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R
eactions w

ill often give a m
ixture of products:

H
ow

 w
ould the chem

ist determ
ine w

hich product w
as form

ed?
B

oth are cyclopentenes; they are isom
ers.

S
pectroscopy w

ill provide the solution.
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• •
E

lectrom
agnetic radiation:

E
lectrom

agnetic radiation:light and other 
form

s of radiant energy

• •
W

avelength (
W

avelength (l l): ):the distance betw
een 

consecutive peaks on a w
ave

• •
F

requency (
F

requency (n n): ):the num
ber of full cycles of 

a w
ave that pass a given point in a second

• •
H

ertz (H
z):

H
ertz (H

z):the unit in w
hich radiation 

frequency is reported; s
-1 (read “per 

second”)

E
lectrom

agnetic R
adiation
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E
lectrom

agnetic R
adiation

•
C

om
m

on units used to express 
w

avelength
lll l

A
n

gs
tro

m
 (Å

)
1 Å

 =
 10 -10 m

R
e

lation
to

 M
e

te
r

U
n

it

1 m
m

 =
 10 -3 m

1 n
m

 =
 10 -9

 m
1 mmm mm

 =
 10 -6 m

N
an

o
m

e
te

r (n
m

)
M

icro
m

e
te

r (mmm mm
)

M
illim

e
te

r (m
m

)
M

e
te

r (m
)

----

E
 =

 hn
E

 is kJ/m
ol

h=
 3.99 X

 10
-13 kJ

�s
�m

ol -1

n
=

 frequency in H
z

c =
 ln
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E
=

hnnn n
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• •
M

olecular spectroscopy:
M

olecular spectroscopy:the study of w
hich 

frequencies of electrom
agnetic radiation are 

absorbed or em
itted by a particular substance 

and the correlation of these frequencies w
ith 

details of m
olecular structure

–
three types of m

olecular spectroscopy:

V
ibration

al en
ergy levels

N
u

clear sp
in

 states

E
lectron

ic en
ergy levels

In
frare

d

R
ad

io feq
u

en
cy

U
ltraviole

t-
visible

A
b

sorption of
E

lectrom
agne

tic
R

ad
iation

 R
esults 

in T
ransition B

e
tw

ee
n

R
egion of th

e
E

lectrom
agne

tic
S

p
ectrum

N
u

cle
ar m

ag
n

e
tic

re
so

n
an

ce

In
frare

d

U
ltrav

io
le

t-
visib

le

T
yp

e
 o

f 
S

p
e

ctro
sco

p
y
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Infrared S
pectroscopy

•
T

he vibrational IR
 extends from

 2.5 x 10
-6

m
 (2.5 

mm
)  to 2.5 x 10

-5
m

 (25 mm
)

–
the frequency of IR

 radiation is com
m

only expressed in 
w

avenum
bers

– –
W

avenum
ber

W
avenum

bernnn n nnn n: :the num
ber of w

aves per centim
eter, w

ith 
units cm

-1 (read reciprocal centim
eters)

–
expressed in w

avenum
bers, the vibrational IR

 extends 
from

 4000 cm
-1 to 400 cm

 -1

nnn n
=

  
=

  400 cm
-1

=
 4000 cm

-1
n  =

  
n  =

  
n  =

  
n  =

  10
-2

m
•cm

-1

2.5 x 10 -6
m

10
-2

m
•cm

-1

2.5 x 10 -5
m

2.5 mmm mm
 to 25 mmm mm
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S
ections of an IR

 S
pectrum

T
his is the m

ost com
m

on scale.
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•
IR

 spectrum
 of 3-m

ethyl-2-butanone

S
trong 

absorption
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D
ispersive IR

 S
pectrom

eter

(N
ot exam

 m
aterial)
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•
IR

 spectrum
 of 3-m

ethyl-2-butanone

C
=

O
S

tretch

C
-H

S
tretch
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M
olecular V

ibrations
–atom

s joined by covalent bonds undergo continual 

vibrations
relative to each other

–the energies
associated w

ith these vibrations are 

quantized; w
ithin a m

olecule, only specific 

vibrational energy levels are allow
ed

–the energies
associated w

ith transitions betw
een 

vibrational energy levels correspond to 

frequencies in the infrared region: 

4000 to 400 cm
-1
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•
F

or a m
olecule to absorb IR

 radiation
–

the bond undergoing vibration m
ust be polar

and

–
its vibration m

ust cause a periodic change
in the 

bond dipole m
om

ent

•
C

ovalent bonds w
hich do not m

eet these 
criteria are said to be IR

 inactive
–

the C
-C

 double and triple bonds of sym
m

etrically 
substituted alkenes and alkynes, for exam

ple, are 
IR

 inactive because they are not polarized bonds

H
3 C

C
C

C
H

3

H
3 C

C
H

3

H
3 C

-C
C

-C
H

3

2,3-D
im

ethyl-2-butene
2-B

utyne
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T
he sim

plest vibrationalm
otions are bending 

and stretching.
H

ere are the fundam
ental stretching and 

bending
vibrations for a m

ethylene group:

http://en.w
ikipedia.org/w

iki/Infrared_spectroscopy
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M
olecular V

ibrations
•

C
onsider tw

o covalently bonded atom
s as tw

o 
vibrating m

asses connected by a spring
–

the total energy is proportional to the frequency of vibration
–

the frequency of a stretching vibration is given by an 
equation derived from

 H
ooke’s law

for a vibrating spring

K
=

 a force constant,w
hich is a m

easure of the bonds’
strength; force constants for single, double, and triple 
bonds are approxim

ately 5, 10, and 15 x 105 dynes/cm
mmm m=

 reduced m
ass of the tw

o atom
s, (m

1 m
2 )/(m

1
+

 m
2 ), 

w
here m

 is the m
ass of the atom

s in gram
s

K
nnn n

=
 4.12

mmm m
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M
olecular V

ibrations

•
F

rom
 this equation, w

e see that the position
position

(i.e. w
avenum

ber) of a stretching vibration:
–

is proportionalto the strength of the vibrating bond
–

is inversely proportionalthe m
asses of the atom

s 
connected by the bond

•
T

he intensity 
intensity 

(i.e. w
eak, s, m

) of absorption 
depends prim

arily on the polarity of the 
vibrating bond

K
nnn n

=
 4.12

mmm m
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T
able 12.4

T
able 12.4

C
haracteristic IR

 absorptions for the 
types of bonds and functional groups 
encountered m

ost often:

C
-H

N
-H

O
-H

C
=

O
C

=
C

C
-O

1000-1250
stro

n
g

w
e

ak
 to m

e
d

iu
m

1600-1680
1630-1820

stro
n

g

2700-3300
w

e
ak

 to m
e

d
iu

m

w
e

ak to s
tro

n
g

3200-3650
m

e
d

iu
m

3100-3550

In
te

n
s

ity
S

tre
tch

in
g

Fre
q

u
e

n
cy

 (cm
-1)

B
on

d

C
orrelation T

ables
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H
ydrocarbons-T

able 12.5

C
-H

C
H

3

C
=

C
C

-H

C
-H

C
C

C
-C

C
-H

C
=

C
C

-H

Inte
ns

ity

2850 - 3000
M

e
d

iu
m

S
tre

tchin
g

3300
M

e
d

iu
m

 to
 stron

g
S

tre
tchin

g
2100-2250

W
e

ak

W
e

ak to
 m

e
d

iu
m

1600 - 1680
S

tre
tchin

g
W

e
ak to

 m
e

d
iu

m
3000 - 3100

S
tre

tchin
g

A
lk

yn
e

A
lk

e
ne

A
lk

ane
V

ib
ratio

n

S
tre

tchin
g

H
y

dro-
carb

o
n

Fre
q

u
e

n
cy

(cm
-1) 

B
e

nd
in

g
1450-1475

M
e

d
iu

m
B

e
nd

in
g

1375 an
d

 1450
W

e
ak to

 m
e

d
iu

m
(N

o
t u

se
ful for inte

rp
re

tation
 - to

o
 m

an
y b

an
ds

A
re

n
e

S
tre

tchin
g

3030
W

e
ak to

 m
e

d
iu

m
M

e
d

iu
m

1450-1600
S

tre
tchin

g
B

e
nd

in
g

690-900
S

tro
n

g
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A
lkanes

•
IR

 spectrum
 of decane (F

ig 12.4)

3000
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A
lkenes

•
IR

 spectrum
 of cyclohexene (F

ig 12.5)
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A
lkynes

•
IR

 spectrum
 of 1-octyne (F

ig 12.6)
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A
rom

atics

•
IR

 spectrum
 of toluene (F

ig 12.7)

3000
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A
lcohols

O
-H

 (fre
e

)

O
-H

 (H
 b

on
d

e
d

)

C
-O

B
on

d
In

te
n

sity
F

re
q

u
e

n
cy, cm

-1

M
e

d
iu

m
1000 - 1250

M
e

d
iu

m
, b

road
3200 - 3500

3600-3650
W

e
ak
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E
ffect of C

oncentration U
pon H

ydrogen B
onding
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E
ffect of C

oncentration U
pon H

ydrogen B
onding
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E
thers

•
IR

 spectrum
 of dibutyl ether (F

ig 12.9)
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E
thers

•
IR

 spectrum
 of anisole (F

ig 12.10)
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A
m

ines

•
IR

 spectrum
 of 1-butanam

ine (F
ig 12.11)
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IR
 of M

olecules w
ith C

=
O

 G
roups

C
=

O

C
=

O

C
-H

O
H

RC
O

H
O RC

H
O

RC
R'

O
C=

O

S
tro

ng
1700-1725

S
tretching

C
arbo

xylic  acids

A
ldeh

yd
es

V
ibration

C
arbo

nyl G
ro

up
Frequen

cy
(cm

-1)
Inten

sity

S
tretching

1630-1820
S

tro
ng

S
tretching

2720
W

eak

S
tretching

2500-3300
S

tro
ng

 (bro
ad)

Keto
nes

S
tretchin

g
1630-1820

S
tro

ng
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C
=

O

sp
3 C

O

sp
2 C

O

C
=

O

C
=

O

N
H

C
ººº ºN

R
C

N

R
C

O
C

R
O

O

R
C

O
R

'
O

R
C

N
H

2

O

C
O

S
tre

tch
in

g
900-1300

S
tro

n
g

S
tro

n
g

1735-1800
S

tre
tch

in
g

C
arb

o
xy

lic  e
ste

rsS
tre

tch
in

g
1000-1100

S
tro

n
g

S
tre

tch
in

g
1200-1250

S
tro

n
g

A
cid

 an
h

y
d

rid
e

sS
tre

tch
in

g
1740-1760 an

d
1800-1850

S
tro

n
g

S
tro

n
g

1630-1680
S

tre
tch

in
g

A
m

id
e

s

S
tre

tch
in

g
3200, 3400

M
e

d
iu

m
(1° am

id
e

s h
ave

 tw
o

 N
-H

 stre
tch

e
s

)
(2° am

id
e

s h
ave

 o
n

e
 N

-H
 stre

tch
)

N
itrile

s
S

tre
tch

in
g

2200-2250
M

e
d

iu
m

IR
 of M

olecules w
ith C

=
O

 G
roups
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A
ldehydes and K

etones

•
IR

 spectrum
 of m

enthone (F
ig 12.12)
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C
arbonyl groups

•
T

he position of C
=

O
 stretching vibration is 

sensitive to its m
olecular environm

ent
–

as ring size decreases and angle strain increases, 
absorption shifts to a higher frequency

–
conjugation  shifts the C

=
O

 absorption to low
er frequency

1850 cm
-1

1780 cm
-1

1745 cm
-1

1715 cm
-1

O
O

O
O

1690 cm -1
1700 cm -1

1717 cm -1

O
O

H

O
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1715 cm
-1

1715 cm
-1

1745 cm
-1

1745 cm
-1

�	��'���"���"	���"��� �� �"	���� '��*�"�&
,�"	��

'���"���"	��� ��'*�"���"��"�	�
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1780 cm
-1

1780 cm
-1

O
O

O

1850 cm
-1

1850 cm
-1

�-�.�
�

�-�/�
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C
arboxylic acids

•
IR

 spectrum
 of pentanoic acid (F

ig 12.13)
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A
m

ide

•
IR

 of N
-m

ethylpropanam
ide

(F
ig 12.14)

��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�

����
��

��

E
ster

•
IR

 of E
thyl butanoate

(F
ig 12.15)
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S
trategies for IR

 Interpretation 

Inspect the spectrum
 from

 left to right. 
�

If there is a strong, but broad band 3500 cm
-1

then, O
H

 is present. O
ne or tw

o w
eak peaks in this 

area are indicative of am
ines (N

—
H

 stretch).
�

E
xam

ine the 3000 cm
-1

C
—

H
 aliphatic stretches 

are to the right and C
—

H
 from

 alkenes &
 arom

atics 
are to the left.
�

A
ldehyde

C
—

H
 stretch w

ill be ~
 2720 cm

-1

�
C

heck the area from
 1820 to 1630 cm

-1. S
trong 

peaks in this area indicate C
=

O
 and this is often the 

strongest peak in the spectrum
. 

�
T

he area from
 1250 to 1000 cm

-1
are the C

—
O

 
stretches of ethers, esters, acids.


