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Chapter 16
An Introduction to Infrared Spectrometry
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Energy Levels

Different electronic states
(electronic arrangements)
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The 1nfrared region of the spectrum encompasses radiation
with wavenumbers ranging from about 12,800- 10 cm™ or
wavelengths from0.78 to 1000 pme The infrared spectrum
1s divided intomnear=ymid=; and far-infrared radiation.

Region Energy Wavenumber | Wavelength
(kJ/mol) (cm-1) (m)
Near IR 150-50 12,800-4000 0.78-2.5
~ MidIR 50-2.5 4000-800 2.5-50 |

FariR 25.0.1 200-10 50-1000




TABLE 16-1 IR Spectral Regions

V=L
\l 1

Region Wavelengths (A), pm Wavenumbers (7), em ™' Frequencies (v), Hz

Near 0.78 to 2.5 12800 to 4000 38x10™t01.2 X 10™
Middle 2.5t0 50 4000 to 200 1.2 X 10™ t0 6.0 X 10"
Far 50 to 1000 200 to 10 6.0 X 10" 10 3.0 x 10"
Most used 2.5t015 4000 to 670 12 X 10™t02.0 X 10"

© 2007 Thomson Higher Education




THEORY OF INFRARED
ABSORPTION SPECTROMETRY

. The ordinate 1s linear 1n transmittance. The
~ANy

abscissa 1s linear 1n wavenumbers with
i —

units of reciprocal centimeters. Modern
instruments utilize a  microcomputer
capable of producing a variety of other
output formats, such as transmittance

versus wavelength and absorbance versus

A
wavenumber or wavelength.”| / - / |
g Y 1L



TRANSMISSION vs. ABSORPTION

When a chemical sample is exposed to the action of IR LIGHT, it can

absorb some frequencies and transmit the rest. Some of the light can
also be reflected back to the source.
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From all the frequencies it receives, the chemical sample
can absorb (retain) specific frequencies and allow the
rest to pass through it (transmitted light).

The detector detects the transmitted frequencies, and by doing so also reveals the
values of the absorbed frequencies. = ,\ e ) ) v"\j‘“"‘ﬂc’ ool L
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AN IR SPECTRUM IN ABSORPTION MODE

The IR spectrum is basically a plot of transmitted (or absorbed) frequencies
vs. intensity of the transmission (or absorption). Frequencies appear in the
x-axis in units of inverse centimeters (wavenumbers), and intensities are
plotted on the y-axis in percentage units.

Absorption
(2R« W on bo QY celbes, )
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~ 3600 (cm-1)
Frequency In wavenumbers (cm-1)

The graph above shows a spectrum in absorption mode.



AN IR SPECTRUM IN TRANSMISSION MODE

Transmission

100

[® 7.

~ 3600 (cm-1)
Frequency In wavenumbers (cm-1)

The graph above shows a spectrum in transmission mode.
This is the most commonly used representation and the one found in most
chemistry and spectroscopy books. Therefore we will use this representation.
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Molecular Vibration, Rotation and Translation motion
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Dipole Changes During Vibrations
rﬁarem 10t energetic enough to

Cletonie bra «5;\))'“ dl olad Q)\
bring “about - e ectromc transitions.

Absorption of infrared radiation 1s thus
confined largely to molecular species that
have small energy differences between
various vibrational and rotational states.
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In order for IR absorbance to occur two conditions must be met:

Pe-eX ,0-9x , Hotx

1. A molecule must undergo a net change in dipole moment as a
consequence of its vibrational or rotational motion.

The dipole moments is determined by the magnitude of the charge
difference and the distance between the two centers of charge.

No net change in dipole moment occurs during the vibration or rotation of

homonuclear species such as O,,

N,, or Cl, consequently, such

compounds cannot absorb in the infrared.

distance between
center of charges

pH=gq-r

separated distance

dipole
charge between

moment

Dipole moment =p=qr
1 debye=3.336x10"3Cm

Molecules with permanent dipole moments () are IR active

o—

o+
H-Cl

+—»

0O-0
No dipole
moment

Atoms. Oz, Hy. Cly

IR inactive

HCL H20.NO

IR active

2. If the frequency of the radiation matches the natural frequency of the
vibration (or rotation), the IR photon is absorbed and the amplitude of the

vibration increases.
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Dipole Moments of Specific

Molecules
c - Y A5l Molecule u (debye) — OL; Pole (},\é Gip g
H,0 1.85 M O R)
H- ¥ Olal HF 1.91
HCI 1.08
HBr 0.80
o3 R HI 0.42
& H g CO 0.12
® =—C =0 <«—CO, 0
NH, 1.47
‘v\:&m\,’-u PH, 0.58
. W . AsH 0.20
‘c\ —\}Q*’P \"\ «—CH,; 0
T NaCl 9.00
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There are three types of molecular transitions that occur in IR
a) Rotational transitions — leloy L. )\ ledpaly Lo ALEJ-\

* When an asymmetric molecule rofates about its center of mass,
the dipole moment seems to fluctuate. —>¥ur LA

* AE for these transitions correspondto v< 100 cm!

< Quite low energy, show up as sharp lines that subdivide

— = vibrational peaks in gas phase spectra. — IR pecbrundl 2 Loy €

Laly Uibfalional \;ulwid.l a3 cﬁ;j_b d—“u U\\&
b) Vibrational- rotat10naltrans1t¢1‘(')‘and T aaMPle PEY Eljo ¢ole ot

e complex transitions that arise from changes in the molecular
dipole moment due to the combination of a bond vibration and
molecular rotation.

¢) Vibrational transitions Ul 'M ex\ﬂu/\ Puf R d‘p& N ) 31&3‘

. I’lle most important transitions observedin qualitative mid-IR
spectroscopy.

e v=13,000-675 cm! (0.78 — 15 wm)




* Vibrational Transitions: Vibrational energy
levels are quantized, and for most molecules the
energy differences between quantum _states

- 4 - . Yoo pros OLus B 1w x
correspond to the mid-infrared region. &« == v seaet

 Types of Molecular Vibrations: Vibrations fall
into the basic categories of stretching and
bending. A stretching vibration 1nvolves a
: : . Pewd akomt O Folwa/l
continuous change in the interatomic distance
along the axis of the bond between two atoms.
Bending vibrations are characterized by a change
in the angle between two bonds and are of four
types: scissoring, rocking, wagging, and
twisting. =10 O % oY bending so2! t



Stretch: change in bond length
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Symmetric stretch
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Only some modes may be IR active:

Example CO> O=C=0 linear

50O @O smamnn

No net dipole
moment change

$V&¥b\r\\j

Q . O O—’—O Assﬂ\m&\lu

Net dipole
moment change
\Oo\\tv \!J
o 257 S~ :
© © Net dipole

moment change

vs not IR active  vas. bend IR active
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Interpretation of an Infrared Spectra:

organic molecules contain many atoms. As a result, there are
many stretching and bending modes- IR spectra have many
absorption bands ",

Four distinct regions of an IR spectra &J_D VLQ;-,
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frequency ranges
570 X 10"s!

c=C
C=0

450 x 105! 1.95 X 103!

7.50 X 10'3s !

1.20 X 10™s7!

double bond
stretches

4000cm ! 2500cm ! cm™! 1500cm 650€m '
% o6 S
wavenumber ranges loo » oo

Stretching and bending in a polyatomic molecule

In a polyatomic molecule such as water, it is more correct to consider the molecule as a whole stretching and bending
rather than the individual bonds. Water, for example, can vibrate at three fundamental frequencies as shown below.
As each of the three modes of vibration results in a change in dipole of the molecule, they can be detected with IR
spectroscopy.

/7 \x

7N\ |\ /

symmetric stretch
= 3650cm '

asymmetric stretch
= 3760cm '

symmetric bend
= 1600cm '

For a symmetrical linear molecule such as carbon dioxide, there are also three modes of vibration. However, the
symmetric stretch is IR inactive as it produces no change in dipole moment. The dipoles of both C=0 bonds are equal
and opposite throughout the vibration.

-« - —

=00

— —

Oo=0=0

) !
Oo=0=0

symmetric stretch
inactive

As the molecule
remains symmetrical,
it has no change in
dipole.

asymmetric stretch
= 2350cm™’

The molecule has a
temporary dipole
moment when the
C=0 bond lengths

are of unequal length.

symmetric bend

= 670cm '

The molecule has a
temporary dipole
moment as it bends
away from its linear
geometry.
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THE FINGERPRINT REGION

Although the entire IR spectrum can be used as a fingerprint for the purposes of
comparing molecules, the 600 - 1460 cm-' range is called the fingerprint region.
This is normally a complex area showing many bands, frequently overlapping each
other. This complexity limits its use to that of a fingerprint, and should be ignored by
beginners when analyzing the spectrum. As a student, you should focus your
analysis on the rest of the spectrum, that is the region to the left of 14/96’ cm.
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Focus your analysis on this region. This is where most stretching Fingerprint region: complex and difficult to
& frequencies appear. interpret reliably.
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Fingerprint region (600 - 1 /5/66 cm!)- low energy single bond
stretching and bending modes. The fingerprint region i1s
unique for any given organic compound. However, there are

few diagnostic absorptions.

(6o
Double-bond regions (1;@6 -2000 cm!) ==
C=C 1620 - 1680 cm'!
C=0 1680 -1790 cm!

Triple-bond region: (2000 - 2500 cm!) M2
C=C 2100 -2200 cm! (weak, often not observed)
C=N 2240 - 2280 cm’!

X-H Single-bond region (2500 - 4000 cm!) Lo D
O-H 3200 -3600 cm! (broad) —_

CO-OH 2500-3600 cma! (very broad)
N-H 3350 - 3500 cn! Y2
C-H 2800 - 3300 cm!

sp> -C-H 2850 - 2950 cm'!

sp? =C-H 3000 - 3100 cm!

sp =C-H 3310 - 3320 cm’! 21



