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IR Spectroscopy

I. Introduction
A. Spectroscopy is the study of the interaction of matter with the 

electromagnetic spectrum

1. Electromagnetic radiation displays the properties of both particles and 
waves

2. The particle component is called a photon

3. The energy (E) component of a photon is proportional to the frequency . 
Where h is Planck’s constant and n is the frequency in Hertz (cycles per 
second) 

E = hν

4. The term “photon” is implied to mean a small, massless particle that 
contains a small wave-packet of EM radiation/light – we will use this 
terminology in the course
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Electromagnetic RadiationElectromagnetic Radiation

•• Electromagnetic radiation:Electromagnetic radiation: light and other forms of 
radiant energy

•• Wavelength (Wavelength (λλ):): the distance between consecutive 
identical points on a wave

•• Frequency (Frequency (νν):): the number of full cycles of a wave 
that pass a point in a second

•• Hertz (Hz):Hertz (Hz): the unit in which radiation frequency is 
reported; s-1 (read “per second”).

•• Molecular spectroscopy:Molecular spectroscopy: the study of which frequencies of 

electromagnetic radiation are absorbed or emitted by substances 
and the correlation between these frequencies and specific types 
of molecular structure

٣

• Wavelength

Angstrom (Å) 1 Å = 10-10  m

Relation
to MeterUnit

1 mm = 10-3 m

1 nm = 10-9 m
1 µm = 10-6  m

nanometer (nm)
micrometer (µm)

millimeter (mm)
meter (m) ----

λ (wavelength)
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IR radiation does not have enough energy to induce 
electronic transitions as seen with UV.

Absorption of IR is restricted to compounds with small 
energy differences in the possible vibrational and 
rotational states. 

For a molecule to absorb IR, the radiation must interact 
with the electric field caused by changing dipole moment

٥

What is Infrared? What is Infrared? 

Humans, at normal body temperature, radiate 
most strongly in the infrared, at a wavelength 
of about 10 microns (A micron is the term 
commonly used in astronomy for a 
micrometer or one millionth of a meter). In 
the image to the left, the red areas are the 
warmest, followed by yellow, green and blue 
(coolest). 

The image to the right shows a cat in the 
infrared. The yellow-white areas are the 
warmest and the purple areas are the coldest. 
This image gives us a different view of a 
familiar animal as well as information that we 
could not get from a visible light picture. Notice 
the cold nose and the heat from the cat's eyes, 
mouth and ears. 
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IR in Everyday LifeIR in Everyday Life

Night Vision Goggles
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Any object radiates in the infrared. Even an ice cube, emits
infrared

• Infrared radiation lies between the visible and microwave 
portions of the electromagnetic spectrum. 

• Infrared waves have wavelengths longer than visible and 
shorter than microwaves, and have frequencies which are 
lower than visible and higher than microwaves.

• The Infrared region is divided into: near, mid and far-
infrared. 

– Near-infrared refers to the part of the infrared spectrum 
that is closest to visible light.

– Far-infrared refers to the part that is closer to the 
microwave region. 

– Mid-infrared is the region between these two.
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– the frequency of IR radiation is commonly expressed in 
wavenumbers

–– wavenumberwavenumber:: the number of waves per centimeter, cm-1 (read 
reciprocal centimeters)

– expressed in wavenumbers, the vibrational IR extends from 
4000 cm-1 to 400 cm -1

ν  =  =  400 cm-1= 4000 cm-1ν  =  10-2 m•cm-1

2.5 x 10-6 m

10-2 m•cm-1

2.5 x 10-5 m

Wavenumber   = 1/λ

Wave Numbers can be converted to a frequency (ν) by multiplying them 

by the speed of light (c) in cm/sec
ν (Hz) = ν c    =   c / λ (cm /sec /cm  =  1/sec)

Recall: E  =  h c / λ

Thus, wavenumbers are directly proportional to energy

٩

Requirements for the absorption of IR radiation by Requirements for the absorption of IR radiation by 
molecules:molecules:

1. The natural frequency of vibration of the
molecule must equal the frequency of the
incident radiation.

2. The frequency of the radiation must satisfy ∆E =
hν, where ∆E is the energy difference between
the vibrational states involved.

3. The vibration must cause a change in the dipole
moment of the molecule.

4. The amount of radiation absorbed is proportional
to the square of the rate of change of the dipole
during the vibration.

5. The energy difference between the vibrational
energy levels is modified by coupling to rotational
energy levels and coupling between vibrations.
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ABSORPTION OF IR RADIATION BY MOLECULESABSORPTION OF IR RADIATION BY MOLECULES

• Molecules with covalent bonds may absorb IR radiation.
• This absorption is quantized, so only certain frequencies of

IR radiation are absorbed.
• When radiation, (i.e., energy) is absorbed, the molecule

moves to a higher energy state.
• The energy associated with IR radiation is sufficient to

cause molecules to rotate (if possible) and to vibrate.
• If the IR wavelengths are longer than 100 µm, absorption

will cause excitation to higher rotational states in the gas
phase.

• If the wavelengths absorbed are between 1 and 100 µm, the
molecule will be excited to higher vibrational states.

• Because the energy required to cause a change in rotational
level is small compared to the energy required to cause a
vibrational level change, each vibrational change has
multiple rotational changes associated with it. ١١

Gas phase IR spectra:
Consist of a series of discrete lines (a narrow line spectrum) because 

of Free rotation)
Condensed phases.
The IR absorption spectrum for a liquid or solid is composed of 

broad vibrational absorption bands.
Molecules absorb radiation when a bond in the molecule vibrates at 

the same frequency as the incident radiant energy. 
After absorbing radiation, the molecules have more energy and 

vibrate at increased amplitude. 
The frequency absorbed depends on:
• The masses of the atoms in the bond.
• The geometry of the molecule.
• The strength of the bond, 
• and several other factors. 
Not all molecules can absorb IR radiation.
The molecule must have a change in dipole moment during 
vibration in order to absorb IR radiation.
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The types of vibrations available to a molecule
are determined by the:

• Number of atoms

• Types of Atoms

• Type of bonding between the atoms

As a result, IR absorption spectroscopy is a
powerful tool in characterizing pure organic
and inorganic compounds.

١٣

Dipole moment changeDipole moment change

• Molecule must have change in dipole moment due to vibration or 
rotation to absorb IR radiation.

• Absorption causes increase in vibration amplitude/rotation 
frequency

• Molecules with permanent dipole moments (µ) are IR active
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The IR Spectroscopic Process

◦ As a covalent bond oscillates – due to the oscillation of the 
dipole of the molecule – a varying electromagnetic field is 
produced

◦ The greater the dipole moment change through the 
vibration, the more intense the EM field that is generated

١٥

The IR Spectroscopic Process

• When a wave of infrared light encounters this oscillating EM
field generated by the oscillating dipole of the same
frequency, the two waves couple, and IR light is absorbed

• The coupled wave now vibrates with twice the amplitude

Infrared Spectroscopy

IR beam from spectrometer

EM oscillating wave
from bond vibration

“coupled” wave 
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Types of Molecular Vibrations 
(called modes of vibration).

• Stretching

– change in bond length

– Symmetric / asymmetric

• bending

– change in bond angle

– symmetric scissoring

– asymmetric wagging

– rocking

– twisting/torsion

١٧

The IR Spectroscopic Process
5. There are two types of bond vibration:

• Stretch – Vibration or oscillation along the line of the bond

• Bend – Vibration or oscillation not along the line of the bond

H

H

C

H

H

C

scissor

asymmetric

H

H

CC

H

H

CC

H

H

CC
H

H

CC

symmetric

rock twist wag

in plane out of plane
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iii.) Types of Molecular 

Vibrations

Bond Stretching

symmetric

asymmetric

١٩

In-plane rocking

In-plane scissoring

Out-of-plane wagging

Out-of-plane twisting

Bond Bending

٢٠



١١

In some texts: 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.

٢١

To locate a point in three-dimensional space requires three coordinates. 
To locate a molecule containing N atoms in three dimensions, 3N 

coordinates are required. The molecule is said to have 3N degrees of 
freedom. 

To describe the motion of such a molecule, translational, rotational, and 
vibrational motions must be considered.

In a nonlinear molecule:
3 of these degrees are rotational and 3 are translational and the 

remaining correspond to fundamental vibrations;
In a linear molecule: (Linear molecules cannot rotate about the bond axis)

2 degrees are rotational and 3 are translational.
The net number of fundamental vibrations:

Theoretical Vibrational Normal modesTheoretical Vibrational Normal modes
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Vibrational modes of HVibrational modes of H22O (O (3 3 atoms atoms ––non linear)non linear)

• Vibrational modes (degrees of freedom)  = 3 x 3 - 6= 3 
• These normal modes of vibration:
are a symmetric stretch, and asymmetric stretch, and a scissoring
(bending) mode.

3650 cm-1 3760 cm-1 1595 cm-1 

٢٣

• Fundamental Vibrational modes (degrees of freedom)  =
3 x 3 – 5 = 4 

• These normal modes of vibration:
• The asymmetrical stretch of CO2 gives a strong band in the IR at 2350 

cm –1 (may noticed in samples due to presence of CO2in the 
atmosphere).

• The two scissoring or bending  vibrations are equivalent and therefore, 
have the same frequency and are said to be degenerate , appearing in an 
IR spectrum at 667cm-1.

Fundamental Fundamental VibrationalVibrational modes of COmodes of CO22 ((3 3 atoms atoms ––Linear)Linear)
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• The difference in behavior of:

• Linear Triatomic molecules:Two absorption 
peaks.

• Non linear triatomic molecules:Three 
absorption peaks.

• So illustrates how infrared absorption 
spectroscopy can sometimes used to 
deduce molecular shapes.

٢٥

Fewer and more experimental peaks than calculatedFewer and more experimental peaks than calculated

• Fewer peaks

– Symmetry of the molecule (inactive)

– degenracy

• Energies of two or more vibrations are identical

• Or nearly identical

– Undetectable low absorption intensity

– Out of the instrumental detection range

• More peaks

– Overtone

– Combination bands

٢٦
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Fundamental Peaks and OvertonesFundamental Peaks and Overtones

• Fundamental transition:
• The excitation from the ground state V0 to the first excited state 

V1 is called the fundamental 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 V2 , 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 ν, the 

overtones will appear at about 2ν, 3ν, and so on.
• Overtones are weak bands and may not be observed under real 

experimental conditions.

٢٧

• Coupling modes:
• Vibrating atoms may interact with each other. Two 

vibrational frequencies may couple to produce a new 
frequency ν3 = ν1   + ν2 . 

• The band at ν3 is called a combination band. 
• If two frequencies couple such that ν3 = ν1  - ν2 , the 

band is called a difference band. 
• Not all possible combinations and differences occur.
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Rules for Vibrational couplingRules for Vibrational coupling

• Coupling of different vibrations shifts frequencies
• Energy of a vibration is influenced by coupling
• Coupling likely when

– common atom in stretching modes
– common bond in bending modes
– common bond in bending+stretching modes
– similar vibrational frequencies

• Coupling not likely when
– atoms separated by two or more bonds
– symmetry inappropriate

We will explain rules of coupling after interpretation IR vibrational 
theory

٢٩

Classical vibrational motionClassical vibrational motion

The stretching frequency of a bond can be approximated 
by Hooke’s Law.

Mechanical model

-Two masses

-A spring

- Simple harmonic motion for single mass

Where,

y: displacement of mass 
from its equilibrium position.

K: is force constant depends 
on stiffness of spring

-ve sign means that F is a 
restoring force (that F is 
opposite to direction of 
displacemet)
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Energy of the HookeEnergy of the Hooke’’s law (PE of a harmonic Oscillator)s law (PE of a harmonic Oscillator)

At rest eq. position (PE)  E = zero.

On stretching or compressing of the spring PE = work required to displace 
the mass.

For example moving mass from y to y+dy

Work required and so change in PE (dE) = F times distance dy 

Combined with previous eq.

Integration between y=0 and y

Gives PE curve for simple harmonic oscilation (A parabola)
٣١

Harmonic Ocsillator PotentialHarmonic Ocsillator Potential

Potential high

When the spring is 
compressed or stretched. 

Parabola function

* E=(1/2)ky2

* Minimum at equilibrium 
position

* Maximum at max amplitude 
A.
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Classical vibrational frequencyClassical vibrational frequency
• Motion of mass as a function of time t:

• F = ma = m(d2y/dt2) (Newton’s Law)

• F=-ky

• m(d2y/dt2) = -Ky-----------------------1

• Solution of differential equation (must be a periodic function; its 
2nd derivative =to the original function times (-k/m)

• A suitable cosine relationship meets this requirement

Y = A cos (2πνmt)-------------------------------2

d2y/dt2 = -4π2ν2 A cos (2πνmt)-------------------3
where: νm is the vibrational frequency  and A the maximum amplitude of the 

motion

Substitution of eq 2 and 3 into eq 1 gives

- Ky = -A cos (2πνmt) K =-4π2ν2
m m A cos (2πνmt)

A cos (2πνt) =(4π2ν2
m m/K) A cos (2πνmt)

m

K

π
ν

2

1
m =

٣٣

Where νm is the natural frequency depends on:

- Force constant of spring

- Mass of attached body

- Independent on the energy imparted to the system. Change in energy gives a 
change in amplitude  A of the vibration

Modification  

In the classical harmonic oscillator,  y is the displacement, the energy or 
frequency is dependent on how far one stretches or compresses the spring, 
which can be any value. If this simple model were true, a molecule could absorb 
energy of any wavelength.
So it dose not completely describe the behavior of quantized nature of 
molecular vibrational E . ٣٤

E= hνclass
µπ

ν
kh

hE clas
2

==
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Quantum treatment of vibrationsQuantum treatment of vibrations

ν: is the vibrational QN takes +ve 
integer including zero

µπ
ν

kh
hE clas

2
==∆

٣٥

• Where ν is the wave number of 
absorption peak in cm-, K is force 
constant for the bond in N/m, c velocity 
of light in cm/s and the reduced mass µ
in Kg.

• K values :

• For single bonds the  range:3x102 to 
8x102 with an average of 5x102.

• For double bond : 1x103.

• For  triple bond : 1.5x103.

• Used to estimate ν of fundamental 
absorptions of first excitations.

µπ
ν

kh
hE clas

2
==∆

µµπ
ν

µπ
ν

ν
λ

ν

µπ
νν

µπ
ν

k
x

k

c

k
c

c
c

k

kh
hEE

m

radiation

12103.5
2

1

2

1

2

1

2

−==

=

==

==

===∆

Q: calculate  the aprox. Wave number and wave length of the fundamental 
absorption peak due to stretching vibration of a carbonyl group.
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GROUP FREQUENCIESGROUP FREQUENCIES

Estimation of frequencies of vibration for various groups possible 
when force constant known. 

E.g.1 force constant of C=O bond is 1.23x103 N/m, determine 
vibrational frequency of this C=O group.

• mO = 

• reduced mass of   

• Substituting: 

• Units: 

kgC101.99x=
gC101x

1kgC
x1atomCx

atomsC106.02x

1molC

molC

12.0gC
m 26

323c
−•=

2.66x10 kgO26−

kg101.13x=kg
102.67)x+(1.99

102.67x101.99x 26
2

2626
−

−

−− ⊗
=µ

6

ν =  5.3x10 s / cm
1.23x10 N / m

1.13x10 kg
= 1742cm-12

3

-26
-1

1 1
2

2N

kg m

kg m s

kg m
s

•
=

• •

•
=

−
−

٣٧
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Sample ProblemSample Problem

• E.g.2: C-H stretch of alkane occurs at ≈ 2900 cm−1;
determine frequency of deuterated analog using mechanical
equation:

ratio of two equations for two forms of compound

or

reduced mass for each of two bonds will be: mC = 1.99x10−26 kg,
• mD = 3.32x10−27 kg, mH = 1.66x10−27 kg and
• .µC-H = 1.53x10−27 kg and µC-D = 2.84x10−27 kg

• Substituting:

• Deuterating convenient way to confirm presence of particular
type of bond, since frequency shift is relatively large and
predictable.

C - H

C - D

C - D

C - H

 =  
ν

ν

µ

µ

C -D C -H
C -H

C -D

 =  ν ν
µ

µ

C-D

27

27
= 2900 cm

1.53x10 kg

2.84x10 kg
 2130 cm  Q.E.D.ν

−
−

−
−=1 1

IR Stretching Frequencies of two bonded atoms:

νν = = frequencyfrequency

k =k = spring strength (bond stiffness)spring strength (bond stiffness)

µµ = = reduced mass (~ mass of largest atom) reduced mass (~ mass of largest atom) 

What Does the Frequency, ν,  Depend On?

µπ
ν

kh
hE clas

2
==∆

νν is is directly proportional to directly proportional to the strength of the bonding between the strength of the bonding between 

the two atoms (the two atoms (νν αα k)k)

νν is  is  iinversely proportionalnversely proportional to the reduced mass of the two atoms (v to the reduced mass of the two atoms (v αα 11//µµ))
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Stretching FrequenciesStretching Frequencies

• Frequency decreases with increasing atomic weight.

• Frequency increases with increasing bond energy.

٥٢

Selection RulesSelection Rules
• A selection rule is a statement about which transitions are allowed 
• Atomic and molecular species contain a very large number of 

states in which energy can be distributed, although generally only 
the states lying lowest in energy will be thermally populated.

• If electromagnetic radiation could effectively stimulate transitions 
between any of these states, atomic and molecular spectra would 
be complex.

• Selection rules, however, limit the possible transitions and render 
these spectra amenable to analysis.

• Some transitions are “allowed” by the selection rules, while others 
are “forbidden”.

• Quantum theory indicates that the only transitions that can take 
place are those in which the vihrational quantum numher changes 
by unity; that is, the selection rule states that ∆ ν = ±1. Because the 
vibrational levels are equally spaced for a harmonic oscillator, only 
a single absorption peak should be observed for a given molecular 
vibration. 

• In addition to the ∆ ν = ±1 selection rule, there must be a change in 
dipole moment during the vibration. ٥٣
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Harmonic and Anharmonic Oscillator
Harmonic Oscillator:
As considered in  the classical and quantum
mechanical treatments of the harmonic oscillator,
the potential energy of such a vibrator changes
periodically as the distance between the masses
fluctuates.
Anharmonic Oscillator:
The previous is imperfect for a molecular vibration
For example: 
- As the two atoms approach one another,

coulombic repulsion between the two nuclei
produces a force that acts in the same direction
as the restoring force of the bond. For this
reason, the potential energy can be expected to
rise more rapidly than the harmonic
approximation predicts.

- At the other extreme of oscillation (Separation), a
decrease in the restoring force, and thus the
potential energy, occurs as the interatomic
distance approaches that at which dissociation of
the atoms takes place.

Harmonic Oscillator 
(classical) ٤٣٤

• Qualitatively, the curves take the anharmonic
form which depart from harmonic behavior by
varying degrees, depending on the nature of
the bond and the atoms involved.

Note, however, that the harmonic and anharmonic
curves are nearly alike at low potential
energies.

Anharmonicity leads to deviations of two kinds:

1) Overtones: At higher quantum numbers,
∆E becomes smaller and the selection rule is
not followed.

• As a result, weaker transitions called overtones
are sometimes observed. These transitions
correspond to ∆ν = ± 2 or ± 3.

• The frequencies of such overtone transitions
are:

• Approximately two or three times that of the
fundamental frequency

• The intensities are lower than that of the
fundamental frequency.

2)Combination frequencies: Different
vibrations in a molecule can interact to give
absorption peaks with frequencies that are
approximately sums or differences of their
fundamental frequencies

• The Intensities of overtone, combination and
difference peaks are lower than that of the
fundamental frequency.

• .

Anharmonic Oscillator
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Vibrational couplingVibrational coupling

• Coupling of different vibrations shifts frequencies
• Energy of a vibration is influenced by coupling
• Coupling likely when

– common atom in stretching modes
– common bond in bending modes
– common bond in bending + stretching modes
– similar vibrational frequencies

• Coupling not likely when
– atoms separated by two or more bonds
– symmetry inappropriate

٥٦

Vibrational Coupling: detailsVibrational Coupling: details

• Energy and so λ of radiation of the absorption peak influenced 
by other vibrations in a molecule.

Factors influence the extent of coupling:
• Strong coupling between stretching vibrations occurs only when 

there is an atom common to the two vibrations.
• ν' = 2330 cm-1

OO C

ν' = 2330 cm-1

If no coupling occurs the absorption should be at ν' = 1700 cm-1

The high absorption of C=O in carbon dioxide comparing with  C=O in 
carbonyl compounds (C=O  stretching vibrations in aliphatic ketone: 
1700 cm-1) because of coupling between the two C=O bonds

٥٧
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• Interaction between bending vibrations requires a common bond 
between the vibrating groups.

bondbond

common bond

٥٨

• Coupling between a stretching and a bending vibration can 
occur if the stretching bond forms one side of the angle that 
varies in the bending vibration.

bond

c

a bbond

Coupling may occurs between cab bending and ca or 
ba stretching vibrations.

٥٩
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• Interaction is greatest when the coupled groups have 
individual energies that are approximately equal.

OO C

ν' = 2330 cm-1

٦٠

• Little or no interaction is observed between 
groups separated by two or more bonds.

a

b

c

d

e

f

No coupling between ab and ef.
Coupling requires that the vibrations be of the same 

symmetry species 
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Identification of compounds due to effect of coupling: Identification of compounds due to effect of coupling: 

• The position of an absorption peak corresponding to a given 
organic functional group varies due to coupling.

1034 cm-1 1053 cm-1 1105 cm-1

These variations result from a coupling of the CO stretching 
with adjacent CC stretching or C-H vibrations.

H

H

H

O H H

H

H

H

H

O H H

H

H

H

H

H

OH

H

H

HC C C C C C C
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IR and Global climate changeIR and Global climate change

• Recent years have seen a huge rise in the number of abnormal 
weather events. 

• Meteorologists agree that these exceptional conditions are 
signs that Global Climate Change is happening already.

• Scientists agree that the most likely cause of the changes are 
man-made emissions of the so-called "Greenhouse Gases" that 
can trap heat in the earth's atmosphere in the same way that 
glass traps heat in a greenhouse. 

• Although there are six major groups of gases that contribute to 
Global Climate Change, the most common is Carbon Dioxide 
(CO2). 
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Instrumentation: IR Sources and TransducersInstrumentation: IR Sources and Transducers

Infrared sources consist of an inert solid that is
electrically heated to a temperature between 1500
and 2200 K. The heated material will then emit
infra red radiation.

An ideal IR radiation source requirements:
(1) be continuous over the wavelength range used,
(2) cover a wide wavelength range,
(3) be constant over long periods of time.
The most common sources of IR radiation for the mid-

IR region are:
• Nernst glowers, Globars, and heated wires.
• All of these heated sources emit continuous

radiation, with a spectral output very similar to that
of a blackbody radiation source.

• The range of light put out by mid-IR sources
extends into both the NIR and far-IR regions, but
intensity is at a maximum in the mid-IR region
from 4000 to 400 cm-1.

٦٤

The Nernst glowerThe Nernst glower

• Typically it was in the form of a cylindrical rod or tube  having a 
diameter of 1-2 mm and length of 20 mm sealed by a platinum 
leads to the ends to permit electrical connection.

• It composed of a mixture of rare earth oxides such as zirconium 
oxide (ZrO2), yttrium oxide (Y2O3) and erbium oxide (Er2O3) at 
a ratio of 90:7:3 by weight.  

• They operated by being electrically heated to about 2000 °C. 
Initially they required external heating because the material is an 
insulator at room temperature. 

• Nernst glowers are fragile.
• They have a large negative temperature coefficient of electrical 

resistance  and must be preheated to be conductive.
• Resistance decreases with increasing temperature the source 

circuit must be designed to limit the current to prevent rapid 
heating and destroyment

٦٥
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The globar sourceThe globar source

• A globar is a rod of silicon
carbide (5 mm diameter, 50mm
long) which is electrically heated
to about 1500 K.

• Water cooling of the electrical
contacts is needed to prevent
arcing.

• no preheating necessary.
• The spectral output is

comparable with the Nernst
glower, except at short
wavelengths (less than 5 µm)
where it's output becomes
larger.
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Incandescent Wire SourceIncandescent Wire Source

• Lower intensity IR source but
longer life than the Globar or
Nernst glower.

• A tightly wound spiral of
nichrome wire heated to about
1100 k by an electric current.

• A similar source is a rhodium
wire heater sealed in a
ceramic cylinder.

• Incandescent wire sources are
longer lasting but of lower
intensity than the glower or
globar.

٦٨

The Mercury Arc.The Mercury Arc.

• Used for Far IR region (λ>50 µm).

• It is a high pressure mercury arc
which consist of a quartz - jacketed
tube containing Hg vapor at P > 1
atm.

• When current passes through the
lamp, mercury is vaporized, excited,
and ionized, forming a plasma
discharge at high pressure (P>1 atm).

• In the UV and visible regions, this
lamp emits atomic Hg emission lines
that are very narrow and discrete, but
emits an intense continuum in the far-
IR region.
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The Tungsten Filament Lamp.The Tungsten Filament Lamp.

• Ordinary tungsten filament lamp (A
quartz halogen lamp contains a
tungsten wire filament and iodine
vapor sealed in a quartz envelope or
bulb), used for near IR region of
4000-12,800 cm-1 (2.5-0.78 µm)

• In a standard tungsten filament
lamp, the tungsten evaporates from
the filament and deposits on the
lamp wall.

• This process reduces the light output
as a result of the black deposit on
the wall and the thinner filament.

• The halogen gas in a tungsten-
halogen lamp removes the
evaporated tungsten and redeposits
it on the filament, increasing the
light output and source stability

70

IR Laser SourcesIR Laser Sources

• A laser is a light source that emits very intense 
monochromatic radiation.

• Some lasers, called tunable lasers, emit more than 
one wavelength of light, but each wavelength 
emitted is monochromatic.

• The combination of high intensity and narrow line 
width makes lasers ideal light sources for some 
applications. 

• Two types of IR lasers are available: gas phase 
and solid-state.

• Used in quantitative analysis
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The Carbon Dioxide Laser Source.The Carbon Dioxide Laser Source.

• A tunable IR source. 
• Used to monitor atmospheric and aqueous solutions 

pollutants.
• Band of radiation consists of 100 closely spaced discrete 

lines in the range  of 900-1100 cm-1. 
• Some of these lines coincide with the narrow vibrational–

rotational lines of gas phase analytes. 
• This makes the laser an excellent source for measuring 

gases in the atmosphere or gases in a production process 
Open path environmental measurements

• This source used in quantitative determination of many 
species such as ammonia, butadiene, benzene, ethanol, 
nitrogendioxide and trichloroethylene hydrogen sulfide, 
nitrogen dioxide, chlorinated hydrocarbons, and other 
pollutants. 

• The radiant power is strong comparing of  blackbody 
sources 

• Tunable gas phase lasers are expensive. 
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Diode LasersDiode Lasers

• Less expensive solid-state diode lasers with 
wavelengths in the NIR are available. 

• Commercial instruments using multiple diode 
lasers are available for NIR analyses of food and 
fuels. 

• Because of the narrow emission lines from a laser 
system, laser sources are often used in dedicated 
applications for specific analytes.

• They can be ideal for process analysis and 
product quality control, for example, but are not 
as flexible in their applications as a continuous 
source or a tunable laser.
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Infrared Transducers (Detectores).Infrared Transducers (Detectores).

• The detectors can be classified into 
three categories:

• Thermal detectors 

• pyroelectric detectors 

• Photoconducting detectors.

٧٦

Thermal detectorsThermal detectors

Properties:
• Their responses depend upon the heating effect

of radiation.
• Thermal detectors can be used over a wide range

of wavelengths and they operate at room
temperature.

• With these devices, the radiation is absorbed by a
small blackbody and resultant temperature rise is
measured.

• The radiation power level is very small (10-7 –
10-9 W).

• Heat capacity of absorbing element must be
small because under best of conditions the
temperature changes are confined to a few
thousandths of a Kelvin.

• Size and thickness is made to be small and
concentrating the IR beam on its surface.
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Main disadvantages of thermal detectors Main disadvantages of thermal detectors 

1- Thermal noise from surrounding.
2- Slow response time.
3- Lower sensitivity relative to other types of 

detectors.

Minmizing Thermal Noise:
• Thermal transducers Housed in a vacuum.
• Carefully shielded from external thermal 

radiation. 
• The Beam from source is chopped. 

٧٨

First Type: Thermal DetectorsFirst Type: Thermal Detectors
11-- ThermocoupleThermocouple

• A thermocouple consists of a pair of junctions of
different metals; for example, two pieces of
bismuth fused to either end of a piece of
antimony.

• The potential difference (voltage) between the
junctions changes according to the difference in
temperature between the junctions.

• Transducer junction: For IR radiation the junction
is usually blackened to improve its heat
absorbing capacity and sealed in an evacuated
chamber with a window that is transparent to IR
radiation.

• Reference Junction: Housed in the same chamber
as the active junction but shielded from the
incident radiation (have large heat capacity).

• Temperature response:
• In case of a well- designed thermocouple ,

temperature difference of 10-6 K
٧٩
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2- Thermopile
To enhance sensitivity several thermocouples 

connected in series are called a thermopile.

٨١
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33-- Bolometer:Bolometer: FarFar--IR detector. IR detector. 

A bolometer functions by
changing resistance when
heated.

• It is constructed of strips of
metals such as platinum,
germanium or nickel or from
a semiconductor
(thermistor).

• Relatively large change in
resistance as a function of
temperature is resulted
(large response time).

• Rarely used in mid IR as
other IR transducers.

• IR range of Ge bolometer 5-
400 cm-1 (2000-25 mm)

٨٢

Second Type: Second Type: PyroelectricPyroelectric detectorsdetectors

• Pyroelectric detectors consists of a pyroelectric material which
is an insulator (dielectric materials) with special thermal and
electric properties.

• Triglycine sulphate (NH2CH2COOH)3.H2SO4 (usually
deuterated or with a fraction of glycines replaced by alanine) is
the most common material for pyroelectric infrared detectors.

• Unlike other thermal detectors the pyroelectric effect depends
on the rate of change of the detector temperature rather than on
the temperature itself.

The pyroelectric detector series ٨٣
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Interpretation:Interpretation:
For ordinary dielectrics:
• When EF is applied electric polarization takes place which is

related to the dielectric constant of the ,material.
• Removing EF induced polarization rapidly decays to zero.
For pyroelectric substances:
• Retain strong T dependent porlaization after removal of the field.
Consistent:
• The pyrolectric substance sandwiched between two electrodes,

one of which is IR transparent.
• When IR falls on it the temperature changes and the so the

charge distribution across the crystal changes also, which
detected as a current in an external electric circuit connected to
the two sides of the capacitor.

• Current α surface area of the crystal
• Current α rate of change of polarization with T.

Curie Point
• The temperature at which pyroelectric crystal lose their residual

polymerization. For TGS Curie point = 47 oC.
Advantages:
• The pyroelectric detectors operate with a much faster response

time and makes these detectors the choice for Fourier transform
spectrometers where rapid response is essential.٨٤

Thermal detector: pyroelectric

Change in detector temp. by 

IR absorption changes lattice 

spacing and polarization –

charge moves.

Fast response time: 1µs-1ms

Ignore steady background

TGS, DTGS 

Tc~50oC; 

LiTaO3

Tc~610oC
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Third Type: Third Type: PhotoconductingPhotoconducting detectorsdetectors

• Photoconducting detectors are the most sensitive detectors.
• They rely on interactions between photons and a semiconductor.
• The detector consists of a thin film of a semiconductor material 

such as lead sulphide, mercury cadmium telluride or indium 
antimonide deposited on a nonconducting glass surface and 
sealed into an evacuated envelope to protect the semiconductor 
from the atmosphere.

• When IR absorbed Nonconducting valence electrons promoted to 
a higher energy conducting state so resistance decreases. 

• The voltage drop is a measure of the power of the beam 
radiation.

• The lead sulphide detector is used for the near-infrared region of 
the spectrum (10,000 to 333 cm-1).

• For mid- and far-infrared radiation the mercury cadmium 
telluride detector is used. 

• It must be cooled with liquid nitrogen  (77 K) to minimize 
disturbances

٨٦

Detector Response TimeDetector Response Time
• The length of time that a detector takes to reach a steady signal 

when radiation falls on it.
• This varies greatly with the type of detector used and has a 

significant influence on the design of the IR instrument.
Thermal detectors:
• such as thermocouples, thermistors, and bolometers have very 

slow response times, on the order of seconds.
• Consequently, when a spectrum is being scanned, it takes several 

seconds for the detector to reach an equilibrium point and thus 
give a true reading of the radiation intensity falling on it. 

• If the detector is not exposed to the light long enough, it will not 
reach equilibrium and an incorrect absorption trace will be 
obtained.

• Dispersive IR instruments with older-style thermal detectors to 
take on the order of 15 min to complete an IR scan.

• Attempts to decrease this time resulted in errors in the intensity 
of the absorption bands and recording of distorted shapes of the 
bands.

• It should also be remembered that when an absorption band is 
reached, the intensity falling on the detector decreases and the 
response depends on how fast the detector cools.

٨٨
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Infrared Instruments:Dispersive Instruments:Infrared Instruments:Dispersive Instruments:

• Dispersive spectrometers, introduced in the mid-
1940s and widely used since, provided the robust
instrumentation required for the extensive
application of this technique.

• They are generally double beam, recording
instruments, which use reflection gratings:

Why double beam:

• Because of the low intensity of IR radiation.

• Low sensitivity of IR transducers.

• Large signal amplification needed

٨٩

Spectrometer ComponentsSpectrometer Components

An IR spectrometer consists of three basic
components:

radiation source, monochromator, and
detector.

• A schematic diagram of a typical
dispersive spectrometer is shown below.
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IR InstrumentsIR Instruments

Infrared Instruments
Schematic of a dispersive (double beam) IR 

spectrometer

• Sample compartments before the monochromator (opposite for UV-vis) to
diminish stray/scattered light problems. Possible because IR radiation does not
tend to photodecompose compounds, unlike the UV/Vis ٩٠
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1) Source:
• Radiation from the source is split into two beams; half

passing into sample cell, the other half passes into the
reference area using rotating mirror and light interrupter.

2) Attenuator (null tube):
• The power of the reference beam is reduced (attenuated)

to match that of the beam passing through the sample.
• The difference between the two beams recorded as %

transmittance of the sample.
3) Low frequency Chopper:
• Consists of a motor-driven disk that alternately reflects the

reference or transmits the sample beam into the
momochromator. 5-13 cycles/min.

4) Dispersion System:
• Prism or grating .
5) Detector
After dispersion by a prism or grating, the alternating beams

fall on the transducer and are converted to electrical signal
and amplified.

Most detectors used in dispersive IR spectrometers can be
categorized into two classes: thermal detectors and photon
detectors.

٩٢
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Traditional dispersive spectroscopy 
problems:

• Low sensitivity in IR 

• Slow (relatively)

• low resolution

٩٥

Fourier Transform IR (FTIR)Fourier Transform IR (FTIR)

Most modern IR absorption instruments 
use Fourier transform techniques with a 
Michelson interferometer.
To obtain an IR absorption spectrum, 
one mirror of the interferometer moves 
to generate interference in the radiation 
reaching the detector. 
Since all wavelengths are passing 
through the nterferometer, the 
interferogram is a complex pattern.

Used in both qualitative and quantitative 
analysis.

Jean-Baptiste-Josephde 

Fourier (1768-1830)
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How FTIR works?How FTIR works?

• Source: Infrared energy is emitted 
from a glowing black-body source. 
Ends at the Detector

• Interferometer: beam enters the 
interferometer where the “spectral 
encoding” takes place

• Interferogram signal then exits the 
interferometer

• Beamsplitter takes the incoming 
beam and divides it into two optical 
beams

• Sample: beam enters the sample 
compartment where it is transmitted 
through or reflected off of the surface 
of the sample

• Detector: The beam finally passes to 
the detector for final measurement

• Computer: measured signal is 
digitized and sent to the computer 
where the Fourier transformation takes 
place

• Moving mirror in the interferometer is 
the only moving part of the instrument

• Fixed mirror
٨٣

Albert Abraham Michelson

Michelson Interferometer

Frequency domain  ↔ Time domain (coding)

Coding spectra  → decoding 

(1852-1931)
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Fourier Transform Infrared SpectroscopyFourier Transform Infrared Spectroscopy

Normal spectrum: 
(Frequency domain) 

plot of I(ν) vs ν

Intensity  as a function of 
frequency vs. frequency

Time domain:  plot of I(t) vs t

t = 1/ν)

Called the Fourier Transform of the frequency spectrum

Each version of the spectrum contains the same information

Conversion to one form to the other can be accomplished by 
a computer

٨٥

Transfer interferogram to absorption spectrum

FFT: Fast Fourier Transformation
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Michelson Interferometer

Based on interference of waves

In-phase: constructive
Out-of-phase: destrictive

٨٧

MichaelsonMichaelson InterferometerInterferometer

• Beam splitter 

• Stationary mirror

• Moving mirror at constant velocity

• He/Ne laser; sampling interval, 
control mirror velocity

٨٨
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FTIR spectroscopyFTIR spectroscopy

• Based on the use of an optical 
modulator: interferometer

• Interferometer modulates radiation 
emitted by an IR-source, producing 
an interferogram that has all 
infrared frequencies encoded into it

• Interferometer performs an optical 
Fourier Transform on the IR 
radiation emitted by the IR source

• The whole infrared spectrum is 
measured at high speed.

• Spectral range is continuously 
calibrated with He-Ne laser

• Fast, extremely accurate 
measurements

Interferogram

IR Spectrum

Fourier

Transformation

Interferometer

Modulated IR

Beam

٨٩

• Simplest interferometer 
design

• Beamsplitter for dividing the 
incoming IR beam into two 
parts

• Two plane mirrors for 
reflecting the two beams 
back to the beam splitter 
where they interfere either 
constructively or 
destructively depending on 
the position of the moving 
mirror

• Position of moving mirror is 
expressed as Optical Path 
Difference (OPD)

Michelson interferometerMichelson interferometer

IR Source

Moving

mirror

Stationary

mirror

OPD = Distance travelled by red beam

minus distance travelled by yellow beam 
٩٠
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• Electromagnetic (EM) 
radiation can be 
described as sine waves 
having definite 
amplitude, frequency 
and phase

• When EM-waves 
interact, interference is 
observed

• Depending on the 
relative phase of the 
waves, interference is 
either destructive or 
constructive

InterferenceInterference

destructive interference constructive interference

Interference signal Interference signal

EM waves with same 

amplitude and 

frequency, out of phase

EM waves with same 

amplitude and 

frequency, in phase 

(OPD = 0)

A A

A A

٩١

Mirror movement and interference of single wavelength beamMirror movement and interference of single wavelength beam

When moving mirror is in the 
original position, the two paths
are identical and interference
is constructive 

When the moving mirror moves 
¼ of 
wavelength, the path difference
is ½ wavelength and interference
is destructive

OPD= 2(MM-FM) = δ

Mirror moves back and forth at 
constant velocity – the intensity 
of the interference signal varies
as a sine wave 

OPD = Distance travelled by red beam

minus distance travelled by yellow beam

OPD = 0 at

the white line

٩٢
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Explanation:
• Considering a single-frequency component

from the IR source reach the detector where
the source is monochromatic, such as a laser
source.

• Differences in the optical paths between the
two split beams are created by varying the
relative position of moving mirror to the fixed
mirror.

• If the two arms of the interferometer are of
equal length, the two split beams travel
through the exact same path length.

• The two beams are totally in phase with each
other; thus, they interfere constructively and
lead to a maximum in the detector response.

• This position of the moving mirror is called
the point of zero path difference (ZPD).

٩٤
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• When the moving mirror travels in either direction by the 
distance l/4, the optical path (beamsplitter–mirror–
beamsplitter) is changed by 2 (l/4), or l/2. 

• The two beams are 180° out of phase with each other, and 
thus interfere destructively.

• As the moving mirror travels another l/4, the optical path 
difference is now 2 (l/2), or l. 

• The two beams are again in phase with each other and 
result in another constructive interference.

• When the mirror is moved at a constant velocity, the 
intensity of radiation reaching the detector varies in a 
sinusoidal manner to produce the interferogram output. 

• The interferogram is the record of the interference signal.
• It is actually a time domain spectrum and records the 

detector response changes versus time within the mirror 
scan.

٩٥

More than one frequency:

• Extension of the same process to three component
frequencies results in a more complex interferogram,
which is the summation of three individual modulated
waves.

Broad band IR source:

• In contrast to this simple, symmetric interferogram, the
interferogram produced with a broadband IR source
displays extensive interference patterns.

• It is a complex summation of superimposed sinusoidal
waves, each wave corresponding to a single frequency.

Absorption radiation by sample:
When this IR beam is directed through the sample, the

amplitudes of a set of waves are reduced by absorption (with an
amount proportional to the amount of sample in the beam) if the
frequency of this set of waves is the same as one of the
characteristic frequencies of the sample.

٩٦
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How Fourier transform infrared spectrometry is created.

• The interferogram contains information over the entire IR
region to which the detector is responsive.

• A mathematical operation known as Fourier transformation
converts the interferogram (a time domain spectrum displaying
intensity versus time within the mirror scan) to the final IR
spectrum, which is the familiar frequency domain spectrum
showing intensity versus frequency.

• The detector signal is sampled at small, precise intervals
during the mirror scan.

Control of sampling:

• The sampling rate is controlled by an internal, independent
reference, a modulated monochromatic beam from a helium

• neon (HeNe) laser focused on a separate detector.

٩٧

Fourier transformationFourier transformation

Fourier 

transformation

pair

OPD / cm
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n
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Wave number / cm-1

Time Domain Frequency Domain
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FT IR Detectors:

The two most popular detectors for a FTIR spectrometer are:
• deuterated triglycine sulfate (DTGS):
Is a pyroelectric detector that delivers rapid responses because it

measures the changes in temperature rather than the value of
temperature. It operates at room temperature,

• mercury cadmium telluride (MCT).
Is a photon (or quantum) detector that depends on the quantum

nature of radiation and also exhibits very fast responses. It
must be maintained at liquid nitrogen temperature (77 °K) to
be effective.

In general, the MCT detector is faster and more sensitive than
DTGS detector.

Thermal Detectors are not used in FT IR:

• The response times of thermal detectors (for example,
thermocouple and thermistor) used in dispersive IR
instruments are too slow for the rapid scan times (1 sec or less)
of the interferometer. ٩٩

Sequence for Obtaining SpectrumSequence for Obtaining Spectrum

• Interferogram of Background is obtained (without
sample)

• System uses Fourier Transform to create single beam
background spectrum.

• Interferogram of Sample is obtained.

• System uses Fourier Transform to create single beam
spectrum of sample.

• System calculates the transmittance or absorbance
spectrum.

١٠٠
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Measurement sequenceMeasurement sequence

Interferogram with N2

Interferogram with sample

Background

Single beam sample spectrum

Transmittance spectrum

Absorbance spectrum

• Transmittance spectrum is a single beam sample divided by background

• Absorbance spectrum = negative logarithm of transmittance

• Automatically converts and displays spectra as absorbance spectra

١٠٣
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FTIR seminar

Interferometer

He-Ne gas laser

Fixed mirror

Movable mirror

Sample chamber

Light

source

(ceramic)

Detector

(DLATGS)

Beam splitter

FT Optical System DiagramFT Optical System Diagram

١٠٥

Relation between optical frequency and Relation between optical frequency and 
interferometer frequencyinterferometer frequency

OPD = 2(MM-FM)= δ (retardation)
When output power from the detector plot versus  δ it gives 
interferogram.
Frequency of the interferometer resulted  < source frequency
Relationship between the two frequencies:
One cycle of signal occurs when the mirror moves a distance of λ/2.
Assuming constant velocity of the MM of νM and τ as time required 
for mirror to move λ/2 so:
νM τ= λ/2
The frequency ƒ of signal at the detector is the reciprocal of τ:
ƒ= 1/ τ = νM / (λ/2) = 2 νM / λ

ƒ = 2 νM ν’ 
as λ = c/ ν

where ν is the frequency of the radiation and c is the velocity of 
light. At constant νM 

ƒ (interferogram frequency) ∝ ν (optical frequency)

ν
ν

c
f m2

=

١٠٦
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• For example. If the mirror is driven at a rate of 
1.5 cm/s.

=    2x1.5 cm/s  ν= 10-10 ν

3x1010 cm/s

ƒ = 2 νM / λ

ν
ν

c
f m2

=

١٠٧

FTFT--IR AdvantagesIR Advantages
1) Fellgett's (multiplex) Advantage (High S/N ratio comparing 

with dispersive instruments)

• FT-IR collects all resolution elements with a complete scan of 
the interferometer.

• Successive scans of the FT-IR instrument are coded and 
averaged to enhance the signal-to-noise of the spectrum.  

• Theoretically, an infinitely long scan would average out all the 
noise in the baseline.

• The dispersive instrument collects data one wavelength at a 
time and collects only a single spectrum.

• There is no good method for increasing the signal-to-noise of 
the dispersive spectrum.

١٠٨
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2- Connes Advantage High resolution, reproducibility and 
highly accurate frequency determination

- Technique allows high speed sampling with the aid of laser 

light interference fringes

- Requires no wavenumber correction

- Provides wavenumber to an accuracy of 0.01 cm-1

3- Much higher E throughput (Jacquinot or Throughput 

advantage):

Because not using classical monochromator.

Requires no slit device, making good use of the available beam

١١٠
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4- Better sensitivity.

- In the interferometer, the radiation power transmitted on to the
detector is very high which results in high sensitivity.

- Allows simultaneous measurement over the entire
wavenumber range

5- No Stray light

- Fourier Transform allows only interference signals to 
contribute to spectrum.
Background light effects greatly lowers.

- Allows selective handling of signals limiting intreference
6. Wavenumber range flexibility

-Simple to alter the instrument wavenumber range

١١١

::Disadvantages of FTIR compared to Normal IRDisadvantages of FTIR compared to Normal IR

1) Single-beam, requires collecting blank

2) Can’t use thermal detectors – too slow

3) CO2 and H2O sensitive

4)Destructive

5)Too sensitive that it would detect the smallest contaminant

١١٢
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Dispersive instrument: many slits 
and optical objects

١١٣

• Opaque or cloudy samples

• Energy limiting accessories such as diffuse reflectance or 

FT-IR microscopes 

• High resolution experiments (as high as 0.001 cm-1

resolution) 

• Trace analysis of raw materials or finished products  

• Depth profiling and microscopic mapping of samples

• Kinetics reactions on the microsecond time-scale 

• Analysis of chromatographic and thermogravimetric 

sample fractions.

• Substances of weak absorption samples.

• IR emission studies.

Uses of FTIR in Chemistry areasUses of FTIR in Chemistry areas

١١٤
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Forensic Lab use:Forensic Lab use:

• A Forensic Scientist would use FT-IR to identify 
chemicals in different types of samples:

• Paints

• Polymers

• Coatings

• Rugs

• Contaminants

• Explosive residues

١١٥

FTFT--IR Terms and DefinitionsIR Terms and Definitions

Resolution (common 
definition)

The separation of the various 
spectral wavelengths, usually 
defined in wavenumbers (cm-

1).  

A setting of 4 to 8 cm-1 is 
sufficient for most solid and 
liquid samples.  

Gas analysis experiments may 
need a resolution of 2 cm-1 or 
higher.  

Higher resolution experiments 
will have lower signal-to-noise. ١١٦
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Some FTIR scanning parameters

1. Resolution

Two widely-spaced lines: Taking data 

over a short path difference (time) is 

sufficient to resolve the lines.

Two close lines: The interferogram must 

be measured over a longer path 

difference (time) to get a satisfactory 

spectrum.

• Two closely spaced lines only  separated if 
one complete "beat" is recorded. As lines 
get closer together, δ must increase

١١٧
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What is optical path difference and mirror

movement for a resolution 4 cm-1?

Typical spectral resolution for routine work is 4 

cm-1, although most laboratory IR instruments 

have resolutions down to 0.5-2 cm-1. 

Be careful to set same resolution parameter when 

matching spectra, such as unknown sample and 

library spectrum.

١١٩
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A Simple FTIR SpectrometerA Simple FTIR Spectrometer

Light
Source

Computer

Sample

M
ich

elso
n

In
terfero

m
eter

D
etecto

r

Electronics
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Components of FTIR InstrumentComponents of FTIR Instrument

• Majority of FTIR instruments are based on Michelson
interferometer.

• *Derive mechanism
For satisfactory interferogram (and thus spectra) of

interferometer:
• need to know speed and position of moving mirror at all

time to within a fraction of λ.

• Planarity of mirror must also remain constant during entire
sweeping of 10 cm or more.

• In far IR (50-1000 µm, 200-10 cm-1):

This can be accomplished with a motor driven micrometer
screw

• Near and mid IR:
• Need more precision Mirror floated on an air bearing
• Held in close fitting stainless steel sleeve
• DC coil pushes plunger back and forth
• Drive length 1 to 20 cm-1

• Scan rate .01 to 10 cm/s
١٢٣

Additional features of the mirror systemAdditional features of the mirror system
• Need to sample signal at precise intervals.
• Need to know zero retardation point exactly for signal averaging.
• If this point is not known precisely signals of repetitive sweeps 

would not be in phase (degradation of signals and not improvement)
• One way to do this is to have 3 interferometers built into
• same moving mirror.
• 1st system is the IR sampling system:
Provides the ordinary interferogram. 
• 2nd system uses a helium/neon laser (laser-fringe reference).
Provides sampling-interval information.
• Has a single frequency
• Creates a simple cosine wave pattern converted to square –wave 

form.
• Use to keep track of mirror speed
• Used to trigger sampling electronics
• Sampling begins and terminates at each successive zero crossing.
• Gives highly reproducible and regularly spaced sampling intervals.
• Used to control speed of mirror-drive system at constant level. ١٢٤
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3rd system called the white-light system:
• Tungsten source and visible sensitive transducer
• Polychromatic source so largest signal is at zero

position
• As get off zero, some light interferes and

intensity decreases.
• Look for max signal, know where zero position is.
• High reproducibility is important for averaging of

many scans.
• Triple system extremely accurate and

reproducible.
• Current instruments use a single interferometer

with a laser, and get zero position from max of IR
signal.

١٢٥

Principle of operation of FTIR spectrometer

sample

white light

laser

square wave 

from laser
١٢٦
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Recording an interferogramRecording an interferogram

• Laser interferogram 
signal is used to digitize 
the IR interferogram

• Single mode HeNe-laser 
provides a constant 
wavelength output at 
632.8 nm

• Accurate and precise 
digitization interval 
provides high 
wavelength accuracy in 
the spectrum

• The data points for IR 
interferogram are 
recorded every time the 
mirror has moved 
forward by one HeNe 
laser wavelength

Infrared 

source

Helium-

Neon laser 0-L

Infrared 

source

Helium-

neon laser Optical path 

difference
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FTIR seminar

Interferometer interferogram

Output of a Laser interferometer

Primary interferometer 

interferogram that was 

sampled

Optical path difference x

Sampling of an actual interferogramSampling of an actual interferogram
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• Beam Splitters

IR transparent material with refractive materials 
that reflect 50% of light and transmit 50%

• Far IR:

Usually thin film of Mylar sandwiched between two 
plates of a low-refractive  index solid.

• Mid  IR:

Thin film of Ge or Si deposited on CsBr or CsI, 
CsCl, or KBr.

• Near IR:

Iron(II) oxide deposited on CaF2.

١٢٩

Designs
Single beam 16,000-20,000 $.
Since single beam need a reference run
Usually stable detectors and sources (Modern) so only need 
occasional reference runs

Performance Characteristics
Less expensive: 7800-350 cm-1, Resolution of 4 cm-1

More expensive:
Interchangeable splitters, sources, transducers (provides expand 
frequency ranges and higher resolution). For IR through vis 
(10µm to 400 nm)
Resolution from 8 to .01 cm-1
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Nondispersive photometers Nondispersive photometers 

Simple, rugged design for use in quantitative 
IR analysis.

Design:

- may be a simple filter photometer

- use filter wedges to provide entire spectra

- No wave length selection. 

١٣١

– Nondispersive photometers

– Filter Photometers

– A schematic diagram of a portable IR filter photometer designed for 

quantitative analysis of various organic substances in the  atmosphere.

– Source: nichrome-wire filament.

– Various interference filters: 3000-750 cm-1 each designed for specific 

compound.

– Transducer: a pyroelectric device

– The gaseous sample is brought into the cell by means of a battery-

operated pump at a rate of 20 L/min.

– In the cell, three gold-plated mirrors are used in a folded-path-Iength 

design. Path lengths of 0.5 m and 12.5 m may be selected to enhance 

conc. Range.

– Detection of many gases at sub-parts-per-million levels, particularly 

with the long path.

– length setting, have been reported with this photometer such as: 

acrylonitrile, chlorinated hydrocarbons. Carbon monoxide, phosgene 

and hdrogen cyanide.
١٣٢
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Photometers without FiltersPhotometers without Filters

• Photometers, which have no wavelength-restricting device. are 
widely employed to monitor gas streams for a single component.

• A typical nondispersive instrument designed to determine carbon 
monoxide in a gaseous mixture.

• The reference cell:
• Is a sealed container filled with a non absorbing gas; 
• Sample Cell:
• The sample flows through a second cell that is of similar length. 
• The chopper blade is so arranged that the beams from identical 

sources are chopped simultaneously at the rate of about five 
times per second. Selectivity is obtained by filling both 
compartments of the sensor cell with the gas being analyzed, 
carbon monoxide in this example.

• The two chambers of the detector are separated by a thin, 
flexible, metal diaphragm that serves as one plate of a capacitor; 
the second plate is contained in the sensor compartment on the 
left.

١٣٤
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• In the absence of carbon monoxide in the sample 
cell, the two sensor chambers are heated equally 
by IR radiation from the two sources.

• If the sample contains carbon monoxide, 
however, the right-hand beam is attenuated 
somewhat and the corresponding sensor chamber 
becomes cooler with respect to its reference 
counterpart. 

• As a result, the diaphragm moves to the right and 
the capacitance of the capacitor changes.

• This change in capacitance is sensed by the 
amplifier system.

• The amplifier output drives a servomotor that 
moves the beam attenuator into the reference 
beam until the two compartments are again at the 
same temperature.

• The instrument thus operates as a null device.
• Highly selective because heating of the sensor 

gas occurs only from that narrow portion of the 
spectrum of radiation absorbed by the carbon 
monoxide in the sample. 

• The device can be adapted to the determination 
of any IR-absorbing gas balance device. 

١٣٥

Automated InstrumentsAutomated Instruments

• Source: Nichrome wire wound

• Transducer: Pyroelectric

• Computer controlled instruments

• Designed for quantitative IR analysis

• Wavelength selector consists of three filter wedges
mounted in the form of segmented circle.

• Motor drive and potentiometric control: rapid
computer controlled wavelength selection in region
4000-690 cm-1 (2.5 – 14.5µm).

• Solid, Liquid or gas samples

• Ability to determine Multi-component samples at
several wavelengths

١٣٦
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To separate IR light, a grating is used.

Grating

Light source

Detector

Sample

Slit

To select the specified IR light, 

A slit is used.

Dispersion 

Spectrometer
In order to measure an IR spectrum,

the dispersion Spectrometer takes

several minutes.

Also the detector receives only

a few % of the energy of

original light source.

Fixed CCM

B.S.

Moving CCM

IR Light source

Sample

Detector

An interferogram is first 

made by the interferometer 

using IR light.

The interferogram is calculated and 

transformed

into a spectrum using a Fourier 

Transform (FT).

FTIR
In order to measure an IR 

spectrum,

FTIR takes only a few seconds.

Moreover, the detector receives

up to 50% of the energy of 

original light source.

(much larger than the dispersion

spectrometer.)

Comparison Comparison BeetweenBeetween Dispersion Spectrometer and Dispersion Spectrometer and 
FTIRFTIR

١٣٧
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Application of Infrared Application of Infrared 

Spectroscopy Chapter Spectroscopy Chapter 1717
Prof. Dr. Nizam M. ElProf. Dr. Nizam M. El--AshgarAshgar

Chemistry DepartmentChemistry Department
Islamic University of GazaIslamic University of Gaza
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• Infrared spectrometry is applied to the qualitative and
quantitative determination of molecular species of all
types.

• The most widely used region is the mid-infrared that
extends from about 400 to 4000 cm-1 (2.5 to 25 µm).
(Absorption, reflection and emission spectra are
employed)

• The near-infrared region from 4000 to 14,000 cm-1 (0.75
to 2.5 µm) also finds considerable use for the routine
quantitative determination. (water, CO2, low conc.
Hydrocarbons, amine nitrogen, many other compounds)

• The far-infrared region has been for the determination of
the structures of inorganic and metal-organic species.

١٣٩
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Sample Handling

• No good solvents exist that are transparent throughout

the region of interest.

• As a consequence, sample handling is frequently the

most difficult and time-consuming part of an infrared

spectrometric analysis.

• Gases: The spectrum of a low-boiling liquid or gas can

be obtained by permitting the sample to expand into an

evacuated cylindrical cell equipped with suitable

windows.

MIDMID--INFRARED ABSORPTION INFRARED ABSORPTION 
SPECTROMETRYSPECTROMETRY

١٤١

• A gas sample cell consists of a cylinder of glass or sometimes a metal.  

The cell is closed at both ends with an appropriate window materials 

(NaCl/KBr) and equipped with valves or stopcocks for introduction of the 

sample.

• Long path length (>10 cm) cells – used to study dilute (few molecules) or 

weakly absorbing samples. 

• Multipass cells – more compact and efficient instead of long-pathlength

cells. Mirrors are used so that the beam makes several passes through the 

sample before exiting the cell. (Effective pathlength > 10 m).

• To resolve the rotational structure of the sample, the cells must be 

capable of being evacuated to measure the spectrum at reduced pressure. 

• For quantitative determinations with light molecules, the cell is 

sometimes pressurized in order to broaden the rotational structure and all 

simpler measurement.

Gas samples

١٤٢
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• Solutions:

• A convenient way of obtaining infrared spectra is on
solutions prepared to contain a known concentration
of sample.

• This technique is somewhat limited in its
applications, however, by the availability of solvents
that are transparent over significant regions in the
infrared.

Solvents:

• No single solvents is transparent throughout the
entire mid-infrared region.

• Water and alcohols are seldom employed, not only
because they absorb strongly, but also because they
attack alkali-metal halides, the most common
materials used for cell windows.

١٤٣
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Cells:

• Sodium chloride windows are most commonly employed; even
with care, however, their surfaces eventually become fogged due
to absorption of moisture.

• Polishing with a buffing powder returns them to their original
condition.

Liquids:

• When the amount of liquid sample is small or when a suitable
solvent is unavailable, it is common practice to obtain spectra on
the pure (neat) liquid.

• A drop of the neat liquid is squeezed between two rock-salt plated
to give a layer that has a thickness of 0.01 mm or less.

• The two plates, held together are then mounted in the beam path.
Such a technique does not give reproducible transmittance data,
but the resulting spectra are usually satisfactory for qualitative
investigations.

١٤٥

Preparing a Preparing a ““NeatNeat”” IR Liquid IR Liquid 
SampleSample
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IR solution Cell (Quantitative analysis)

    IR Liquid Sample CellIR Liquid Sample Cell
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Carbon TetrachlorideCarbon Tetrachloride

CCl Cl

Cl

Cl

no C-H!

C-Cl stretch

١٤٩
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Solids:
• Most organic compounds exhibit numerous absorption peaks

throughout the mid-infrared region, and finding a solvent that does
not have overlapping peaks is often impossible.

• As a consequence, spectra are often obtained on dispersions of the
solid in a liquid or solid matrix.

Pelleting:
• One of the most popular techniques for handling solid samples has

been KBr pelleting.

• A milligram or less of the finely ground sample is mixed with
about 100 mg of dried potassium bromide powder.

• The mixture is then pressed in a die at 10,000 to 15,000 pounds
per square inch to yield a transparent disk.

• The disk is then held in the instrument beam for spectroscopic
examination.

١٥١

Preparing a KBr DiskPreparing a KBr Disk
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Mulls (suspension):
• Infrared spectra of solids that are not soluble in an

infrared-transparent solvent or are not conveniently
pelleted in KBr are often obtained by dispersing the
analyte in a mineral oil or fluorinated hydrocarbon
mull.

• Mulls are formed by grinding 2 to 5 mg of the finely
powdered sample in the presence of one or two drops
of a heavy hydrocarbon oil (Nujol).

• If hydrocarbon bands interfere, Fluorolube, a
halogenated polymer, can be used.

• The resulting mull is then examined as a film between
flat salt plates.

١٥٥

• Determination of thickness (b) : Pathlength of thin IR sample
holder can be determined by observation of the interference
patterns associated with constructive interference from
reflection of light from the two internal surfaces of cell:

– Insertion of empty cell in the light path (reference beam
passed unobstructed to monochromator).

– Interference fringe (maxima and minima) occurs.

– Maxima: internal reflection of radiation by cell surfaces at
distance of multiple N of wavelength of radiation.

– 2b = N λ 2b/N = λ N = 2b/ λ

– Number if interference fringes ∆N between two known
wavelengths

– ∆N = 2b/ λ 1 – 2b/ λ 2 b =
N∆

2 2 1( )ν ν−

Determination of cell thicknessDetermination of cell thickness

١٥٦
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• Used for identifying organic, inorganic, and biological species.
• The time required to perform a structural determination was

reduced by a factor of ten, one hundred, or even one thousand (by
FTIR modern instruments).

Identification of an organic compound is a two-step process.

• The first step involves determining what functional groups are
most likely present by examining the group frequency region.

• The second step then involves a detailed comparison of the
spectrum of the unknown with the spectra of pure compounds that
contain all of the functional groups found in the first step.

The fingerprint region, from 1200 to 600 cm -1 is particularly useful
because small differences in the structure and constitution of a
molecule result in significant changes in the appearance and
distribution of absorption peaks in this region.

Qualitative AnalysisQualitative Analysis

١٥٨
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IR SpectrumIR Spectrum

• No two molecules will give exactly the same IR spectrum 

(except enantiomers)

• Group frequency region (Simple stretching): 1200-3500 cm-1

• Fingerprint region (Complex vibrations): 400-1200 cm-1, 

Baseline

Absorbance/
Peak

Group Frequencies:

• The approximate frequency (or wavenumber) at which an organic

functional group, such as C=O, C=C, C—H, C≡C, or O—H

absorbs infrared radiation can be calculated from the masses of

the atoms and the force constant of the bond between them.

• These frequencies, called group frequencies, are seldom totally

invariant YZ[ \]^_` \aZbcا because of interactions with other

vibrations associated with one or both of the atoms composing the

group.

• A range of frequencies can be assigned within which it is highly

probable that the absorption peak for a given functional group

will be found.

• Are usually due to stretching vibrations of

diatomic units ١٦٠
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The “Fingerprint” Region:

• Small differences in the structure and constitution of a

molecule result in significant changes in the

distribution of absorption peaks in this region of the

spectrum that extends from about 1200 to 700 cm-1.

• As a consequence, a close match between two spectra

in this fingerprint region constitutes strong evidence for

the identity of compounds yielding the spectra.

• Exact interpretation of spectra in this region is seldom

possible because of the complexity of the spectra.

١٦٢
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Correlation chart: Correlation chart: General regions of an infrared spectrumGeneral regions of an infrared spectrum

�Note that the blue coloured sections above the dashed line 
refer to stretching vibrations, and the green coloured band 
below the line encompasses bending vibrations. ١٦٦
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Summary of IR AbsorptionsSummary of IR Absorptions

١٦٧

Computer Search Systems:

• Virtually all infrared instrument manufactures now offer

computer search systems to assist chemist in identifying

compounds from stored infrared spectral data.

• The position and relative magnitudes of peaks in the spectrum

of the analyte are determined and stored in memory to give a

peak profile, which can then be compared with profiles of pure

compounds stored.

• The computer then matches profiles and prints a list of

compounds having spectra similar to that of the analyte.

• Usually the spectrum of the analyte and that of each potential

match can then be shown simultaneously on the computer

display for comparison.
١٦٨
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C-H stretching region

• Alkanes C-H sp3 stretch < 3000 cm-1

• Alkenes C-H sp2   stretch > 3000 cm-1

• Alkynes C-H sp stretch ~ 3300 cm-1

• C-H Bending region

• CH2 bending  ~ 1460 cm-1

• CH3 bending (asym) appears near the same value

• CH3 bending (sym) ~ 1380 cm-1

١٧٠
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11--HexeneHexene

CH
2

CH CH
2

CH
2

CH
2

CH
3

sp2

C-H

sp3

C-H stretch

C=C 

stretch

out of plane

bendings (oops)
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TolueneToluene

CH
3

sp2

C-H
sp3

C-H aromatic

C=C

aromatic oops
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CyclohexanolCyclohexanol

OH
O-H

stretch

bending

C-O

stretch
sp3 C-H stretch
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11--ButanamineButanamine

CH
3

CH
2

CH
2

CH
2

NH
2

N-H

stretch

doublet

sp3 C-H stretch

N-H

bend CH2

CH3

bend
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44--MethylMethyl--22--pentanonepentanone
CC--H < H < 30003000, C=O @ , C=O @ 1715 1715 cmcm--11

CH
3

CH CH
2

C CH
3

OCH
3

C-H stretch C=O stretch

١٧٥

AcetophenoneAcetophenone

C CH
3

O

C-H stretch

conj C=O

aromatic C=C
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Strengths and LimitationsStrengths and Limitations

•• IR alone cannot determine a structureIR alone cannot determine a structure

•• Some signals may be ambiguousSome signals may be ambiguous

•• The functional group is usually indicatedThe functional group is usually indicated

•• The The absenceabsence of a signal is definite proof that the of a signal is definite proof that the 

functional group is absentfunctional group is absent

•• Correspondence with a known sampleCorrespondence with a known sample’’s IR s IR 

spectrum confirms the identity of the compoundspectrum confirms the identity of the compound

١٧٧

• Quantitative infrared absorption methods differ
somewhat from ultraviolet/visible molecular
spectroscopic methods because of the greater complexity
of the spectra, the narrowness of the absorption bands,
and the instrumental limitations of infrared instruments.

• Quantitative data obtained with infrared instruments are
generally significantly inferior in quality to data obtained
with ultraviolet/visible spectrophotometers.

Quantitative ApplicationsQuantitative Applications

١٧٨



٩٠

Quantitative Analysis

• IR more difficult than UV-Vis because

– narrow bands (variation in e)

– complex spectra

– weak incident beam

– low transducer sensitivity

– solvent absorption

• IR mostly used for rapid qualitative but not quantitative 
analysis

– Beer’s law failure

– Long optical path-length required

– Regular FT-IR is worse than UV-VIS

– Exception - Tunable IR laser, quantum cascade laser, 
optical parametric oscillator, OPO. ١٧٩

• Absorbance measurements:

– In UV/Vis: matched absorption cells for solvent
and solution are employed and so

A = log (I solvent /I solution)

– Blank cancel out the effects of:

• Radiation losses due to reflection

• Scattering and absorption by solvent

• Absorption by container windows

– In IR: Reference cell (blank) seldom employed
because:

• Difficulty in obtaining identical cells.

• IR cells have short bathlengths (difficult to
duplicate)

• Cell windows rapidly attacked (atmosphere &
solvent).
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•Quantitative data from dispersive IR Instruments
are less precise and accurate than those from
UV/Vis instruments.

•FT instruments are better than dispersive ones

Empirical calibration curves are often
required for IR quantitative work.

• Correction for scattering and absorption by 
solvent an cell

• Two methods:

1. Cell-in/cell-out:

– spectra of pure solvent and analyte solution obtained 
successively.

– The same cell is used for both measurements.

T0 = P0/Pr &        Ts = P/Pr

– If Pr remains constant during the two measurements, then 
the transmittance of the sample with respect to solvent is 
obtained by

T = Ts/T0 = P/P0

2. Baseline method:

– Solvent transmittance assumed to be constant 
between the shoulders of the absorption peak
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Large sloping background often interferes with normal spectrum.
The base line method corrects involves selection of absorption
band of the substance under analysis which is sufficiently separated
from other matrix peaks and corrected as shown below.

• Typical Applications:

– All organic and inorganic molecular species 
absorb in IR region (except homonuclear 
molecules).

– Uniqueness of IR spectrum

– Specificity: application to analysis of mixtures 
of closely related organic compounds

Example: Analysis of mixture of aromatic 
hydrocarbon

Resolution of C8H10 isomers in a mixture 
includes: 

o-xylene, m-xylene, p-xylene and ethyl 
benzene. Need to set up the correct number of 
simultaneous equations.
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• Determination of Air Contaminants
–Sensitive, rapid and highly specific 

methods are required.
.

–Table 17-3. analysis of mixtures of 
gases by computerized instrument 
Fig.16-14.

–20m sample cell was employed

–Data obtained within 1 or 2 min after 
injection.

–Table 17-4 application of IR filter 
photometer.

–Determination of various chemicals in 
the  atmosphere  
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• Infrared reflection spectrometry has found a number of
applications, particularly for dealing with solid samples
that are difficult to handle, such as polymer films and
fibers, foods, rubbers, agriculture products, and many
others.

• Mid-infrared reflection spectra are similar in general
appearance and provide the same information as do their
absorption counterparts.

• Reflectance spectra can be used for both qualitative and
quantitative analysis.

• Usually adapters are provided to fit in the cell
compartment to change the IR instrument from
absorption instruments to reflection.

MIDMID--INFRARED REFLECTION INFRARED REFLECTION 
SPECTROMETYSPECTROMETY

١٨٨
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Specular reflectance

Used for smooth surfaces

Angle of reflectance = incident of reflection

For examining smooth surfaces only of solids
or coated solids.

• Specular reflectance sampling in FTIR
represents a very important technique useful
for measurement of:

- Thin films on reflective substrates.

- Analysis of bulk materials.

- Measurement of monomolecular layers on a
substrate material.

• Often sample analysis with no sample
preparation.

Not as popular as other reflection techniques.

the angle of incidence equals the 
angle of reflection

١٩١

The basics of the sampling technique:The basics of the sampling technique:

Involve measurement of the reflected energy from a sample 
surface at a given angle of incidence. 

The electromagnetic reflectance dependent upon:
• The angle of incidence of the illuminating beam
• The  refractive index and thickness of the sample 
• Experimental conditions. 
Types of specular reflectance experiments
• Reflection-Absorption of relatively thin films on reflective
substrates measured at near normal angle of incidence
• Specular Reflectance measurements of relatively thick samples
measured at near normal angle of incidence
• Angle Reflection-Absorption of ultra-thin films or monolayers
deposited on surfaces measured at high angle of incidence.

١٩٢
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Diffuse reflectance SpectroscopyDiffuse reflectance Spectroscopy

• DR technique is mainly used for acquiring IR spectra of 
powders and rough surface solids such as coal, paper, and 
cloth.

• It can be used as an alternative to pressed-pellet or mull 
techniques.

• IR radiation is focused onto the surface of a solid sample in 
a cup and results in two types of reflections:

• Specular reflectance, which directly reflects off the surface 
and has equal angles of incidence and reflectance,

• Diffuse reflectance, which penetrates into the sample, then 
scatters in all directions. 

• Special reflection accessories are designed to collect and 
refocus the resulting diffusely scattered light by large 
ellipsoidal mirrors, while minimizing or eliminating the 
specular reflectance, which complicates and distorts the IR 
spectra.

١٩٣
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(DRIFTS).
• This technique is often called diffuse reflectance

infrared Fourier transform spectroscopy for
improvement.

• The sample can be analyzed either directly in bulk
form or as dispersions in IR-transparent matrices such
as KBr and KCl.

• Measure intensity of ‘reflected’ radiation from sample
surface (I), generally reported as percent reflectance
(%R) and compared with intensity of radiation
reflected from some “standard” nonabsorbing,
reflecting surface (Io): %R=100 I/I0.

١٩٥

Construction of DRIFTS accessory:

• Sample placed in cup.

• Integrating sphere permits collection of diffusely-
reflected light, blocking specular component.

• Definite fraction reflected to exit slit and detector.

• Reference is KBr, Al2O3, MgO….

١٩٦
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Applications:
strongly absorbing samples, 
e.g. coal, pharmaceuticals, 
plastics... 
Small, irregular samples, 
powders.
Advantages:
Minimal sample preparation; 
sample not destroyed

DRIFTS

Comparison of absorption and DRIFTS 
spectrum of carbazole

١٩٨
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Attenuated total reflectance (ATR)Attenuated total reflectance (ATR)

• ATR accessories are especially useful for obtaining
IR spectra of difficult samples that cannot be readily
examined by the normal transmission method.

• They are suitable for studying thick or highly
absorbing solid and liquid materials, including films,
coatings, powders, threads, adhesives, polymers, and
aqueous samples.

• ATR requires little or no sample preparation for most
samples and is one of the most versatile sampling
techniques.

١٩٩

Theory of ATRTheory of ATR
• ATR occurs when a beam of radiation enters from a

more-dense (with a higher refractive index) into a less-
dense medium (with a lower refractive index).

• The fraction of the incident beam reflected increases
when the angle of incidence increases. All incident
radiation is completely reflected at the interface when the
angle of incidence is greater than the critical angle (a
function of refractive index).

• The beam penetrates a very short distance beyond the
interface and into the less-dense medium before the
complete reflection occurs.

• This penetration is called the evanescent wave and
typically is at a depth of a few micrometers (µm).

• Its intensity is reduced (attenuated) by the sample in
regions of the IR spectrum where the sample absorbs.

٢٠٠
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MethodMethod
• The sample is normally placed in close contact with a

more-dense, high-refractive-index crystal such as zinc
selenide, thallium bromide–thallium iodide, or
germanium.

• The IR beam is directed onto the beveled edge of the
ATR crystal and internally reflected through the
crystal with a single or multiple reflections.

• Both the number of reflections and the penetration
depth decrease with increasing angle of incidence.

• For a given angle, the higher length-to-thickness
ratio of the ATR crystal gives higher numbers of
reflections.

٢٠٢
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A variety of types of ATR accessories are available:
such as 25 to 75° , vertical variable-angle ATR, horizontal
ATR, and Spectra-Tech Cylindrical Internal Reflectance
Cell for Liquid Evaluation (CIRCLE®) cell.

The resulting ATR-IR spectrum resembles the
conventional IR spectrum, but with some differences:

- Identical absorption band positions but with different
relative intensities

- FTIR spectrometers permit higher-quality spectra .

٢٠٤

IRE= internal reflection element
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The near-infrared (NIR) region of the spectrum extends 
from the upper wavelength end of the visible region at 
about 770 nm to 2500 nm (13,000 to 4000 cm-1). 

• Absorption bands in this region are overtones or

combinations of fundamental stretching vibrational

bands that occur in the region of 3000 to 1700 cm-1 .

• The bonds involved are usually C—H, N—H, and O—

H.

• Because the bands are overtones or combination, their

molar absorptivities are low.

NEARNEAR--INFRARED SPECTROSCOPYINFRARED SPECTROSCOPY
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Spectra of waterSpectra of water

MIR / NIR
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NIR SpectraNIR Spectra

•Contain information on the
physical form of the material
and its chemical structure.

•Particle size and density
difference will be seen as
baseline offsets \kازا .

•Contains broad, overlapping
absorbance bands from
multiple components and/or
functional groups
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NIR Evaluation of spectraNIR Evaluation of spectra

•Requires comparison against known 
data

– Qualification:
comparison against a set of 
spectra of known good quality

– Quantification:
using spectral information of 
samples of known 
concentrations to predict 
concentrations of new unknown 
samples. PLS is used for this 
type of evaluation.
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InstrumentationInstrumentation
• Four different types of instruments are available 

for the NIR region.
1- Sophisticated but useful for fixed, well-

characterized samples.
• Grating instruments are similar to those used for 

UV-visible absorption spectroscopy.
• Discrete filter instruments usually containing filter 

wheels for selecting different wavelengths. 
• Fourier transform spectrometers: are also 

available commercially for NIR spectrometry.
2- Simple Speed and ruggedness
• Acoustooptic tunable filter (AOTF) instruments 

are available. 
• The acoustooptic filter is a solid state device that 

diffracts radiation at wavelengths determined by 
a radio frequency signal applied to the crystal. 
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NIR Instrumentation TechniquesNIR Instrumentation Techniques

Dispersive

Fourier 

Transform

Diode Array

٢٢١

componentscomponents
Light source:
• Most spectrometers use tungsten-halogen lamps with quartz 

windows. 
Cells:
• Cells for absorption measurements are usually quartz or 

fused silica transparent up to about 3000 nm. Cell lengths 
vary from 0.1 to 10 cm.

Detectors:
• Range from PbS and PbSe photoconductors to InSb and InAs 

photodiodes. 
• Array detectors, such as InGaAs detectors, have also become 

available for the region. 
Several commercial UV-visible spectrophotometers are 

designed to operate from 180 to 2500 nm and can thus be 
used to obtain NIR spectra.

Solvents:
• Several solvents are used for NIR studies. 
• Note that only carbon tetrachloride and carbon disulfide are 

transparent throughout the entire NIR region.
٢٢٢
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Some useful solvents for NIR spectroscopy.
Solid lines indicate satisfactory transparency for use with 1-cm cells.
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Applications of NIR Absorption SpectrometryApplications of NIR Absorption Spectrometry

• In contrast to mid-IR spectroscopy:
NIR absorption spectra are less useful for identification and more

useful for quantitative analysis of compounds containing functional
groups made up of hydrogen bonded to carbon, nitrogen, and
oxygen.

• Such compounds can often be determined with accuracies and
precisions equivalent to ultraviolet-visible spectroscopy, rather
than mid-IR spectroscopy.

Some applications include:
• The determination of water in a variety of samples, including:

glycerol, hydrazine, organic films, and fuming nitric acid.
• The quantitative determination of phenols, alcohols, organic acids,

and hydroperoxides based on the first overtone of the O-H
stretching vibration that absorbs radiation at about 7100 cm-1 .

• Determination of esters, ketones, and carboxylic acids based on
their absorption in the region of 3300 to 3600 cm-1 .

(The absorption in this last case is the first overtone of the carbonyl
stretching vibration) ٢٢٦
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• NIR spectrophotometry is also a valuable tool for
identification and determination of primary and secondary
amines in the presence of tertiary amines in mixtures.

• The analyses are generally carried out in carbon
tetrachloride solutions in 10-cm cells.

• Primary amines are determined directly by measurement
of the absorbance of a combination N-H stretching band
at about 5000 cm-1.

• Neither secondary nor tertiary amines absorb radiation in
this region.

• Primary and secondary amines have several overlapping
absorption bands in the 3300 to 10,000 cm-1 region due to
various N-H stretching vibrations and their overtones,
whereas tertiary amines can have no such bands.

• Thus one of these bands gives the secondary amine
concentration after correction for the absorption by the
primary amine.

٢٢٧

Near infrared reflectance spectroscopy (NIRS)
Introduction : 
• Accurate, precise, and rapid alternative to wet chemistry

procedures.
• Used for determining concentrations of major classes of

chemical compounds in organic materials, such as plant foliage.
• The method utilizes reflectance signals resulting from bending

and stretching vibrations in molecular bonds between carbon,
nitrogen, hydrogen, and oxygen.

• Calibration is required to correlate the spectral response of each
sample at individual wavelengths to known chemical
concentrations from laboratory analyses . 

• Nitrogen, lignin, and cellulose concentrations for woody plant
foliage: green leaf, leaf litter, and decomposing leaf litter have
been measured in the laboratory according to procedures
described by Newman et al. 1994.

Sample preparation involves drying and grinding to a uniform
particle size.

• Reflectance data is converted to absorbance, A = log (1/R). ٢٢٨
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FAR-INFRARED SPECTROSCOPY
• The far-infrared region is particularly useful for inorganic

studies because absorption due to stretching and bending

vibrations of bonds between metal atoms and both inorganic

and organic ligands generally occur at frequencies lower than

650 cm-1 (>15µm).

• For example, heavy-metal iodides generally absorb in the

region below 100 cm-1.

• Far-infrared studies of inorganic solids have also provided

useful information about lattice energies of crystals and

transition energies of semiconducting materials.

• Pure rotational absorption by gases is observed in the far-IR
region, provided the molecules have permanent dipole
moments. Examples include H2O. O3 HCl and AsH. Absorption
by water is troublesome: elimination of its interference
requires evacuation or at least purging of the spectrometer.

• FTIR spectra in the far-IR region provides good signal-to-
noise ratios.
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