820 ¢cm . Further the o("l]rt,he decolouris
a band at 1630 cm . (also confirmed by

‘o 8 . stigation 4
structural units in the compound under investig

probable structure of the compound 18

. namaldehyde)
C HCH=CH--CHO or @»CH=CH”CHO' i

Short Questions with Answers
What is the range of infra-red radiations s |
The range of infra-red radiations is 2.5 u~1.5 K z.e.: ¢ ared radiations ?
What happens when a substance is irradiated with infra . b o 1 o]
When a substance is exposed to infra-red radiations, the various fond‘ o d’ n;o e%
stretch and bend with respect to one another. The absorption ol radia ‘ns‘ OCTweg
1500 cm '-4000 ¢cm™' cause the bonds to stretch and the bands formed due to. these
absorptions are most characteristic of different functional groups. The absorption
radiations below 1500 cm™' cause bending of bonds.

Can you distinguish a pair of enantiomers by infra-red spectroscopy 4

No. The enantiomers of an optically active substance cannot be distinguished by thj
technique.

Name the various types of bending vibrations.

These are Scissorin%, Rocking, Wagging and twisting. For such vibrations, energy require
is below 1500 cm .

What is Hooke’s law ?

Hooke’s law helps to calculate approximately the value of stretching vibrational frequenc;

of a bond. According to this law,
1 |k
2ne\u

mlm2
m +m,

4000 cmﬂ] to 667 cm .

v (wave no.)

where u is the reduced mass.

M:

Compared to t u v i .
pared to the number of bonds in a molecule, there gre generally more numbe’
of peaks in the infra-red spectrum. Explain. ' i S0E
In addition to the number of peaks / bands characteristic of differ
P \ . 5 " C 3 Y e
the other peaks may be due t.(l) overtones, combination bands, dj
4 (¥ h
example, if x cm * and y cm " are the frequencie -~
low intensity also appear at 2x, 2y, (y M. (% - 1) em t
. . ' S ete,
How inductive effect brings about g4 change in the positi |
particular bond ? lon of absorption for
The presence of electron releasing groups, (] effect) such
a downward shift in wave number of absorption For Sy
. . ] . c
gives C = O str band at 1745 ¢y ! whereas ace
methy! group absorbs at 1715 cm ! dye

nt bonds in a molecul
Cof 1 fference bands ete. I
S of fundamentg] bands, then peaks of

alkyl groups hrings aboV
) TOups brings 4%
tor ;"dn}p lef A»Celc’lldchydc ((T'll;(‘l’i()’
]'(. ((l{‘(‘()(‘Hl) dUe to addiﬂo'w

C=QOgtr Q
str, Similarly, the Presence of -] prodl
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rom the normal v alue. |

} {1 \i? Achy o &
\ el rase & E e ) ;
T by the wave number of absorption |
¢ AN, () & . . B . R ) o
tr for acetone s at 1715 ¢m  whereas those for chloroacetonc ant
\ifnh‘\“&‘.!‘ ctone are at 1724 o ; .
cm | and 1740 cm - respectively.

n the Infra-red spectroscopy -

ft in the wave number of
H str at

How hydrogen bonding change the position of absorption i
Hivdrogen bonding bring , .
Hvdrogen ding brings about a remarkable dmsn\\ard shi
molecule) shows O—
a broad absorption band at
band occurs at

hsOrpLon R L
absorption. bor ¢ vample, alcohol in the vapour state (Isolated

about 3600 ¢m - whereas that in the associated form gives
1200 cm - Stronger the hydrogen bonding, more broadening of the
much lower wave number -

Can you distinguish the type of hydrogen bonding by Infra-red spectroscopy ?

a of the given compound at two
different concentrations. If there is a shift in the absorption position of a particular peak
ance 18 intermolecular otherw ise

bstance does not depend

Yes., It can l‘\‘ CJMI\ dl‘Hc }‘\ lemu lht‘ lllﬁ';bll‘d .\PL‘CU'

or band. then the type of hydrogen bonding the subst
i 1s intra molecular. Intra-molecular hydrogen bonding in a su
upon the concentration of the solution.

Discuss the positions of absorption of a particular band in a substance in all the
three states.
In the vapour state, the absorption band for stretching of a particular bond occurs at the
ance is in the liquid state which in
nce is in the solid state.

whereas non-linear

highest wave number compared to that when the subst
wurn oceurs at higher wave number than when the same substa
1-5) vibrational degrees of freedom

molecules have (3n-6) vibrational degrees of freedom. Explain.
grees of freedom describe rotation and another three
(3n-6) are the vibrational degrees of freedom. But

Linear molecules have (3

In non-linear molecules, three de
describe translational. The remaining
in linear molecules, there are only two degrees of rotation.

Infra-red spectroscopy is the best technique to establish the identity of organic

compounds. Explain.

In this technique, when a substance is exposed to infra-red radiations, almost all types of

bonds in a molecule show absorption bands at characteristic wave numbers. Most

characteristic stretching absorption bands appear above 1500 cm .
Some of the fundamental vibrations are infra-red active while others are not. Explain.

Infra-red light is absorbed only when a molecule of the substance under examination
undergoes a net change of dipole-moment. Total symmetry about a bond eliminates certain
bonds and thus the number of bands which appear does not agree with the number of
fundamental vibrations. Clearly, some of the fundamental vibrations in infra-red are active

and some are inactive.
What happens to O-H str position when 10 ml of carbon tetrachloride is added to

2 ml of ethyl alcohol ?
Ethyl alcohol exhibits intermolecular hydrogen bonding and due to this, absorption band

3200 em . When carbon tetrachloride is added it, there is decrease in hydrogen

occurs at BCIARES
rption position 1S raised.

bonding and thus, the abso
What do you mean by Finger print region ?

The region below 1500 cm | is rich in many absorptions which are caused by bending
vibrations. In the spectrum, the number of bending vibrations is usually more than the
number of stretching vibrations. This region is called Finger print region. Some substances
containing the same functional group show similar absorption above 1500 cm”' but their
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) Such ¢

(‘,mpmmda c¢an be ..

absorption positions differ the
distinguished by comparing then
H str appears @

finger prin I How will you di“i"gu.v

t about 3300 cm

In acetylene, (= 4 B
it from an O H str in alcohol - .ars between 32()0»36()(.'}!11 =Cy
In alcohols, the O H str absorption band appea™ (f) H str band at this position Wil |

' o ‘ohe scause LR ; s ‘ Y
at 3300 em ' can be easily "'““"g"“htd e f solution. = C—H str POsjy;

n conccntration 0

] independcnt.

I"“i“h'x H”(i \"’l” (h(IH}_L‘ W”h Ch"” t‘ y
e S l.‘)t a r('" P’ 9 ..

oncentratiof

will be a sharp peak and 1s ¢ .
d under 1

How will you show that the compoun

Infra-red technique.

'he absence of bands due to € .

that the given compound is not aromatic. et B
’ ' CH,COCH, *

How will you distinguish between (’ll_,('Hz(TH() annd e e
O str at 1720 cm -, there will be a peak at C—y,

| A< | |
! m ' and 1450 cm ' |
C str at 1600 cm 1500 cm ~ and 1430 cm Sho“‘i
|
1

For propanal, in addition to vC NPT L
at 2720 em ' The peak at ~2720 cm I s most characteristic of an aldehyde and j; Wi
be missing in case of an aldehyde. |

. Calculate the C—py,

The C—H str vibration in chloroform occurs at 3000 cm

frequency in deutero chloroform.
The wave number for fundamental vibration can be calculated by using the expressioy

1|k
2nc | n
For C—H str and C—D str; & is supposed to be the same. The ratio of their reduc

masses (1) can be calculated as under :

vV =

_omm o 1axl 12
7 mmy T oy T3 T 092

. 12x2 24
For C—D ; = - 2T
(i7) For U 1212 T 1.71

For calculating the wave number of absorption (C—D), we write

(/) For C—H ;

o /“_H _ \/@ _
Vo \mp 171 T 073
Thus, the C—D str absorption band will appear at 3000 x 0.73 = 2190 cm™

How will you distinguish between the f; i 3
spectroscopy ? ollowing pairs on the basis of Infra-el

O
0 0O
(1) 4 i
1 .y
and (i)
O and / 0
COOH
OH COOH
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wave numbe > QR . carRe
wave number (nearly 1788 em ) whereas cyclohexanone absorbs at almost the same

wavenumber at which saturated ketones absorb.

' he vO ) - ) ) . R
(i) The O absorption in case of conjugated cyclic ketone absorbs at lower wave
e ‘ e ) b ) + N T
number as compared 1o the other. The absorption bands ar¢ sharp in both the cases
lecular hydrogen bonding.

(i) In o-Hydroxy benzoic acid (salicyclic acid), we see A
v 3300 cm and

I'he absorption band due to O-—H str appears as a hroad bond at nearl
acid. the association 18 due
about 3000 cm "as a
diluted by adding

is c‘unccrnrnnun independent. But in p-h}dm\\bcnzoic
to intermolecular hydrogen bonding. ~\thI‘pli0ﬂ occurs at
broad band. The position of absorption is raised as the solution 15
a non-aqueous solvent such as carbon tetrachloride.
.| Which of the following diatomic molecules do not absorb in the Infra-red region.
HCl, CIBr, N,, H,, O,
N,. H, and O, are homodiatomic molecules. Their molecular vibrations are not
by any change in dipole moment and hence they do not absorb in IR region.
17, Why is methanol a good solvent for UV but not for IR spectroscopy s
" The reason is that methanol (CH,OH) does not absorb in UV, i.e. it is transparent above
200 mu. But is absorbs slrongly in the infra-red region (4000 cm | to 667 cm h.
11, What is the effect of hybridisation of carbon on the stretching fre
bonds ?
\ns. With the increase in s-character of hybridised carbon. th
bond increases and hence the value of stretching frequency increases.

accompanied

ANS.

quency of C—H

e force constant (k) for C—H

3 ol
SpC——H str ;pC—H str SEpC——H
(2950-2850 cm ) (3000-3100 em!) (3300 cm)
24, cis-1, 2-dichloroethene is Infra-red active while trans-1, 2-dichloroethene is IR inactive.

Explain.

Ans. When the compound under examination is exposed to IR radiations, cis-1, 2-dichloroethene
undergoes a net change in dipolemoment and hence absorbs in IR. Thus, it is IR active.
On the other hand, trans-1, 2_dichloroethene is symmetrical and does not show any change

in dipole-moment. Hence, it is IR inactive.
How will you note the progress of the oxidation of 2-Propanol to Propanone in

Infra-red spectroscopy ?

Ans, 2-Propanol shows a strong band at 3400-3200 cr{f1 due to O—H str. On the other hand,
propanone shows a strong band at 1715 cm due to C = O str. As oxidation of
2-propanol takes place, the intensity of O—H band decreases while that of C = Ostr

| increases. On complete oxidation, the band at 3400 cm'-3200 cm ' will be missing and

an intense band at 1715 em | will appear.
26. How will you distinguish between cis and trans-cinnamic acid ?
absorbs at a higher wave number as compared to its trans-isomer. It is
he steric effect caused by the bulky groups on the same side
of the double bond. Due to repulsive interactions,. the C = O part of —COOH group goes
out of the plane of the double bond. Thus, conjugation diminishes and hence vC = O

absorption occurs at a higher wave number.
27. Can you detect an anhydride by Infra-red spectroscopy ?
Ans. Yes. An anhydride can be Jetected by the formation of two bands which appear at :

_ g3 -
(i) 1850-1800 cm " and (i0) 1790-1740 cm ™. The presence of unsaturation causes

o _.‘
lowering in absorption positions by 20-40 cm .

I~
n

Ans. cis-Cinnamic acid
partially explained due to t




154

Ans.

Ans,

Ans.

(4 118,

VENTARY ORGANIC SPECTg-,
N pd CH.CHNH, 7

&0 om

ar 1
pear OV L

ELE

) ' CONH, 3
How will ygy distinguish between B, hand appears
- rion pand dby

In case of 5 acetamide, a strong absorp
missing in ethylamine.

Infra-req absorption due to carbonyl strete
stretching of ¢ = C bond. Explain. s
This ig explained in terms of n-bond of the & =
than the n-bond in C = C bond. .
An acyl group is readily detected from the I
Stretching frequency varies with the functiond tion
trends in the strong carbonyl stretching absorp g
identify a particular acid derivative in each case :

Q
s

hing occurs at higher freque,,

L CONSidora i

2 hich 1S CONSIge
0 {‘Cﬁd- WHICH © -

nfra-red spectroscopy simce ty, .

] group. ie. with G From th: o,

peak in the 1700 ¢pp

(i) 1700-1815 cm™". _

(1) 1740-1790 cm™ and 1800-1850 cm™ (two bands).
(iii) 1720-1750 ecm™" and (iv)1630-1690 cm

(f) Must be acid chloride

. N s s ~ o) H 1 :‘h 2 “\\"'0\ Nivew §
(i1) The two absorption bands at the given positions show that the compoun:
anhydride.

(iii) The absorption position at 1720-1750 cm™' shows that the compound 1s an

(iv) The absorption position at a much lower wave number is clearly due 1o C =
in an amide. The lowering is due to the fact that the lone pair on N-atom -
conjugation with the carbonyl group.

The C—H frequency of is a compound observed at 2910 cm ™', Predict the correspoady

C—D stretching frequency whose hydrogen is replaced by deuterium.

vC—H=42 vC—D

VC-H  29]0
V2 T T

An aliphatic aldehyde containin

C = O stretching at ~1645 cm™
crotonaldehyde shows the corresp

In crotonaldehyde, C=C is in conjug
structure as below :

N

vC—D = cm

= 205

(v 9)

and 1720-1740 cm™ respectively. Fyplain ¥
onding absorptions at 1700 cm ™' and 1630 ¢
ation with C=0 ang cap be written in the resons™

CH,—CH

N

~/ ™~ X ~ RP N
@HI 0> CH~CH_cy-c
H

H |
“Ostraswellas ¢ 4

Due to resonance
get lowered.

What do you mean by Fundamentg) vibrations ang Overtones
The fundamental vibrations correspond (in quantum (re o
transition from the zeroth vibrational leve Le v, -y
multiple of the given fundamenta] trequency. Thus, the
are the first and the second overtones of the

the frequencies of absorption due 1o (-

i+ The term o\
transitiop
hmdamenml.

ertone s usad 08
1 from vy > vy and v

g unconjugated double bong shows C = C#

atment) o the fipst vibra

hd
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" ||'0w will you explain that the carbonyl stretching frequency of an aldehyde is slightly
higher than that of the corresponding methyl ketone ?
In casc ol mctl_lyl ketone ((‘”:‘ CO-—), the electron donating group 18 n]cthy‘ which
leads to more single bond character in carbonyl and hence vC — O stretching is lowered.

The carbonyl stretching frequency in 2, 4, 6-cyc|ohcptatricnonc is cxccptionaly low.
Explain.

_ The exceptional low value of vC = Ostr in 2, 4, 6-cycloheptatrienone is due to the

conjugation effect. The cyclohepta trienyl cation (1) which is tropylium cation

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 cm”' . 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 cffect and
mesomeric effect. Out of these, inductive effect dominates and thus absorption frequency
in case of carboxylic acid is more.

©

0

¥13 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

3
example if there is no absorption in the region 1900—1600 __(_;_m“, the carbonyl group (>C‘——— ()\

must be absent in the compound.

(i) Always start from the higher frequency end of the spectrum. Mostly stretching vibrations
occur in the region above 1500 cm " and are most informative. The region 15001000 cm ' may
be used for confirming esters, alcohols, ethers etc.

(ii}) 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 absorptio euer

ey ——— . — | —r1
C—H Str (i) Alkanes 2960-2850 \ (s) |
; C - H Str (ii) Alkenes 3100-3010 i:i (s) {‘
C —~H Str (i) Alkynes \ - 3300 % o
C-H St (iv) Aromatics ; 3150-3020 '5 © |
C - H Str m Aldehydes ‘ - 2820, ‘i () .’:
L | | amsano |

(w)



Sol.

Q. 4.
Sol.

Q.5

Sol.

Q. 6.

Sol.

Q.7.
Sol.

Q. 8.
Sol.

Q. 9.
Sol.

Q. 10.

Sol.
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Sample Problems

What happens when a molecule absorbs infrared radiation?
Ahsorption of infrared radiation by a molecule induces transition betwe bra @
energy levels resulting in the formation of infrared spectrum. Thus, the infrared spectrum of a
molecule results from transitions between vibrational and rotational energy levels and is called
vibrational-rotational spectrum of the molecule.

When does a molecule absorb infrared light? ' _ .
Infrared light is absorbed when oscillating dipole moment (due to molecular vibration) mlerqcts with
the oscillating electric vector of the infrared beam. These vibrations absorb infrared _radlatl_on at
certain quantized frequencies and give rise to characteristic bands. When infrared light o't thgt
frequency is incident on the molecule, energy is absorbed and the amplitude of that vibration 1s
increased :

What is the basis of the classical theory of vibrational interactions?

Interactions between the classical components of the electromagnetic radiation and electrical dipolar
motions within the molecules are the basis of classical theory of vibrational interactions.

What is an infrared spectrum? Explain briefly the normal infrared region.

Infrared spectrum of a compound represents its energy absorption pattern in the infrared region and
is obtained by plotting percent absorbance/transmittance of infrared radiation as a function of wave
length/wave number over a particular range.

en vibrational and rotational

Normal infrared region

The normal infrared region (also called middle infrared region) extends from 4000 cm™ to 667
em™! and results from vibrational plus rotational transitions. This region is particularly meant for
organic chemists since the vibrations induced in organic molecules are absorbed in this region.
Give the wavelength, frequency and energy ranges pertaining to the normal infrared region of the
spectrum.

The range of the wavelength in the normal infrared region is from 2.5 to 16 um (1 ym = 107° m)
whereas the frequency range in wave number is from 4000 to 667 cm™!. This corresponds to energy
changes in the range from 2 to 10 kcal/mol.

The stretching of a C-H bond in an alkane leads to absorption at ~ 2900 cm™! in the infrared
spectrum. What wavelength does this corresponds to? What is the energy change involved.
A=1/v=1/2900 cm™ = 3.45x 10 cm™ = 3.45 um; E = hv = 8.3 k cal/mol.

Give the relationship for the conversion of wavelength to wave number.

The wavelength in microns (u) can be converted into wave number (cm™) by using the following
relation. Wave number (cm™) = 1/u x 10%,

Explain why frequencies are generally expressed in terms of wave numbers by organic chemists?
Frequencies are usually expressed in terms of wave numbers (cm™") by organic chemists, since the
wave number is proportional to the frequency and, therefore, to the energy while the wavelength is
inversely proportional to the energy.

E=hv

Describe fundamental vibrations and overtones.

The fundamental vibrations correspond in the quantum treatment to the first vibrational transition
from the zeroth vibrational level to the first, v; to v,.

The term overtone is used to apply to any multiple of a given fundamental frequency. The transition
lrf)m Vo= V) and vy — vy are the first and second overtones of the fundamental and require radiation
of twice and three times of its frequency.

Some of the i‘gxx1da1ncntal vibrations are infrared active while the others are not. Explain.

Infrared light is absorbed thn a change in the dipole character of the molecule takes place. Total
symmetry about a bond will eliminate certain absorption bands so that the number of absorption
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: , oincide exactly with X
bands does not coincide exactly Thus, some ¢

i « spectri.
Bisplay somewhat simphified spec of a diatomic molecule.

While the others are not * vibration ; : ith .
. o Lo nc of v 15 . ‘l”aun wit thC h.c .
Q. 11, Give the equation for caleulating the frequ ':nl);lc harmonic oscillator, 05¢ g Queng,
2ol \ Vibratin s molecule behaves as a 81
g diatomic molec

Voas per the equation.
L[k
2me M

’

where & - force constant (dynes/cm) of the ‘hond es m, and my
# reduced mass, that is harmonic mean of the masses
(Harmonic mean = my X ms/my + my)
¢ ovelocnty of light have no carbon tg .
] : . ropyne, hav G Carbgp
Q. 12, Explain the fact that ethylene and ethyne unlike propene and propy

multiple bond stretching bands. . o s
. , : , ' to a change in dipole mom
Not Ethyne and ethylene are symmetrical molecules and do not give ris¢ g al

when excited. A change in dipole moment occurs when propene and propyne are excited and a bang
ts observed,

Q. 13, cis- 1, 2~Dichlm‘oclhylcne is IR active with respect to
not. Explain. L .

Nol For most of the normal vibrations, dipole moment change occurs for cis-isomer, trans-isomers,
however, are highly symmetrical and consequently remain forbidden.

Q. 14, How many fundamental vibrational frequencies would you expect to observe in the infrared spectrum
of carbon-dioxide.

Sol. Carbon-dioxide, being linear, will have theoretically (3n-5 or 3 x 3 — 5§ = 4) four fundamental
vibrational modes as shown below:

0=C=0 0=C=0 =C=0 0=C=0
¥

Ve=c Whereas trans - 1, 2-dichloroethylene j;

O
I'd I's
(a) (b) (© (d

\V\,

Sym. stretching Asym. stretching Bending vibrations
(IR inactive) (IR active) (identical motions)

Vinax = 2350 cm™! Vinax = 667 !

Q. 15. Calculate the vibrational degrees of freedom in the fo]lowing mole-culc):.ld& !
(1) O; (i) N0 (iii) CH,0 (iv) CHy (v) CoHy (vi) CHCl, o |
Sol. (@) For linear molecules, the vibrationg] degrees of l'rcedom = 35-5

(b) For non-lincar molecules, the vibrationa] degrees of freedom = In—6

Thus, the vibrational degrees of freedom are (1) one (i) three (iii) ﬁ'i;(‘ N . i) six
Q.16. The C-H stretching frequencies of an alkane jg observed g "'906 . 1\1) mnc'(‘v) irty (\,’ : '(h,;

corresponding C-D frequencies where hydmgcn is replaced h; dcutt':‘ri]unll redict the value o

Sol. Veen = \/2V< D

i BT
Q. 17. Arrange giving reasons, the following hongs in orde
C-Cl, C-Br, C-C. C-0, C-H, C-1

= 2900/1 414 - 2060 cm !

rof " decrencs . . S
! then decreasing Vibrational frequencies.




Q. I8.

‘\'(7/

Q. 19.

Sol.

Q. 20.

Sol.

Q. 21.

Sol.

Q. 22.

Sol.
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The C-H stretce hing occurs at about 2960 cm™'. As the atom bonded to carbon increases in m: iss, the
tactor i increases and consequently the frequency decreases. The decreasing order of vibrational
frequencies will be

cm ! C-H C-C C-0 C-Cl C-Br C-I

Vinax 2960 1200 1100 800 550 500

Compare the relative stretching frequencies for C~C. C=C and C=C bonds.
Since the frequency of vibration is directly proportional in the force constant of the band, the
increasing order of frequency is

C-C C=C C=C
1200 ¢m ! 1650 ¢cm™ 2150 cm™!

Explain the cffect of hybridization on the force constant of the bond.
Hyhnduallon affects the force constant, k, of the bond. Bonds are stronger in the order sp > xp >
sp*. Thus, the frequencies decrease as follows:

=C-H =C-H -C-H
3300 3100 2960

How can you distinguish among hexane, I-hexene and I-hexyne on the basis of infrared spectroscopy.

CH;CH,CH,CH,CH=CH, CH,CH,CH,CH,C=CH

I-Hexene I-Hexyne

(1) The speclrum of I-hexyne, a terminal alkyne, exhibits a strong Cy,~H stretching absorption at

3300 cm™' and weaker C=C stretching absorption at 2120 cm™.

(1) The spectrum of I-hexene displays C_ 0 —H stretching absorption at 3095 cm™' together with
C=C stretching absorption at 1640 cm™". In addition, two bands due to terminal C—H out-of-plane
bending modes at 990 and 910 cm™" will appear.

(iii) The stretching absorptions in hexane appear just below 3000 cm™
The E, dehydrohalogenation of 2, 3-dimethyl-2-chlorobutane can lead to two possible products.
Explain.

1

Me,CH- (llMez-ﬂ) Me,C=CMe,+ Me, CH- (|:=CH2
Cl A B Me

The product A, being symmetrical, does not exhibit C = C stretching absorption whereas the product
B, being asymmetrical, displays the C=C stretching absorption at 1640 cm™' and C-H out-of-plane
bending of the terminal alkene at 890 em™.

The dehydration of 1, 2-dimethyl cyclohexanol (cis or trans) can lead to the formation of three
alkenes. Write their structures and explain how infrared spectroscopy can be used to differentiate
among them.

The three products can easily be differentiated by C-H out-of-plane bending absorptions in the
region from 800 to 1000 cm™'. A, being a terminal methylene group, will absorb near 895-885
cm™!, B, being a symmetrical tetra substituted alkene, will show no absorption in this region and C
is a trisubstituted alkene, which absorbs near 840-790 ¢cm™".

OH
(g =
~H,0 * *
A B L
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Q. 25,

.\‘()1,

Q. 26.

Sol.
Q. 27.

Sol.

Q. 28.
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exhibitb sige Bk ihat arr . B
” nange put t atof e,
f].2- rlycol does not ‘-h_ ¥ lang;
n with CCly, the spectrum of 1.2 b(} (3350 cm™'. Explain lhc”hgcr’/a?;:u
4 : N ) at 335 i

AP band at 3600 ¢im ' in addition to the broad ban

Huny |ul('||nul(‘\‘ul

dent whereas intramolecular ‘n}dm,h,.,_”n
1 dependée ol
arhydrogen bonding is concentration depe |

h()lltlum s fected on dilution, 43643 cm™', whereas 2, 6~~dl-lel't~bu[ylphcnoi
2oten l!nlylphcnul(I)cxhihnsml'rurcd peaks at }()05 & 308
(D) exhibitg (he peak only at 3643 ¢cm™'. Explain. ing frequency which should be the Same fo,
The peak g 3643 ¢m ! exhibits the free hydroxyl g,trchhmg‘ rc:ds to the stretching f‘requency of 4
both (he tompounds. The peak at 3605.cm™ in (1) corrC§P0CC of two bulky orth()-tcrl-butyl
hydrogen bondeg hydroxyl which is inhibited in (II) by the presen

groupg
OH OH
Y
X
I 11

wing spectra pertaining to the hydroxyl group corresponds to
(1) the mogt concentrated solution (i1) th

¢ most dilute solution. ‘
(i) The spectrum (¢) corresponds to the most concentrated solution because hydrogen bonding betwee
molecules bee S i

entration increases and accounts for the lower frequency bang
3500 3000 3500

. Y oluent (‘((14
Cong Chirateg solutions of ethanol and 1,2-glycolin
their IR SPECtra; On dilugo
('\hlhl!.\.l.\h

not af

Which of the follg

3000 3500 3000

Ty

(b) (c)
(i1) Spectrum (b) corresponds to the m
Which of the followin

ost dilute solutjon,
€ Spectra pertaining to hydroxyl Eroup, provides the best evidence of intramolecular
hydrogen bonding?

3500 3000 3500 3000 3500 3000
_LLL"‘“"“—U—L "'"-‘-‘-U.J.LL,._,__,_,_
Very dilute solution Dilute solution Saturateq solution
(a) (b) ©
Absorption at a relatively low frequenc

y indilute solution indicates tha hydro
of concentration. This i characterist

s e 2en bonding is independent

1¢ of Intramolecy|yy hydrogcn bondj
Using infrared Spectroscopy, how would you determine Whether the
is present as a carbony|. hydroxyl or ether linkage.
Carbonyl would exhibi 3 strong absorption between 1800 and 165 cm!
a strong absorption between 3650 and 3100 cm" i ong abs
1000 em™". Ethers would show strong absorption bgwgcn 1250 4
The carbonyl stretching frequency of an aldehyde is slightly higt
methyl ketone..

- Hydroxyl woulg display

Orption between 1250 and
nd 1000 cm!
1T than thay of g corresponding



Q. 29,

Q. 30.

Sol.

Q. 31
Sol.

Q. 32.
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Electron donation (o carbony| group leads o more single bond character and hence a lower frequency
in ‘.l'fl)”(‘g_

'\',!. ”fhm"”“ aldehyde containing unconjugated double bond exhibits C = O and C=C stretching at
17201740 cm ' and near 1650 cm ' respectively. Explain why crotonaldehyde exhibits the
cortesponding absorptions at 1700 cm ' and 1630 cm”™’

I'he resonance in crotonaldehyde may be depicted as follows:

@ &
CH~C= N . . \
CHZC50 < CH,—CH—CH -—(i.—()

H H

CH—CH

The effect of resonance is to lower both the frequencies of the carbonyl group (more single C-0O
bond charater) and of the carbon-carbon double bond absorption (more single carbon-carbon bond
character).

I~/\$ulyl 2-methylcyclohexene (1) exhibits carbonyl stretching frequency slightly higher (1693
cm ') than that of I-acetylcyclohexene (I) (1686 ¢cm ') Explain.

) 0)
(H I
) C
SCH, TCH;y
CH;
I Il
]-Acclylcyclohexcpc 1-Acetyl-2-methylcyclohexene
Veoo = 1686 cm” Veeo = 1693 cm™

The higher carbonyl stretching frequency in (I1) is due to the steric effect, an effect occurring when
carbonyl group is forced slightly out of the plane of the double bond so that p orbital overlap is

reduced, which in turn lowers the resonance effect.
Explain the exceptionally low carbonyl stretching frequency in 2,4,6-cycloheptatrienone.
The exceptionally low carbonyl stretching frequency (Ve-o = 1650 cm™) in 2,4,6-cycloheptatrienone

(1) is due to the conjugation effect.
©
0 0

I 11

Because the cycloheptatrienyl cation, II (tropylium cation), contains six melectrons and consequently
attains a stable aromatic structure, there are strong resonance contributions from the hybrid with a
single-bond to oxygen resulting in an extremely low carbonyl stretching frequency.

Arrange the following carbonyl compounds in order of their increasing carbonyl stretching
frequency.

0
|

speleNee

I
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Q. 33.

Solt

Sol.

Q. 35.

Sol.

Q. 36.

Sol.

¢ 1is conjugated (¢ ONjugap,

nce frequency will he o

gl

S >Caus
L ey is 1<11<116€
quency

h o ,d v l, ,‘t > dl £y
m

" L ‘ ; ‘hing fre
The order of mcreasing carbonyl Sm.‘,hg-,} e d ring keton¢: ANy .
lowers the carbonyl frequency), I11s d»\ 7 dfi 1 mctching frequency negay l’(-,()
to-acyclic ketone and 111 is a non C")njug]‘%tc acids show C”rtn)og) I;Iin
Monomeric saturated aliphatic carboxylic r 1720 cm™ . EXPEE r
. & ¢ ) ; . ea]’] P o .C[SJJLP
cm ™! whereas the saturated aliphatic ketones 1 tom. (WO opposIng efle
When a carbonyl group is bound to an oxygen a
strongly influence the carbonly ﬁ.equcqc}“ poxylic acids over th
Since the inductive effect is dominant m'car (;)tgr than that in ketones.
stretching frequency in carboxylic acids is grea

esent, both of Which

e mesomeric effect. the Carboyy,

0O 9) qu 0 “
NS 7 \$,/O‘ —
l

Negative inductive effect
(increases frequency)

Mesomeric effect
(decreases frequency)

ir decreasing carbonyl frequency.
Arrange, giving reasons, the following lactones in order of their decreasing carbonyl frequency
0 0O
0 o o 0
\ = ‘ 7
I i 11

The decreasing order of carbonyl frequency is I > II > III because a double bond adjacent to the
singly bonded OXygen atom of an ester or lactone (I) raises the C=0 stretching frequency. Five

the absorptions with the appropriate structure and give a reason for each choice.

o O O

The values of the carbonyl stretching for the three lactones gre as follows:

L (1745); 11 (1720); 111 1760 cm-'.

In the lactone 111, the conjugat;
bond with the oxygen p orbital diminishes the normg] re e ntarae 1€ i orbon doub

& ‘ : Sonance intergct; " the i
carbonyl group rcsultmg In an increase in the double honq charac[:w?‘n of tha oxygen with the
consequently an increase in the carbonyl frequency oce  OF the carbonyl group and

. Urs as comn:
The carbony! absorption of the carboxylate anion differs consid:rl:l;ilr;irz;h;S;‘“utfa;ed lactone (_3'
at of the parent acid.

Explain.
The carngylalc group is symmetrical due to fesonance ang e {
strength, intermediate between C=0 ang C-0. W0 CO bands are of equivalent

0O
0
S Y
’ -
!

The two bands, one near 1600 and the other near 1400 ¢m-t
» Obserye in the ¢

are due Lo asymm, and symm. CO; stretching absorptiong as
Sasg

ase of carboxylate ion,
hown:

-



Q. 37.

Sol.

Q. 38.

Sol.

Q. 39.

Sol.

Q. 40.

Sol.

Q. 41.
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e S
5 S o 8-
O\ pd © O\ » ©
(|j C
Asymmetric stretching Symmetric stretching
Arl‘ar\ge the f()]lowing non conjugated carbonyl compounds in order of increasing carbonyl stretching
frequency: aldehyde

§. esters, amides, acyclic ketones, acid fluorides and acid chlorides.
ones, aldehydes, esters, acid chlorides and acid fluorides. The value of carbonyl
y will depend on the predominance of inductive Or resonance effect.

wing molecules has the highest carbonyl stretching frequency.

Amides, acyclic ket
stretching frequenc
Which of the follo

H,C

F H,N cl a F
=0  Nc=o ™ Se=o Se=0 Sc=o Se=o
Ci cl H,C H,C CH;0 H,C
(a) (b) () (@ (e) (M

Except acetamide, the inductive effect is dominant and the highest carbonyl stretching frequency will
be shown by (b) because it involves the lar:

gest net inductive withdrawal from the carbony! group.
Deduce which of the following compounds would give a spectrum showing strong absorption at
1720 cm™. '

o 0
@ 6 h
I I 11
Since the C=0 stretching frequency increases as the size of the ring decreases and decreases by intro-

it 3 - ~ |
duction of olefinic bond in «, B, position, the ketone II will show strong absorption at 1720 cm™.
Which band in the spectrum enables us to distinguish between these two structures.

0

=
0
X

I 11
The carbonyl band. Its frequency indicates that the C=0 group in the S membered ring is conjugated
with the benzene ring in structure [.

Assign each of the following pairs of absorptions to one of the compounds below:
1865, 1780; 1815, 1750; 1775, 1720 cm™".

0O O 0
" P! /
O C
i I o7~ o
CH;—C—O0—C—CH,4 /
O

g g S



% 3
12 UM AN SPECTRONCOM

fheat Iuw [ ”“( i'h"l”“““” Fre e /
i ’ i .
" [T fone Chian
, SRR TIERIL ged Tinglope
RIS 1080y s, 1200 (D TGS, R red

1 { i |‘$ e Hh(
'||Ii'|| Y [ll.l‘ i i
i

alent torms | Pl

LT cyy
embered ving Co0) ahsathe at tughet i lwo oy

' N ||\“lHI hwtwee
\ y
O 42 he nitro RIOUD 1 est reparded as o resonan
Miet hmy mode |
l Y
! .
Fo O : "()
| 0 0 v y
()\\ () ‘, )
‘ N 4
\\‘\ " - )
\Y . » "
O (_”N |()
i rale mds to the same alo
| j o cquivalent b ’
Nol Phe sttuation s entrely analogons (o the carboxylate amon Two g

“which will be ye
welune modes, both of w ¢ ver
means that we can have asymmetric and symmetie stretching m y

strong because of the polar nature of the group | mpounds given below:
X . » OO :
Q. 4. Assign cach of (he followimng parrs of frequencies to one of the '

C . |
G T80 and 13 19; () 1560 and 1360, (¢) 1530 and 1355 cm

N0, W NO, J//l _NO,
N (,:/"\/k/ HNT S
H
Sl,’l.
NO, NO,
@ Z N NO (b) ()
RN C
H
1480 and 1319 1560 and 1360

1530 and 1355 ¢m-!

An amino group is electron donating and a carbon
Q. 44. How would you distinguish between the N-H str
secondary amine (I1).

yl group is electron withdrawing.
etching absorption of primary amine (I) and a

T R
l
N N
7\ /
H H R \H
I ||
Sol. N-H stretching absorption of a primary amine would appear ag

a doublet, the two components
usually 100 cm™. N-H stretching
aximum,

tonic formg? Mention the various

corresponding to asymmetric and symmetric modes. The separation i
absorption of a secondary amine would generally have 4 single m
Q. 45. Why B-diketones frequently exist as mixtures of enolic and ke

stretching and bending vibrations encountered in the eng) form.

OH 0]

I Il I ll
R-C~CH;-C-R’= R- C =CH-C_g

Sol.

I A I SR P TIaet



Q. 46.

Sol.

Q. 47.

Sol.

Q. 48.

Sol.
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Transmittance

() C-H and OH stretching
(1) C=O0 stretching
(1) C=C-H out of plane bending

How would you distinguish between the compounds in each pair by infrared spectral studies:

(1) Phenol and cyclohexanol
(11) cis and trans-2-butene
(i) Ethylbenzene and o-xylene
(1v) Acetaldehyde and acetone

(i) Both the phenol and cyclohexanol would exhibit O-H stretching in the range 34503200 cm™
with the phenol in the lower range. Phenol, however, would show the typical aromatic C-H stretching
absorption above 3000 cm™! whereas cyclohexanol shows Csp3 —H stretching absorption below 3000
cm™'. Phenol would also exhibit aromatic C-H out-of-plane bending vibrations in the range from
1000-650 cm™". :

(i1) Both cis and trans—2— butenes display =C—H stretch at 3020 cm™' and C=C stretching absorption
near 1670 cm™'. They differ in the out-of-plane bending; cis-2- butene absorbing at 670 cm™! while
trans-isomer absorbs strongly around 970 cm™.

(iii) Ethylbenzene, being monosubstituted benzene ring, displays two absorption bands due to C-H out-
of-plane bending and C—C out-of-plane bending vibrations respectively at 750 and 700 cm™' whereas
o-xylene shows one band between 770 and 735 cm™' due to C-H out-of-plane bending vibration.
(iv) Acetaldehyde can be easily distinguished from acetone by the appearance of a doublet in the region
2830-2695 c¢cm~'. This is due to the interaction between the fundamental C-H stretch and the first
overtone of the C-H in-plane bending which occurs near 1390cm™.

The IR spectrum of benzoyl chloride shows aband at 1770 cm™! with ashoulder at 1740 cm™. Explain.
A weak band near 1750-1735 cm™ appearing in the spectraof aroyl chlorides probably results from Fermi
resonance between the C=0 band and the first overtone of a lower wave number band near 875 cm™".
A compound has molecular formula CsH,o. It shows no absorption at 1380 em™ in the infrared
spectrum. What is its structure.

The compound is cyclopentane.

An organic compound with the molecular formula CgHg decolourises bromine in carbon tetrachlonde and
gives a white precipitate with ammonical silver nitrate solution. Its IR is given below. ldentity the

100 +
80

o0
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4000 3500 3000 2500 2000 1800 1500 1400 1200 1000 800 600 400 200
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wrated,

o . Cthat it 1s unsd
SOL. (1) Reaction with bromine shows that 1t |-alkyne. e
‘ . ‘- - paates |-alKy - ra

indicales = retching vib

(1) Reaction with ammonical AgNO3 . .
(11i) A sharp intense band at 3300 em! mdlcal%;flsthibil aromatic C[ion9~
(iv) The weak bands in the region 30815-’3040 ;) c=C stretching vibed > at;sorplion at 760 ¢t
(v) The weak absorption at 2110 cm™ 18 due o 1S coﬂﬁnncd by lht <f-plane bend;
(vi) The presence of monosubstituted benzen© ring .- (aromatic =0 oul-(‘ ‘ Pl e ing.)
(aromatic C-H out-of-plane bending) and 6900c‘m__l corrCSPO“d 1o the acetylenic C-H oy
(vii) The broad and weak absorptions at 650 and 610°¢

of-plane bending vibrations.
“nce the ¢ ' wylacetylene. o
Hence the compound is pheny y ) Compounds. T

ition.
H stretching v:brati(m&

L . o pairs of organi
Q. 50. How would you distinguish between the following pairs &
and appropriate positions of absorptions n each case.

4,,,.._\ o _
(l) / \>-"‘ CH:(‘H?‘CH} Zlnd <>" CHZ—‘CH CH2
/ P

| \—
, (11) cis-stilbene and trans—stilbene
(1i1) CH3~C=C-H and CH;C=N

COOH
. and HO @— COOH
(vi)

OH

ll

(v) CH3CH,CHO and CH;-C-CH;

(vi) (nhco—«<::::>»—OCH3mn(}hco—«<::::>»—N02
0

I
(vii) C4HsCOOCH; and CH,~C-O-C(H
(viit) CH3CH,COCI and CICH,CH,0CH;,4
(1)\) (CH3)3N and CH;CH2CH2NH2

x) }hN—{<i::>>~COCHymd<f::j>%—NHCOCH3

Sol. (1) The spectrum of C4Hs~CH,~CH=CH, shows a medium i ity C= :

cm™" and intense trans—CH wagging and CH, wagging absorl;:;;e;:;tgarcg—;) Z:Z[;}llé)ng b_alnd near'l(;;iO
These bands will not be observed in the spectrum of CeHs~CH,CH,CH, whj h exhiby cm™ respectively.
C-H symmetric bending absorption for the methyl group n~car 138(; o ”L‘ S S
(11) The infrared absorption near 1640-1600 cm™' due (o C=C g}mm'ﬁ '. . .
inactive (symmetry forbidden) because the stretching of C-¢ bar;d T :jlng 1‘n trans-stilbene rerpalns
moment of the molecule. In cis-stilbene, however, 3 medium jmp‘ ()‘.uws - C!umgc In;the d‘p.Ole
absorption near 16401600 cm™ appears because C-¢ stretching 'an'ty band for C=C stretching
the dipole character of the molecule. 18 Vibration produces a net change in
(i1i) The spectrum of CH;~C=CH exhibits a strong ‘ |

stretching vibration and a strong broad band near 6%01“(()11 :)111:]? lh‘”ld near 3300 cm! dye o =C-H
absorption. due 10 =C-p out-of-plane bending
Both these bands will not be observed in the spectrum of C H, (=
(iv) The OH group in salicylic actd is involved in inlramol’é’Cu']’a“r‘:N,

value of OH=stretching bonded absorption near 3400-3200 Cnr‘h)'drogen bonding and hence the

Temains almost the same at all
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dilutions whereas the OH group in p-hydroxybenzoic acid is involved in intermolecular hydrogen
bonding and consequently studying the compound in dilute solutions will cause the low frequency,
broad, intense OH (bonded) absor ption to diminish and high frequency sharp rather we ak OH (free)
band of unbonded hydroxy group to appear. ’

(v) The compound CH4CH,CHO can be distinguished from CH,COCH, by the presence of

{a) Weak C-H stretching absorption of the CHO group in the region 2830-2695 ¢m "' which often
appears as a doublet due to Fermi resonance. .

(b) Weak C-H out-of-plane bending absorption in the region 975 to 780 cm .

(i) The presence of p-OMe group (+ M group) in p-methoxyacetophenone assists the mesomeric
shift to decrease the bond order of C=0 bond leading to lower C=0 stretching frequency. A p-NO,
group (=M effect) on the other hand tends to oppose these trends and thus the C=0 stretching
frequency in p-nitroacetophenone is higher than in p-methoxyacetophenone.

(vii) The normal value of carbonyl absorption in esters (alkyl substituted saturated esters) appears in
the range 1750-1735 ¢m™". This value is lowered to 1725 cm™ in methyl benzoate because the
carbonyl group is conjugated with phenyl group and is raised to 1770 cm™ in phenyl acetate because
an electron withdrawing phenyl group is attached to the single bonded oxygen which stiffens the
C=0 bond.

(vii) The spectrum of CH,CH,COCI exhibits an intense C=0 stretching absorption at 1800 ¢m™
whereas the spectrum pertaining to CICH,CH,-O-CHj shows intense C-O stretching absorptions in
the range from 1300-1000 cm™".

(1x) The spectrum of n-propylamine exhibits two N-H stretching bands; one near 3400-3300 ¢m™
due to N-H asymmetric stretching and the other near 3330-3250 cm™' due to N-H symmetric
stretching vibration. These N-H stretching bands will not be observed in the spectrum of t-butylamine.
(x) The spectrum of p-aminoacetophenone exhibits two N-H stretching absorptions in the range
3500-3300 ¢cm™" whereas multiple N-H stretching bands in the range from 3300-3120 ¢cm™" will
appear in the spectrum of acetanilide.

Study Problems

Absorption of infrared light occurs only if the dipole moment of the molecule is different in two
vibrational states. Justify.

What do you mean by coupled vibrations? How they originate?

Explain that the vibrational degrees of freedom of a non-linear polyatomic molecule is 3n — 6, where n
is the number of atoms in the molecule.

Describe the factors influencing vibrational frequencies in the IR spectra.

The stretching frequencies of C=C and C=0 occur at higher frequencies than C-C and C-O stretching
frequencies respectively. Explain.

Explain the importance of IR spectroscopy in fingerprint region.

What is the basic requirement for a vibration to be infrared active. Explain taking a suitable example.
How will you determine the orientation of groups in disubstituted benzenes with the hclp of IR spectra.
Define and illustrate Fermi resonance, giving one example.

How will you determine E and Z isomers with the help of IR spectroscopy.

How would the IR spectra of the following compounds differ in the 4000-1600 ¢cm™" region:

ar: ©_<Q @

Discuss. with suttable examples, the inductive, resonance and ring size effect in carbonyl stretching

frequencies.
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the infrared spectrum shown in Figure 3.50.
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features int e compound. .
l tching frequencies of the following bonds:

2. An organic compound €

Comment on the structura
n the stre
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Bond Frequency Range, &0
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Alky! o-—H 3590-3650
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indicated O—H and C= O stretching vibrations for the

4. Comment on the
s: I, 3641 and 11, 3629 and 3550 cm™'; 111, 3548 and 1709 cm™!

stereoisomeric pair
and IV, 3635 and 1723 cm™
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5. Which out of compounds (V and V1) is expected to show a lower C=0 stretching

frequency”
(
!? O
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[Hint]
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I

ic aci =0 stretching frequenmes Explain.
Jorobenzo1C acid show two C
2 f‘: tt(;r: :\fbost‘::xt:d phcnols the O—H stretching 1s at 1608 cm ' in (VID), at 3605 and
3643 cm ! in ( (VII) and at 3643 em! in (1X). Explain.
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frequency (cm)
Fig. 3.50
8. 2—Hydroxy-3-nitroace.tophenone shows two carbonyl stretching frequencieg at 1692
and 1658 cm™'. Explain.
9. O-Nitrophenol has an O—H band at 3200 cm™'in KBr pellet as wel] ag in CHCY; so-
lution, whereas in the para isomer the values are different in the two media (pellet
3330; CHCIs solution 3520 cm™), Explain by writing structures and their effect on
their volatility.
10. In the infrared spectra of two compounds (Fig. 3.51), the bands due to functiong]

groups have been marked, identify these bands,
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he 1700 cm™' egion:

: ; ion peak int
Ing trends in the strong carbonyl stretching absorption P

identify a particular acid derivative in each case.
0]
1l
R—C—G

(i) 1,700-1,815 cm™ (5.65-5.51 p)

(i) 1,740-1,790 cm! and 1,800-1,850 cm
(iii) 1,720-1,750 cm™!

(iv) 1,630-1,690 cm™!

Certain acyl compounds, e.g., carboxyli
distinctive features other than explained in exercise 15
Infrared absorption due to carbonyl stretching o]cgurs a
stretching of the carbon-carbon double bond. Explain. -
An unsaturated hydrocarbon containing a vinyljdene (>C=CH2) double bongndli:s
plays the infrared spectrum shown in Figure 3:52, 1. The specFral ch.ang'es "
dihydroxylation with OsO4 and subsequent rupture of o bond W}th periodic aci t0
give a ketone are presented in figures Il and I11. Assign the bands in each spectrum to

respective functional groups.

-1 [two bands]

¢ acids, aldehydes and amides have further

above. Explain. '
t higher frequencies than

B ANSWERS TO THE PROBLEMS

Spectrum 1. 1t displays a strong aliphatic C—H stretch around 2950 cm~! and C—H
bending of methyl and methylene groups around 1380 and 1465 cm™!. The methyl
C—H band at 1380 cm™ is not split into a doublet, thus isopropyl or tertiary butyl
moieties are absent. This together with a strong methylene rock at 720 cm™' shows
that the compound is a straight chain saturated hydrocarbon. The compound is
dodecane.

Spectrum 2. The spectrum displays bands for aliphatic C—H stretch (rather weak),
and C—H bending of methylene group around 1450 cm™'. There is no C—H bend-
ing of the methyl group (The region from 1300-1400 cm™ being blank). The
compound is 1,2-dibromoethane.

Spectrum 3. The compound typically shows the presence of unsaturation. The nature
of double bond can be assessed form the C—H bending vibrations which are located
around 1000 and 900 cm™ (vinyl double bond). There is a methylene rocking b :
around 7'20 cm™. The compound is thus a long chain alkene, with tegrn::::
?g;a;n:::t}'(.m. The compound is 1-tetradecene. Note the typical overtone band around
Spectrum 4. The compound is unsaturated. The presence of C-- .

cm~' shows the compound to contain cis-disubstifuted doublc(tionl(.iI t;;lndmg e
is cis-2-hexene. + 111€ compound
Spectrum 5. It is a carbonyl compound. An inspection of the meth
C—H bending region shows that the band below 1400 ¢cm™!
cne above 1400 cm™. This shows the presence of a methyl g
compound is acetone.

Spectrum 6. It represents a saturated ketone, whose C=O stret
is suggestive of either an acyclic ketone, a six-membered rin

. yl_ and methylene
IS more intense than the
roup on a carbony|. The

chataroupg 1715 cm!
g ketone or g, eleven or
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Fig. 3.52

higher membered ring ketone. 7-10-Membered ring ketones show their C=0 stretch
around 1702 cm~! while 5,4 and 3.membered ring ketones show higher c=0
stretchings at 1745, 1780 and 1825 cm™! respectively. The compound is

cyclododecanone.
Spectrum 7. The presence of aromatic C—H stretch above 3000 ', aldehydic C—H
stretch near 2700 and 2800 cm™' and C=0 stretch around 1700 cm™! and typical out

of the plane C—H bendings show that the compound is a monosubstituted benzene

derivative. The compound is benzaldehyde.
Spectrum 8. The compound represents metaldeyde, i.e., the tetramer of

acetaldehyde. The C—O stretching region between 1000-1200 cm™' is indeed full of

strong bands.
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CH, 5
CH—O
- \(EH ~CH, g !
CH,—CH 0 heat CH;
NO—CH ¥ cetaldehyde
“CH,
metaldehyde

_Hand C—O
Spectrum 9. The spectrum is of an alcohol as evident from strong O—Han
stretchings. The compound is methyl alcohol. . h at
Spectrum 10. There is a strong O—H stretch, and this couPle.d with Cf‘lo -
1025 cm!, shows it to be a primary alcohol. The compound is l-deca‘n i uperim-
Spectrum 11. The spectrum shows typical and broad O—H stretch which 1s S_ : p

. . d 1720 cm™' shows
posed upon C—H stretch. This coupled with C=0 stretch aroun d as
that the compound is a carboxylic acid. There is unsaturation in the compoun
shown by the presence of C=C stretch around 1625 cm-'. The C—H bendings
around 900 cm' (s) and 975 cm™' show the presence of vinyl double bond. The com-
pound is 6-heptenoic acid.
Spectrum 12. The spectrum shows aromatic C—H stretch above 3000 cm! and also
aliphatic C—H stretch below 3000 cm™'. The C=O stretch 1683 cm™! is at lower fre-
quency than the normal C=0 stretch which is around 1725 ¢m™'. This is probably
due to its conjugation with the phenyl group. The presence of C === C ring
stretchings and out of plane C—H bendings are typical of a monosubstituted ben-
zene. The compound is acetophenone.
Spectrum 13. The C—H stretch is weak, however, it cannot be aromatic since its po-
sition is below 3000 cm™!, it is therefore assigned to aliphatic C—H stretch. The
presence of C=0 stretch (1742 cm™) along with C—O stretch 1240 cm™' shows the
compound to be a saturated ester. A shrewed eye will detect that in the methyl, meth-
ylene C—H bending region of the two bands at 1434 and 1369 cm™!, the band at
lower frequency is more intense. This shows the presence of CH;—C=0 moiety
(Fig. 3.38). The compound is methyl acetate.
Strong .broad O—H stretch is c.entred at aropnd 3000 cm™! and superimposed upon
the region of C—H stretch. This coupled with the presence of strong C=0 stretgh
around 1690 cm™' confirms the presence of a conjugated —COOH group and ac-
counts for both the oxygen atoms. The presence of combination bands, aromatic
C=C stretch around 1400, 1500 and 1600 cm™ and strong C—H bending at 735
cm™' further shows that the aromatic substitution type is ortho-disubstituted be
zene. The compound is O-toluic acid. i

CH,

o-Toluic acid

The stretching frequency of a bond and therefore, its position in an infrareq
is related to two factors; the masses of the bonded atoms — light atomg :Pectrum
i

higher frequencies than heavier ones — and the relative stiffness of the bo brate at
n

d. Tl’lple
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bonds being stiffer, vi .

bonds are stiffer a;\(;’ I:)hr:te at higher frequencies than double bonds and double

stretching frequencies of i VIbr?te at higher frequencies than single bonds. The

N—H and O—H all OchuroupS lnvglving hydrogen, i.e., a light atom such as C—H,

bonds vibrate at higher fre;ufn?latlt;elydhigh frequencies. As expectsd, the g

4. In these stereoi o i1es than double bonds.

s o p:i?:?:::: }:)alrs of compounds I and II and 111 and IV only one member

its hydrogen bonding leading to lowering in the O—H and c=0

stretchings.
HOH,C - o)
=y Sy
: \
H d
HO H H HO

someric shift to de-
hing frequency. A
e C=0 stretching

5. The presence of p-OMe group ( a + M group) in V assists the me
crease the bond order of C=0 bond leading to lower C=0 stretc
p-NO2 (—M goup) tends to oppose these trends and thus in (VI)th
frequency is higher than V.

4@?52 °§’ﬁ£<ﬁ>,<°

6. In O-chlorobenzoic acid esters the field effect shifts the C=0 frequency in the rota-
he isomer (VIIT). Normally both the isomers are

tional isomer (VII) and not int
present, so that two C=0 stretching absorptions are observed.

_CH,

| 0 0

|

| Cl Cl
|

|

:

(VII) (V1)

ydroxyl frequency is seen at 3608 cm ™' due to
associated OH group. In the O-isomer (V1II), bands are seen at both 3605 and 3643
cm~! showing that in some molecules there is association whereas in others the OH 1s
not hydrogen bonded due to crowding by t-butyl group. In 2.6 di-t-butyl phenol (IX)
only a single hydroxyl frequency is seen at 3643 cm™!, since two different molecules
are not able to approach close enough to form an intermolecular hydrogen bond.

8. Dueto competing hydrogen bond formation and therefore as a result of the equilib-
rium shown below. The structure with free carbonyl shows the normal conjugatec
C=0 stretch, however, on association with the OH group the (=0 stretch is furthe:

shifted to lower frequency.

7. In p-¢ butylphenol (VID only asingleh
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AN
(0]
’ 2-hydroxy-3-nitroacctophcnonc
: () -
/ l
Q (O,
o-Nitrophenol p-Nitro phenol

(less volatile because of intermolecular

(more volatile because of
hydrogen bonding)

intramolecular hydrogen bonding)

10. In spectrum (1), Figure 3.51, A is NH stretch (coupled vibrations); Bis NHbend, C is
C—N stretch and D is O—C stretch. In spectrum (II), A is the coupled C =0 stretch
and the high frequency points to a carboxylic acid anhydride; B and C is C—H bend

of CH;— le-——-O moiety and D is O—C stretch. The compound is acetic anhydride.

11. Cyclohexane carboxaldehyde 1, being saturated will absorb around 1730 cm™'. In
benzaldehyde 2, the absorption will be shifted to lower frequency (1700 cra™') due to
conjugation. In salicylaldehyde 3, the internal (chelated) hydrogen bonding causes a
further large frequency shift to around 1666 cm™'.

12. (1)

0]
Acid chlorides (
R—C—Cl
(1) Anhydrides (“) (H)
R-C-0-C R
(1) Esters (”)
R =R
(V) Amides (H)
R C  NH,

13, Carboxylic acids show a strong and broad () 1 stretching fre.
2,500 to 3,000 cm ', which is absent in esters. F urthermore,
C--O stretching frequency at ~1,250 cm *, whereas the C
normally occurs as two relatively strong bands i the re
dehydes and ketones show no absorption in this broad

:uenu in the region
carboxylic acids show a

-0 stretehip
n
gon 1,050 1o | lO(%let‘b(:\tl\

region, thys they are readily
<
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distinguishable . S
the 3 gsn to 3 :::)o:“c arboxylic acids and esters. Amides display N—H stretching In
' region and show : . i - 1.6
to 1,645 cm' region due to N-—H Zcz:iﬁzmher srong sosorpHen o e L2
This is explained 1 X =
explained in terms of the = bond stretch of the C=0 bond, which is consider-
ably stronger than the n bond in C=C.
(T(‘;:{CS':““tg;S;IO"‘ a"_éllkene (C=C stretch 1640 co*, C—H bend 892 cm™!) to a diol
re fl 00 cm-' C—O stretch 1040 cm™") and finally toa ketone C=0 stretch
(1712 cm™") are marked on the spectra. )

SUMMARY

650 cm™! is useful or structural information of or-
rts, 4000-1300 cm-', the high
1300-650

The infrared region from 4000-
ganic compounds. This region is split into two pa
frequency part, i.e., the functional group region and the low frequency part
cm-, the fingerprint region.
Most of the functional groups give absorption bands in the high frequency part of the

spectrum, which, therefore has a small number of bands. The fingerprint region con-

tains a large number of bands and i rich in detail. This part is used for compound

comparison.
As most organic compounds contain alkane residues, therefore, the strong aliphatic

C—H stretch centred around 2925 cm™' and the medium intensity bands for their
C—H bendings around 1465 (CHs, __CH;)and 1380 cm™' (CH3) are generally pres-
ent in an infrared spectrum (Fig. 3.7). Aromatic and olefinic C—H stretch is above

3000 cm™".
To assist the stu
common functional groups @

dent in his understanding, the main regions, where most of the
bsorb are shown in thick lines with respect to three
aliphatic bands, i.e., C—H stretch (2925 cm™') and C—H bend (—C Hi, —CHx—,
1465 and —CH3 1380 cm™'). However, the absence of these absorption bands due to
the absence of alkyl residues does not offer any difficulty to assign bands to the pres-

ence of other functional groups.
ps on the higher (left hand side) and lower (right

The absorption of functional grou
hatic C—H stretch are presented n

hand side) frequency side of the main alip
Fig. 3.53. Among the prominent bands on the higher frequency side of this band

mention may be made of O—H stretching band which is used to recognise the pres-
ence of alcohols and phenols. The value of O H stretching frequency 18 used
gainfully to detect hydrogen bonded (~ 3400 com 1y or free hydroxyl groups (~ 3600
cm™'). The N-—H stretchings occur around the same region. However, N--H absorp-
tions are much sharper (weak tendency to form hydrogen bonds), weaker in intensity

and in dilute solutions never give rise to absorptions as high as the free O H groups

(i.e. 3600 em™).

A carboxylic acid is very easy t0 recognise because of the special shape of the

broad bonded O— H stretch which lies across the aliphatic C-—H stretch (Fig. 3.25).
Primary amines and amides show two bands (coupled N H stretchings) and can
thus be distinguished from their secondary counterparts which normally show onc
band; in tertiary systems since there is no Hon N, these bands are absent.
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