CHAPTER 4

Infrared, Near-Infrared, and Raman Spectroscopy
v

e iton vt e O S Wil e o e s
e e i i 0ors to measure t.he heating effect of sunlight within and
be.yond the : e v1§1 € spectrum. Coblentz laid the groundwork for IR spectroscopy
with a systematic study Qf organic and inorganic absorption spectra. Experimental difficulties were
immense. Since each point in the spectrum had to be measured separately, it could take 4 hours to
record the full spectrum. But from this work came the realization that each compound had its own
unique IR absorption pattern and that certain functional groups absorbed at about the same wave-
length even in different molecules. The IR absorption spectrum provides a “fingerprint” of a molecule
with covalent bonds. This can be used to identify the molecule. Qualitative identification of organic
and inorganic compounds is a primary use of IR spectroscopy. In addition, the spectrum provides a
quick way to check for the presence of a given functional group such as a carbonyl group in a molecule.
IR spectroscopy and spectrometry as used by analytical and organic chemists is primarily absorption
spectroscopy. IR absorption can also be used to provide quantitative measurements of compounds.
IR spectroscopy became widely used after the development of commercial spectrometers in the
1940s. Double-beam monochromator instruments were developed, better detectors were designed,
and better dispersion elements, including gratings, were incorporated. These conventional spec-
trometer systems have been replaced by Fourier transform IR (FTIR) instrumentation. This chapter
will focus on FTIR instrumentation and applications of IR spectroscopy. In addition, the related
techniques of near-infrared (NIR) spectroscopy and Raman spectroscopy will be covered, as well
as the use of IR and Raman microscopy. . . fAuy .
The wavelengths of IR radiation of interest to chemists trying to identify or study organic mol-

ecules fall between 2 and 20 pm. These wavelengths are longer than those in the red end of the vis-

ible region, which is generally considered to end at about 0.75 pm. IR radiation therefore is of lower
: y than radio waves. The entire IR region can be

energy than visible radiation but of higher energ
diviggd into the NIR, from 0.75 to 2.5 pm, the mid-IR, from about 2.5 to 20 pm, and the far-IR, from

20 t0 200 pm. Visible radiation (red light) marks the upper energy end or minimum wavelength end

F . i hat arbitrarily; some texts consider
of the IR . the maximum wavelength end is defined somew ,
the far-Ianglg)r:t,end to 1000 pm. The IR wavelength range tells us the IR frequency range from the

equation (introduced in Chapter 2)

et “4.1)
V=—
A
Where
vis the frequency
¢1s the speed of light
Ais the wavelength
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Bonds to the molecule
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Principal modes of vibration between carbon and hydrogen in an alkane: (a) symmetrical stretch-
(d) rocking, (€) wagging,

F'gule ( | . I I " 2 . "

away from the C atom—a symmetrical stretch. In Figure 4.3b, one H atom moOves away from the
etch. Bending modes are shown

C atom and one MOVES toward the C atom—an asymmetrical str
in Figure 4.3c—f. Scissoring and rocking are in-plane bending modes—the H atoms remain in the
d twisting are out-of-plane (00p)

same plane as the C atom (i.e., in the plane of the page). Wagging an
hending modes—the H atoms are moving out of the plane containing the C atom. The + sign in

the circle indicates movement above the plane of the page toward the reader, while the — sign in the
circle indicates movement below the plane of the page away from the reader. Bends are also called

deformations and the term antisymmetric is used in place of asymmetric in various texts.
For the CO, molecule, we can draw a symmetric stretch, an asymmetric stretch, and a bending

vibration, as shown:

ndergoing a symmetric stretch, the one in the middle an asym-
n-plane bend. The symmetric stretching vibration does
le. This vibrational mode does not absorb IR radia-
two modes of vibration do change the dipole
hing frequency occurs at 2350 cm™' and the

The CO, molecule on the left is u
metric stretch, and the one on the right an 1
not change the dipole moment of the molecu
fion—it is said to be IR inactive. Howeveh the other
moment—they are IR active. The asymmetric Stretc

bending vibration occurs at 666 cm™'. _ _
lecules, itis possible to work out the number and kind of vibrations
ree coordinates. To locate 2 molecule containing

For diatomic and triatomic mo
that occur. To locate a point in 3D space requires th

quired. The molecule is said to have 3N degrees
translational, rotational, and vibrational

N atoms in three dimensions, 3NV coordinates are 1

of freedom. To describe the motion of such a molecule,

motions must be considered. Three coordinates or degrees of freedom are required to describe
describe rotational motion about

nal

translational motion and three degrees of freedom are required to
leaves 3N — 6 degrees of freedom to describe yibratio

the molecule’s center of gravity. This
1 modes of vibration in a molecule of N atoms. For exam-

Motion, There are 3N — 6 possible norma
so it has 3 x 3 = 9 degrees of freedom and 3x3)-0= 3

Ple, the water molecule contains 3 atoms,
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ibration. For the water molecule, these no.rma] modeSLQf \'nbrau]on‘ are a sy
L D tretch, and a scissoring (bending) mode. Linear mo ecules canpey
metric stretch, an asymTetrlc S o ’on ly two degrees of freedom are needed to describe Totatiop,
i ax15-3[/35 aSr norr;lal modes of vibration. If we look at the CC')2 Inf)lecule given
50 ]i-nearhmdiﬁl;f:shjfviibratiOn are shown, but 3N — 5 = 4 normal modes of vibration, 5o opg ;¢
?;‘ITS]:T;; ’lfgz fourth is a bending mode equivalent to that shown, but oop

ke e O i od®

+ - +
0=C=0

where
+ indicates movement toward the reader

- indicates movement away from the reader

b

The oop bending mode and the in-plane bending mode already ShO\fvn bothdo'ccur at 6.66 crr;j". They
are said to be degenerate. Both are IR active, but only one absorption band is seen since they both
requency. .

occzgitsti};?psl:rﬁoiec?ﬂes, t};lis approach predicts the number of fundamer'mtal vibrations that exist,
The use of the dipole moment rule indicates which vibrations are IR active, but the IR spectrum
of a molecule rarely shows the number of absorption bands calculated. Fewer peaks than expected
are seen due to IR-inactive vibrations, degenerate vibrations, and very weak vibrations. More often,
additional peaks are seen in the spectrum due to overtones and other bands.

The excitation from the ground state V; to the first excited state V; is called the Sfundamental
transition. It is the most likely transition to occur. Fundamental absorption bands are strong
compared with other bands that may appear in the spectrum due to overtone, combination, and
difference bands. Overtone bands result from excitation from the ground state to higher energy
states V;, V3, and so on. These absorptions occur at approximately integral multiples of the
frequency of the fundamental absorption. If the fundamental absorption occurs at frequency v,
the overtones will appear at about 2, 3v, and so on. Overtones are weak bands and may not be
obse{ved un.der real experimental conditions. Vibrating atoms may interact with each other.
The interaction between vibrational modes is called coupling. Two vibrational frequencies may
couple to produce a new frequency v, = v, + V2. The band at v, is called a combination band. If

tho frequepcie's couple such that v, = Vi = V,, the band is called a difference band. Not all pos-
sible combinations and differences occur; the

of this text, rules for predicting coupling are beyond the scope

Rt e Bk v it i

-

The requirements for the absorption of IR radiation by molecules can be summarized as follows:

; ) gle 1;atural frequency of -vit.)ration of the molecule must equal the frequency of the incident radiation.
+ The frequency of Fhe radiation must satisfy AE = hy, where AE is the i
vibrational states involved. M e
Z. }':e vibration ;nuzt Cause a change in the dipole moment of the molecule
- 1he amount of radiation absorbed is proporti -
e U Proportional to the square of the rate of change of the dipole
5. The energy difference between
energy levels and coupling bet

the vibrationa] : )
Ween vibrationg, i modified by coupling to rotational

4.1.3 Vibrational Motion
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Figure 4.4 (@) The atoms and chemical bonds in methane, CH

. : ¢ « Presented as (b) a system of masses and springs.
spring along its axis in a regular fashjon resu

g Its in simple in : .
two masses joined by a spring will vibrate ple harmonic motion. Hooke’s law states that

uch that
i
Vies = J
2n\ (4.4)

where
v is the frequency of vibration

fs the force constant of the spring (a measure of the stiffness of the spring)
p is the reduced mass

The reduced mass is calculated from the masses of the two weights joined by the spring;

p=aitlz 4.5
M, +M, %-9)

where
M, is the mass of one vibrating body
M, is the mass of the other

From Equation 4.4, it can be seen that the natural frequency of vibration of the harmonic oscilla-
tor depends on the force constant of the spring and the masses attached to it but is independent of
the amount of energy absorbed. Absorption of energy changes the amplitude of vibration, not the
frequency. The frequency v is given in hertz (Hz) or cps. If one divides v in cps by ¢, the speed of
light in cm/s, the result is the number of cycles per cm. This is V, the wavenumber:

gl 4.6)
C

Dividing both sides of Equation 4.4 by ¢, we get

g
V ® o

4.7)
27c

f
m
Where
Vis the wavenumber of the absorption maximum in cm™'
¢ is the speed of light in cm/s
fis the force constant of the bond in dyn/cm
K is the reduced mass in g
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0.81 0.81 081
(20.5) (20.5) N (20.5)
diameter diameter diameter -
6580 6581
6575 Low cost Miniature 6363
Ceramic element IR element IR element IR emitter

Figure 4.6 Commercial IR radiation sources. (Top) A variety of designs. Dimensions given are in inches and
(mm). (Courtesy of Newport Corporation, Irvine, CA, www.newport.com.) (Bottom) FTIR source
element used in the PerkinElmer Spectrum One instrument. It is made of a proprietary ceramic/
metallic composite and is designed to minimize hot spots to the end of the element. Only the last

5 mm on the end lights up. [© 1993-2014 PerkinElmer, Inc. All rights reserved. Printed with
permission. (www.perkinelmer.com).]

as the silicon carbide tipped “glow plug” have been adapted for use as IR sources because of their
robustness, low operating voltage, and low current requirements,

Sources are often surrounded by a thermally insulated enclosure to reduce noise caused by
refractive index gradients between the hot air near the source and cooler air in the light path. Short:
term fluctuations in spectral output are usually due to voltage fluctuations and can be overcome by
use of a stabilized power supply. Long-term changes occur as result of changes in the source mate-
rial due to oxidation or other high-temperature reactions. These types of changes may be seen as hot
or cold “spots” in the source and usually require replacement of the source.

v’
4.2.1.2 NIR Sources

As can be seen in Figure 4.5, operating a mid-IR source at higher temperatures (?2000 ll()
increases the intensity of NIR light from the source. Operation at very high mpm;r:;;
not practical due to the excessive heat generated in the instrument and prematll:’: 4 rtz-haloge?
source. For work in the NIR region, a quartz-halogen lamp is used as the source. ,,:EI‘:DC or bulb.
Jamp contains a tungsten wire filament and iodine vapor sealed in a quartz ¢
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