
Infrared (IR) Absorption Spectra

Infrared spectroscopyInfrared spectroscopy 
is diagnostic of the 
molecule’s functional 
groupsgroups

Absorption Spectrum
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Absorption Spectrum

Molecular Vibrations and Corresponding Energy

m1 m2

force constant, K
Springs have a natural vibrational 
frequency determined by Hooke’s law:m1 2

ν = 4.12(K/µ)1/2

µ =
m1·m2

=
1

µ = 
m1 + m2

ν = λ (cm)

f i d d

vibrational excited state

frequency in 
wavenumbers (cm-1)

reduced massEnergies in 
molecule are 
quantized

ΔE = hcν

F th ti th iq

vibrational ground state

For these motions, their energy 
change matches that of a photon 
with wavelength in the IR region.
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Vibration Frequency and Bond Strength
ν = 4.12(K/µ)1/2

C O C=O C O
2143 cm–1 1715 cm–1 1100 cm–1

C≡O C=O C―O
stretching 
frequency

The _______ the bond, the higher the frequency

Information from the X-H Region

The X-H region distinguishes C–H, N–H, and O–H bonds

Information from the X H Region

2800 3200
Bond
C H

Reduced Mass µ
12/13 = 0 92

Bond Strength
(kJ·mol-1)

435

IR ν
(cm-1)

2800-3200
3300-3500
3400-3650

C–H
N–H
O–H

12/13 = 0.92
14/15 = 0.93
16/17 = 0.94

435
450
500
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Reduced masses are similar; X-H ν
dominated by bond strength. Not hydrogen bonded

Interpreting Infrared Spectra
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Characteristic IR Absorptions of Common 
FunctionalitiesFunctionalities
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Characteristic IR Absorptions

C–H bond strength
(kJ l 1)(kJ·mol-1) IR ν (cm-1)

548 3340-3250

460 3095-3010
C–H Stretching Frequencies 
Correlate to Bond Strength

12-6410 3000-2840

IR Absorptions of an Alkane
CH (CH ) CHBesides the stretching 

mode, another type of 
molecular vibration is

CH3(CH2)8CH3

molecular vibration is 
the bending mode. 

CH3
bendingbending

CH2
bending

C-H 
stretching bendingstretching
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Examples
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Examples from the X–H Region

N-H N-H
C-H C-H

Antisymmetric Symmetric O H t t h (3649 1)Antisymmetric 
NH2 Stretch

Symmetric 
NH2 Stretch

O-H stretch (3649 cm–1)
(usually stronger than N-H stretching)

(higher wavenumber) (lower wavenumber)(higher wavenumber) (lower wavenumber)
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No Hydrogen Bonding

Hydrogen Bonding Broadens and Shifts the 
Absorption BandAbsorption Band

O-H stretch O-H stretchO st etc

Hydrogen bonding in an alcohol

δ

Hydrogen bonding in an acid

δ+δ-

δ+

δ-
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A hydrogen bonded dimer

Alkyne Stretching Vibrations
C≡C–H stretch (3306 cm–1) The alkyne C–H stretch looks like N–H but presence 

of C≡C stretch makes assignment unambiguous

C C H stretchC≡C–H stretch 
(2110 cm–1) The double bond region has 

three important absorptions

absorption
strength

IR ν (cm-1)

1640 weak
Antisymmetric 
NO2 Stretch

Symmetric 
NO2 Stretch

1900-1500 strong
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two bands
1550 & 1350

intenseThe strength of IR absorptions 
depends on: dipole moment

Molecular Interpretation of IR Data
Conjugation lengthens and weakens the C=O; compare 
the ketone and amide C=O stretching frequencies

Conjugated 
double bonds

O O OU id ti

17151750 1727

O

H H

O

H CH3

O

H3C CH3

Use resonance considerations 
to understand the order of these 
C=O stretching frequencies

17151750 1727
O

H3C CH3

O

H3C NH2

O

H3C OCH3

O

H3C F

18701715 17461681
3 3 3 2 3 3 3

O O O1770 1750 1800
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O O O

1770 1750 1800



H3C
OH

H3C O

CH3
OH

H OH

C C

C H

•No carbonyl (1700 cm-1)
•No broad -OH stretch
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•No broad -OH stretch

O O O O

OH OCH2CH3 H CH3

C O
O CO C

1742

h t i ti f CHO
• No broad -OH stretch 
• No aldehyde C-H (2820 & 2720 cm-1)

C b l f i t hi h f k t

characteristic of –CHO;
for differentiating 
aldehyde and ketone
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• Carbonyl frequency is too high for a ketone
• Strong C-O

O

OH OH OCH3
OH

O H
O C

• No C(sp2) C-H stretch
• No C=O or C=C stretch
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No C O or C C stretch

O O O

OH
OH CH3 H

O

OH

C O

1685

•No broad -OH stretch 
•No aldehyde C-H (2820 & 2720 cm-1)
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•Carbonyl frequency is too low for isolated ketone



O H O

CH3

O

OH
O

CH3

CH2CH3

C O

1 11715

•No C≡C stretch or ≡C–H stretch
•No broad -OH stretch 
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•Carbonyl frequency is “normal” 
i.e., not that of conjugated C=O

O
O

O

H

C H
No C(sp2) 

C-H

H

O

O

No C(sp2) 
C-H

NH2 O

NH2

C O

1680
N H
s & a

O

H

O

O
No C(sp2) 

C-H
No 

aldehyde 
C-H
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NH2

C O

1715

OH

O
OH NH2

NH2OH
OH

NH2

H C(sp3)

O H

H C(sp )

•No carbonyl
•No -NH2 signature (s&a)
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OH

O
OH

OH

O

OHOH
OH

OH OH

No C(sp3) 
C-H

O H

•No carbonyl
•No C(sp3) C-H stretch
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Mass Spectroscopy: Measuring the 
Molecular MassMolecular Mass

At it i l t t (MS) i t h iAt its simplest, mass spectroscopy (MS) is a technique 
for measuring the molecular mass of a molecule.

… …
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(called molecular ion)

Mass Spectroscopy

An EI Magnetic Sector MassAn EI Magnetic Sector Mass 
Spectrometer

parent peak (molecular ion)

• m/z equals molecular mass when z = 1;
• Molecular ions undergo fragmentation (for independent study);
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g g ( p y)
• High resolution mass spectrometry reveals molecular formulas;
• Mass spectra reveals the presence of isotopes

…

Mass Spectra
exact mass of four compounds with m/z = 98

C7H14 C6H10O C5H6O2 C5H10N2C7H14 C6H10O      C5H6O2 C5H10N2

98.1096     98.0732     98.0368     98.0845

Requires high-resolution mass spectrometry (HRMS) 
to differentiate these molecules

The nearly equal heights of the peaks 
at m/z = 122 and 124 are due to the 
almost equal abundances of the two 

81 79
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bromine isotopes (81Br and 79Br).


