Infrared (IR) Absorption Spectra
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Molecular Vibrations and Corresponding Energy

‘ force constant, K ‘

Springs have a natural vibrational
frequency determined by Hooke’s law:

Vv = 4.12(K/p)v2

- >

a stretching vibration _ 1 m,-m,

‘ vibrational excited state ‘ }f Y (cm) H< m, +m,
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+ Energies in equency educed mass
> molecule are wavenumbers (cm'1)
% quantized 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

v = 4.12(K/p)2

(c=0 ] (c=0 ] (c=0]]
stretching
frequency 2143 cm 1715 cm-t 1100 cm-2

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 ‘

Bond Strength IRv
Bond Reduced Mass U (kJ-mol1) (cm)
C—H 12/13 =0.92 435 2800-3200
N-H 14/15=0.93 450 3300-3500
O—-H 16/17 = 0.94 500 3400-3650

Reduced masses are similar; X-H v
dominated by bond strength.

Not hydrogen bonded
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Transmittance (%)

Interpreting Infrared Spectra
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Table 121 | Characteristic IR Absorptions of Some Functional Groups

Fumctionsl Group _ Abserption fom ") Imtemsity P N inemsity
Alkane Amine
€-H 2B50-2060 Medium N-H 33001500 Medium
Alkens C-N 1030-1230 Medium
=C=H A020-3100 Medium Carbonyl compound
C=C 1640-1680 Medium c=0 1670-1780 Strong
Alkyne Carboxylic acid
=C-H 3300 Strong O=H 2500-3100 Strong, broad
Cmi 2100-2260 Medium Nitrile
Alky] halide Cm=N 2210-2260 Madium
c-cl S00-800 Strong Mitro
C=Br SO0-600 Strong MOy 1540 Strong
Alcohol
O=H 3400-3650 Strong, broad
c-0 1050-1150 Serong
Areng
C=H 3030 Weak
Aromatic fing 1660-2000 Weak

1450-1600 Medium 12-4




Characteristic IR Absorptions of Common

Characteristic IR Absorptions

Functionalities - i
| | = C“‘l-i
T Aldehydes CH3CH,CH CH3CH=CHCH i |
—_BE % -1
Alkanes  [—C—H 2850-2060 cm-1 | AKenes | —CTH 5020-3100 ¢
/ \ i 1730 cm™! 1705 cm ™! 1705 em™!
c=C 1640-1680 cm™! i
N/ /N 9 (I) “~ocH
_/c—C\— 800-1300 cm™ ! RCH=CH, 910 and 990 cm™" Esters CH4COCH3 CHyCH=CHCOCH; C/ 3
3 -1
Raf=ttla £abiem 1735 cm™! 1715 em™" 1715cm™! )
0 0 (-
: | CH
Aromatic compounds >C- - 3030 cm™" (weak) R\ /H Katones CH3CCHy 3 o CH3CH=CHCCH3 O/ N
C=C
/ H/ \H 1 1 1 1
1715em™ 1750 em™ 1690 em™ 1690 cm™
Alkynes | —C=C—  2100-2260 cm™ g 1660-2000 cmi~! (weak) SR C=H bond Stgength —
¥ = B . (kJ-molt) IRV (cmt)
S A 1450-1600 cm™ ' (medium) R H (o]
=Cc—H 3300 cm™’ P Bl f»"
. % —C=C-H 548 3340-3250
90 em-! C | H H
Alcohols —O0—H 3400-3650 cm™ (broad, intense) R H \ s‘?f ch'rrSeT;?;CtrangoE:jegltjrz?](;?hs
/ =C -
Mo /c c\ 460 3095-3010
Amines —MN—H 3300-3500 cm™! {sharp, medium intensity) H/ \H c
970 cm! Nip'j
s > 410 3000-2840 126
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Examples from the X—H Region
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Antisymmetric Symmetric O-H stretch (3649 cm-1)
NH, Stretch NH, Stretch (v (usually stronger than N-H stretching)
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No Hydrogen Bonding s
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Hydrogen Bonding Broadens and Shifts the
Absorption Band

(' O-H stretch

o~ O-H stretch

_H
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‘ Hydrogen bonding in an acid ‘

Hydrogen bonding in an alcohol ‘

R H :
L, I, 8130
. HéaO:H 4% N/ )R
6 oF 0—H---2Q
R ‘ A hydrogen bonded dimer ‘
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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

s

C=C-H stretch
The double bond region has

Molecular Interpretation of IR Data

Conjugation lengthens and weakens the C=0O; compare
the ketone and amide C=0 stretching frequencies

single

|/
fiond gharacter Conjugated
double bonds

=
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pond character 9
Mow
CHy” “CH, cHy” i

H 1650 cm™

1715 cm’

(2110 cm-Y)
three important absorptions
Use resonance considerations o 9 o
- Ry (cm ) absorption to understand the order of these )]\ J]\ )]\
V . .
; C=0 stretching frequencies H H H CHy HyC CHy
i -‘ strength gred 1750 1727 1715
Antisymmetric Symmetric N/ [0} o [o} [0}
NO, Stretch NO, Stretch /Cz‘:\ 1640 weak )J\ )J\ )]\ )J\
R R HsC CH;3 H,C NH, H,C OCH;3 HsC F
\
h‘, ._ /@i ~ c=0 1900-1500 strong 1715 1681 1746 1870
5- 5 o 5- 1770 1750 1800
0
The strength of IR absorptions @N: two bands intense o % o
depends on: dipole moment <) 1550 & 1350 12-11 \ — 1212




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

1213

0
\)J\OH \)J\OCHZCH;,

* No broad -OH stretch
* No aldehyde C-H (2820 & 2720 cm?)
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characteristic of -CHO;
for differentiating

aldehyde and ketone

« Carbonyl frequency is too high for a ketone

« Strong C-O
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Wavelengh (pm)

* No C(sp2) C-H stretch
* No C=0 or C=C stretch
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*No broad -OH stretch
*No aldehyde C-H (2820 & 2720 cm-1)
*Carbonyl frequency is too low for isolated ketone
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0 H o 0 o
// CH, O/\OH \I\:)\
CH;
| CH,CH;

*No C=C stretch or =C—H stretch
*No broad -OH stretch
*Carbonyl frequency is “normal”
i.e., not that of conjugated C=0 1217
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(o]
OH NH,
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OH
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*No carbonyl
*No -NH, signature (s&a)

12-19

i No C(sp3) i I’Q\ i
I ::_\'f "“,_ﬂ i

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

At its simplest, mass spectroscopy (MS) is a technique
for measuring the molecular mass of a molecule.

‘ Sample Display

-

Ionization source Mass analyzer Detector

Electron impact (EI), or Magnetic sector, or Photomultiplier, or

Electrospray ionization (ESI), — Time-of-flight (TOF}, or — Electron multiplier, or

Matrix-assisted laser Quadrupole (Q) Micro-channel plate
desorption ionization (MALDI) J ‘L {
o
RH RH** + e
Organic Cation
molecule radical

(called molecular ion)
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myz
m/z equals molecular mass when z = 1;

Molecular ions undergo fragmentation (for independent study);
High resolution mass spectrometry reveals molecular formulas;
Mass spectra reveals the presence of isotopes
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Mass Spectra

exact mass of four compounds with m/z = 98

Isotope Mass
C7H14 CGHIOO CSHGOZ C5H10N2
i 100783 98.1096 98.0732 98.0368 98.0845
e 12.00000 ' ' ' '
14
MN L0031 Requires high-resolution mass spectrometry (HRMS)
o 15.9949 to differentiate these molecules
323 31.9721
gl 34.9689 100
e 36.9659 7
By 78.9183 : CH,CH,CH,Br
SIBr 80.9163 -

=S 124(C;H,*'Br)

|22:C_‘H,"“u.:ﬂ

Relative abundance

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

bromine isotopes (81Br and "°Br). 0 i alll T T




