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Infrared Spectroscopy

Infrared (IR) radiation is a part of the electromagnetic spectrum. The wavelength range
extends from 0.75 pm to 1000 um, or in wavenumber (¥ ) from 13000 cm ™' to 10 cm .
This range is bordered by the red end of the visible region (high frequency) and the
Microwave region (low frequency).

Region Wavelength | Wavenumber (V) | Use
() (um) (cm ')

Near IR (NIR) | 0.78-2.5 14000—4000 Used mainly for quantitative analysis to
study overtones and combination
bands.

Mid IR (MIR) | 2.5-50 4000—400 The most important region for
chemical analysis. Used to determine
the molecular structure of organic and
inorganic compounds.

Far IR (FIR) 50—1000 400-10 Used to study the vibrations of heavy
atoms and lattice vibrations in solids.

Study Regions within the MIR

The Mid-Infrared region is functionally divided into two critical areas:

1-Functional Group Region

2-

Fingerprint Region

Range: 4000—1450 cm™

Used to identify the presence of major
functional groups (such as O-H, C=0,
C=N) because their absorption
frequencies are relatively consistent.
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Range: 1450—400 cm™'

Used to confirm the identity of a
compound, as the complex overlap of
vibrations in this area produces a
unique pattern (like a fingerprint) for
almost every molecule.
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The values of wavelength are converted to wavenumber and vice versa using the
following relation:

¥ (cm™)
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Comparison of IR and UV-Vis Spectroscopy

The absorption of molecules or materials in the IR region is not studied alongside
absorption in the UV-Vis region. This is due to the following reasons:

1- Instrumentation: There are no spectrometers or devices that can cover both the
UV-Vis and IR regions because the components of the spectrometers are fundamentally
different.

2- Spectral Appearance (Bands):

e IR spectra yield many sharp, distinct peaks.

e UV-Vis spectra yield few, broad peaks (typically 2—4). This is because UV-Vis
peaks are affected by the solvent, causing them to broaden, overlap, and thus
appear few.

e In IR, the peaks do not change or broaden significantly with a change in solvent,
thus maintaining their sharpness and large number.
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Dipole Moment ()

The Dipole Moment (p) refers to the measurement of the polarity of a chemical bond or
an entire molecule, and it results from the unequal distribution of electrical charge.

A dipole moment arises in a covalent bond when one atom is more electronegative than
the other. This difference causes the shared electrons to spend more time around the
more electronegative atom, creating a partial negative charge (6—) on it and a partial
positive charge (6+) on the less electronegative atom.

e Polar Molecules: Possess a non-zero net dipole moment (such as HO or HCI)
because the bond dipoles do not cancel each other out.

e Non-polar Molecules: Have a net dipole moment of zero (such as CO, or CH,)
because their symmetrical geometric shape causes the individual bond dipoles
to cancel each other out.

Importance in IR Spectroscopy: The existence of a change in the dipole moment
during the vibrational motion of the molecule is the fundamental condition for the
absorption of IR radiation and the appearance of a peak in the spectrum.

bl Tyl g g s Sl 4y 31 AN A ad) oL () ulall) AU & el B el 39 )
il A Add gk g (TR) ) peadl caali dadl) glad) (alaiay



Lecture 2 Introduction to Spectroscopy Dr. Ruba Fahmi Abbas
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e Q: Why must organic compounds be dried and water removed before
measurement in an IR instrument?
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Molecular Motion and Energy in IR Spectroscopy

The terms Kinetic, Vibrational, and Rotational describe three types of energy or motion
a molecule possesses, which are affected by IR radiation, leading to absorption.

1. Kinetic Energy

In a broad context, the Kinetic Energy of a molecule refers to its total motion. The total
energy of a molecule is composed of:

e Translational Energy: The movement of the molecule as a whole from one
place to another.

¢ Rotational Energy: The rotation of the molecule around its axis.

e Vibrational Energy: The internal motion of atoms within the molecule.

IR radiation possesses sufficient energy to primarily affect the Vibrational and
Rotational energy levels.

2. Vibrational Motion

This is the fundamental phenomenon utilized in IR spectroscopy (especially the mid-IR
region). When a molecule absorbs an IR photon, it transitions from a lower vibrational
state to a higher one (the amplitude of the vibration increases). Each functional group
(like C=0 or O-H) has a characteristic vibrational frequency, which allows IR to
identify these groups.

3. Rotational Motion

This is the rotation of the entire molecule around its axis, or the rotation of molecular
groups around single bonds (e.g., the rotation of a methyl group).

Essential Condition for IR Absorption

For absorption to appear in the IR spectrum, the vibrational or rotational motion (or
both) must lead to a change in the Dipole Moment () of the molecule during that
motion. If the dipole moment does not change during the bond movement (as in
symmetrical molecules like N2 or O2), no absorption will occur in the IR region.
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Types of Molecular Vibrations in IR Spectroscopy

Molecular vibrations in Infrared (IR) Spectroscopy are primarily divided into two
categories: Stretching and Bending.

1. Stretching Vibrations 4dslaia¥) < j) 3ay)

These vibrations involve changes in the bond length along the axis of the bond. They
require higher energy and occur at higher wavenumbers ¥ in the IR spectrum
(typically in the 4000—1300 cm ' region).

Type Description

Symmetric Stretching Jiis | Both atoms bonded to the central atom move in and out
simultaneously and in the same direction.

Asymmetric Stretching < One bonded atom moves in while the other moves out (i.e., in
Jilcie opposite directions).

2. Bending Vibrations 4sUadY) < j) 35ay)

These vibrations involve changes in the angle between bonds, rather than the bond
length. They require lower energy and occur at lower wavenumbers (v~) (usually in
the sensitive Fingerprint Region, 1300—650 cm ).

Bending vibrations are further categorized into four sub-types

Type Direction Description
Scissoring (s<3« | In-plane The two bonded atoms move towards and away from each
i o siwall  JAls | other (like scissor blades).
Rocking In-plane The two bonded atoms move together from side-to-side
i o siall  JAld | (swinging).
Wagging >3 ) | Out-of-plane The two bonded atoms move together up and down
i ¢ Sl 7 A relative to the molecular plane.
Twistingsl 53 Out-of-plane One bonded atom moves up while the other moves down
¢ Sal) 7 A relative to the molecular plane.

Note on Significance

Stretching is generally the most important type of vibration in the functional group region
(4000—1300 cm ') because it is used to identify key chemical groups (C=0, O-H, etc.).
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Hooke's Law in IR Spectroscopy

Hooke's Law provides the fundamental physical model for understanding
molecular vibrations in Infrared (IR) spectroscopy.

~ 1 k

2ICAl U
Where:

« U: Wavenumber (cm ), representing the position of the absorption peak.

« K: Force Constant (dyne/cm), representing the strength/stiffness of the
chemical bond.

« L. Reduced Mass (g), representing the effective mass of the two atoms.
« C: Speed of light (3x10'° cm/sec).

The reduced mass () is calculated from the atomic weights of the two atoms
(M1 and M2):

_ M1XxM?2
M1+M?2

The Hooke's Law equation shows that the vibrational energy (and thus the

wavenumber U is primarily governed by two factors: bond strength and atomic

mass.
Factor Relationship to ¥ Effect on Absorption
Bond Directly Proportional | Stronger bonds (higher k) result in
Strength (k) Toc \/F higher wavenumbers. For example,

Triple Bonds (C=C) absorb at higher?
than Double Bonds (C=C), which
absorb higher than Single Bonds

(C=0).
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(C—C) (Single Bond): 5x10°
(C=C) (Double Bond): 10x10°
(C=C) (Triple Bond): 15x10°
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Reduced Inversely Proportional | Lighter atoms (lower p) result in
Mass (1) ~ 1 higher wavenumbers. For example,
‘UOC\/—ﬁ C-H bonds absorb at much higher ¥
than C-Cl bonds because the

hydrogen atom is much lighter.
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Hooke's Law in IR Spectroscopy

| k: Force Constant (dyvne/cm) |

A
Energy _ 1 k —= Force Constant
\ ¥ = 2nC m Single Bond: 5x10°
t

Double Bond: 10x10°

| V=5 o Triple Bond: 15x10°
X V=4 5
v=3
| Reduced Mass
7y v=2
v=

I Mass of Atom 1
ro Covalent radius x

m4ms

Q—Q g

Mass of Atom 2
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Question: Calculate the reduced mass (p) for the C-H bond. (Assume the atomic mass
of Carbon (C) is 12 g/mol and Hydrogen (H) is 1 g/mol).

Answer:
_ M1xM2
M1+M?2
12X%x1
= = ~0.923 g¢/mol
M= 1u=0.923 g/mo

Question: The image shows that the Force Constant (k) for a double bond is
approximately 10x10° dyne/cm, and for a single bond, it is 5x10° dyne/cm. Calculate
the vibrational frequency (v°) of a C=0 double and C-O single bond? The reduced
mass () for the C-O bond is calculated using the atomic masses of Carbon (M¢

~12.0 g/mol) and Oxygen (Mp~=16.0 g/mol)

Answer:

_ M1XM?2
M1+M2

_12x16 _ 192
M 2416 28

1= 6.86 g/mol

KU mol
2

Reduced Mass in grams (p): To use the full formula, we use the fact that (},L:
where NA is Avogadro's number (6.022x10* mol ).
)9S 58 dae e Al yisal) ABSH aaadt A e ) je ) A sl ALY Cilas g b gy 2

6.86 g/mol
6.022x1023mol~1

=1.139x10 " g

~ 1 k

2TCAl U

1- For C-O single bond, k= 5x10° dyne/cm=5x10° g/s°
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= 1 5x105 g/s2
2(3.14)(3%x1019 cm/sec) \/ 1.139x1023 g
Vo ~1,112 cm™

2- For C-0 single bond, k= 5x10" dyne/cm=5x10"" g/s°

e 1 5x1010 g/s2
2(3.14)(3%1019 cm/sec) | 1.139x10723 g

Voo ~1,572 cm '

Q/ Calculate the reduced mass (umol) in g/mol for a Carbon-Hydrogen (C—H) bond,
using the approximate atomic masses: Mc=12.0 g/mol and My=1.0 g/mol.

Q/ the reduced mass (Li,,;) for a C—H bond is approximately 0.923 g/mol. If the force
constant (k) for a single bond is k=5x10° dyne/cm, what is the estimated vibrational
frequency (v') of the C—H stretch in cm™'? (Use ¢=3.00x10'" cm/s and NA
=6.022x10% mol ™)
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Factors Affecting Bond Vibration

1- Bond Elasticity (Force Constant K)

Bonds connecting heavy atoms have a large reduced mass (p) and vibrate at a low
frequency. Conversely, bonds connecting light atoms vibrate at a higher frequency
because p will be small. Triple bonds are stronger than double and single bonds for the
same atoms, and therefore have a high vibrational frequency. Thus, as the Force
Constant (K) increases, the bond strength increases.

A pall A il a8
(C—C) (Single Bond): 5x10°
(C=C) (Double Bond): 10x10°

(C=C) (Triple Bond): 15x10°

Bond Frequency v

C=C 2150 cm™ .
C=C 1650 cm! Increasing K
Cc—C 1200 cm’’

2-Reduced Mass (p) of Bonded Atoms:

The following relationship demonstrates that the reduced mass (l) increases as the
mass of the atoms bonded to the carbon atom increases, consequently causing a

decrease in the vibrational frequency (V7).

Bond Frequency v
C-H 3000 cm’ 1 Increasing
C—C 1200 cm™
C-0 1100 cm™
C—Cl 800 cm™
C-Br 550 cm’
C-1 500 cm’

‘”f.n:\z)hk._\.}mnﬁ Jaa c‘&ﬂﬁsaw‘)\ﬁdﬁ\ﬂg).ﬁ\dﬂ\&mﬁ

C—T 5l 3130 a8 58 (al8ad) ¢ 5
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Hybridization affects the Force Constant (K), and the bond strength follows the

sequence:

Sp>Sp2>Sp3

The following frequencies (for the C—H bond) illustrate this:

Bond Hybridization Frequency v
=C-H Sp 3300 cm’™!
=C-H Sp2 3100 cm™
—C-H Sp3 2900 cm™

4-Resonance

Resonance affects the strength and length of the bond, and consequently the value of the
force constant (K).

The carbonyl group (C=0) in a simple ketone has a stretching vibrational frequency of
~xx1715 cm **,

However, when this group is linked to a double bond (i.e., in a state of conjugation with
the carbonyl), it vibrates at a lower frequency, ~**1675—1680 cm™ ' **.

This drop in frequency is due to resonance, which causes the C=0 bond to elongate
(become longer) and gives it more single-bond character than double-bond character.
This results in a decrease in bond strength and a decrease in the force constant (K).
Consequently, the vibrational frequency (v') is lowered.
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Example of Vibrations in IR Spectroscopy
The frequency range for the stretching vibration depends on the type of molecule and

whether hydrogen bonding is present

compound C=0 O-H C-0
. . 1700 cm ™’ 2500—-3300 1210-1320
Car‘boxyllc acid -1 -1
cm cm
P
HsC~ ll\
i Alcohol i 3200-3500 | 1000-1150
i cm cm
3
sp \(_,z
Es-rer- 1735-1750 - 1000-1300
-1 -1
2 cm cm - two
%) SI&J bond
C >H3
HsC~ O
Ether - - 1000-1150
cm
i /‘“x.
CIHB
. . 1790-1810 - -
Acid chloride em™
T
C
. 1750-1800 - 900-1300
Anhyciride em-! !
T T
C C
R ~O7 TR.
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IR Spectrophotometer

The functional components of an IR spectrometer are:

1. IR Radiation Source: Generates the infrared radiation necessary to
excite molecular bond vibrations. like

sources of IR radiations

Nernst glower

Incandescent lamp
@ e glnae

Mercury arc
BRI

Tungsten lamp

w e e

Glober source
(Silicon Carbide rod).
Dhsle Zluas

OsSehuad) an S il

Nichrome wire
a3 Sa el

Globar Light Source

¥ Silicon Carbide Globar with 500 - 9000 nm Output
» Stabilized Color Temperature and Output Power

» Compact Housing: 228.6 mm x 55.0 mm x 72.2 mm
» Long Lifespan: 10 000 Hours (Average)

SL5203C
Calimation Packsge

S
i a8

SLS§253
Repuacement Sicon

o

SLS203F
Broadband 500 - 8000 im
Light Source

Mercury Vapor Lamps
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2. Sample Cell/Compartment: Where the sample is placed. Cells are
typically made of salt crystals (like KBr or NaCl) because glass
absorbs IR radiation.

Sample Cell/Compartment

Solid sample Liquid samples Gas samples

. Pressed pellets: A e A thin film of the liquid is | o The gas is contained
solid is ground with KBr and | sandwiched between two in a special cell.

pressed into a thin disk. infrared-transparent salt

o Mull technique: The solid | plates (like NaCl). . Sampling is similar to
is ground into a paste witha | ¢ Solvents are often used, liquids, but the sample is in
non-volatile liquid like but care must be taken to the gaseous state within the
Nuyjol. avoid absorption bands that cell.

e Thin films: A thin film can | overlap with the sample's . IR spectroscopy can
be cast from a solution. spectrum. be used to monitor gas

o Diffuse reflectance: A e ATR: Allows direct composition in applications
technique that requires very measurement of liquids on like emissions monitoring.
little sample preparation. the crystal surface.

V. e

X

o ——y,
2
| 4

Preparation solid sample using KBr Pellet Press
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3. Wavelength Analyzer (Monochromator): Various types of
monochromators are prism, diffraction gratings and filters.

Monochromator made of:

Prisms < sddall

Diffraction gratings
3 gaadl &) 3 e

Filters <laii yal)

Potassium bromide,
Sodium chloride or
Caesium iodide , which
refract different
wavelengths at different
angles.

alkali halides , which
used for dispersing light,
but by using diffraction.

Lithium Fluoride , which
used to block certain
wavelengths and allow
others to pass through.

white light

| —

white light

slit

Diffraction grating

Monochromator

4. Detectors: Detectors are used to measure the intensity of unabsorbed
infrared radiation. Detectors like thermocouples, Bolometers,
thermistors, Golay cell, and pyro-electric detectors are used.
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Detectors
Thermocouple Bolometer Thermistor Golay cell Pyro-electric
Il z g4l Faagl gl (ulida Jaa Al 7R T IEN detector
I (A Ll
thermocouple A bolometer Similar to a A Golay cell has | These detectors are
consists of two measures the bolometer, a a small cavity made of a thin
different metals change in its thermistor is a filled with a gas crystal, such as
joined at a junction. | electrical type of that absorbs IR deuterated tryglycine
When this junction | resistance semiconductor radiation. When sulfate (DTGS) or
is heated by IR caused by the resistor whose radiation enters lithium tantalate.
radiation, the temperature resistance is the cell, it heats They are sensitive to
temperature increase from highly dependent | the gas, causing it | changes in
difference between | absorbing IR on temperature. to expand and temperature. The IR
the junction and a | radiation. The When IR radiation | push against a radiation causes a
reference junction | blackened heats the flexible change in the
creates a voltage, absorber thermistor, its membrane with a | detector's
which is then converts the resistance mirror attached. temperature, which
measured as an radiation into changes, The movement of | in turn alters the

.electrical signal

heat, which
changes the
resistance of the
sensing
.element

providing a signal

this membrane is
measured to
indicate the
intensity of the
radiation.

pyroelectric
properties of the
crystal, generating
an electrical signal.

IR window

gas-filled cavity

IR absorber

compensation leak

membrane

housing

optical read-out
system

Golay cell
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5. Signal Processor/Recorder: Processes the electrical signal and converts it
into the IR spectrum (a plot of intensitiy vs. wavenumber (cm™)).

=
a
o
—_—

Intensity / arb. u.
o —
=

=

ﬂ.f
U 1: VMH JIJ U /

0.05

b p b

Source Sample  Diffraction grating Detector

1000 1500 2000 2500 3000 3500 4000
-1
Wavenumber / cm

The difference between IR, FTIR, and ATR

The difference between IR (Infrared Spectroscopy), FTIR (Fourier-Transform Infrared
Spectroscopy), and ATR (Attenuated Total Reflectance) lies in their technology and
sampling technique.

1. IR (Infrared Spectroscopy)

Technology: Originally referred to Dispersive IR instruments, which use a
monochromator (like a prism or grating) to separate the IR beam into individual
frequencies before they reach the detector.

It measures the interaction of IR radiation with matter to study molecular vibrations.

2. FTIR (Fourier-Transform Infrared)

Technology: Uses an Interferometer (specifically a Michelson interferometer) instead
of a monochromator. The interferometer splits the beam, and the detector receives an
interferogram (a complex signal containing all frequencies simultaneously).
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Data Processing: The interferogram is converted into the final spectrum (Absorption vs.
Wavenumber) using a mathematical process called the Fourier Transform.

Speed (Jacquinot's Advantage): It collects the entire spectrum in a fraction of a
second, making it much faster.

Sensitivity (Fellgett's Advantage): It has a much higher signal-to-noise ratio.

Accuracy (Connes' Advantage): It provides superior wavelength precision.

Q/ What are the three primary advantages that make FTIR superior to
traditional dispersive IR spectroscopy?

Answer/

Oe o 0a 8 SlS Caball pans Sleadl ashs | (5S4 8 ma) Aol 55 Speed (Jacquinot's
556aY) 0e DESs £l ey Lea Al Advantage)
(S/N) sl suia () 3 L) Ao Jlead) elliag 8m4) dpuluali 332 | Sensitivity (Fellgett's
ST i O (ing lae G e (sl Advantage)
JIshY) aaad 3 4aila 48y leal) s (i S 3 pa) ABal) B 3 Accuracy (Connes'
laa jill/As gall Advantage)

(Wavelength/Wavenumber Precision

3. ATR (Attenuated Total Reflectance)

Principle: It relies on the phenomenon of Total Internal Reflection. The IR beam is
directed onto a highly reflective crystal (e.g., Diamond, ZnSe). When the sample is
pressed onto the crystal, the IR light penetrates only a very short distance (usually 0.5 to
2 micrometers) into the sample, creating an evanescent wave.

Key Feature: It allows analysis of samples directly (solids, liquids, powders) with
minimal to no sample preparation.

Advantage: Eliminates the need for traditional preparation methods like KBr pellets or
thin films.
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Q/Compare and contrast Dispersive IR and FTIR spectroscopy ?

Q/Define ATR (Attenuated Total Reflectance) and explain how it differs from
traditional transmission IR sampling.

Q/ For which of the three techniques is sample preparation (e.g., making a KBr pellet)
typically unnecessary? Explain the principle that makes this possible.

Q/You have a thick, opaque polymer film to analyze. Which technique (ATR or
traditional FTIR with transmission cell) would you choose, and why?



