Introduction to Infrared (IR) Spectroscopy

Infrared (IR) spectroscopy is a widely used analytical technique that exploits the interaction between matter and infrared radiation. This
method allows chemists and material scientists to gain profound insights into the molecular structure, functional groups, and
composition of various substances. Operating within a specific region of the electromagnetic spectrum, IR spectroscopy relies on the
principle that molecules absorb energy at characteristic frequencies, leading to vibrational transitions within their bonds.

The IR region typically spans from 780 nm to 1 mm, which is often expressed in wavenumbers, ranging from 4000 to 400 cm-". This non-
destructive and rapid technique requires minimal sample preparation, making it an invaluable tool for both qualitative and quantitative
analyses across diverse scientific disciplines, including organic chemistry, polymer science, and pharmaceuticals.
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Fundamental Modes of Vibrations in Polyatomic Molecules

Molecules are not static entities; their atoms are constantly in motion, vibrating around equilibrium positions. In the context of IR spectroscopy, these vibrations are

quantized and occur at specific frequencies. For polyatomic molecules, the number of possible vibrational modes, or degrees of freedom, is determined by the

number of atoms (N) in the molecule. Non-linear molecules possess 3N-6 vibrational degrees of freedom, while linear molecules have 3N-5.

Stretching Vibrations

Involve changes in bond length along the
interatomic axis. These can be symmetric, where
both bonds stretch or contract in phase, or
asymmetric, where one bond stretches while the
other contracts.

Resonance Absorption

Absorption occurs when the frequency of the
incident IR radiation precisely matches the natural
vibrational frequency of a molecular bond. This
resonant energy transfer results in increased
amplitude of that specific molecular vibration,
which is detected as a decrease in the transmitted
IR beam intensity.

ER

Bending Vibrations

Involve changes in the angle between bonds.
Common types include scissoring (two atoms
move towards and away from each other), rocking
(atoms move in the same direction), wagging
(atoms move out of plane on the same side), and
twisting (atoms move out of plane on opposite
sides).

IR Active Vibrations

For a vibration to be observable in an IR
spectrum, it must induce a change in the
molecule's net dipole moment. This change allows
the vibrating molecule to interact with the
oscillating electric field of the incident infrared
radiation, leading to energy absorption.
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Sample Handling and Preparation for IR Spectroscopy

Proper sample preparation is crucial for obtaining high-quality IR spectra. The technique used depends on the physical state of the sample (solid, liquid, or gas) and its propert

Solids

*KBr Pellet: Approximately 0.5-1% of the solid sample is finely ground with
spectroscopic grade potassium bromide (KBr) powder. The mixture is then
pressed under high pressure into a transparent disk. KBr is chosen because it is
IR-transparent throughout the mid-IR region, ensuring no interfering peaks

ff\?urﬁqoth@lmﬂtlfBY compounds insoluble in common IR-transparent solvents, the
sample can be dispersed in a small amount of mineral oil (Nujol) to form a thick
paste. This mull is then pressed between two IR-transparent plates. While
effective, Nujol itself has characteristic absorption peaks at 2924, 1462, and
1377 cm-', which must be accounted for in the spectrum.

CERES

Liquids

*Thin Film: A simple and rapid method involves placing a drop of the neat liquid
sample between two polished IR-transparent salt plates, such as sodium
chloride (NaCl), potassium bromide (KBr), or calcium fluoride (CaF2). These
plates are then mounted in the spectrometer.

*Solution Cell: For diluted liquid samples, the analyte is dissolved in an IR-
transparent solvent (e.qg., carbon tetrachloride (CCl4) or deuterated chloroform
(CDCI3)). The solution is placed in a specialized cell with fixed pathlength
windows. Solvent absorption must be subtracted or compensated for, as most
solvents have IR absorption bands that can obscure sample peaks.

Gaseous samples are introduced into long pathlength gas cells, typically made of glass, ranging from 10 cm to several meters. These cells have IR-transparent
windows at either end to allow the IR beam to pass through. The long pathlength is necessary to achieve sufficient absorbance from the low concentration of gas

molecules.

Important considerations across all methods include the hygroscopic nature of salt plates, which can absorb atmospheric moisture and degrade, and solvent cut-
offs, which define the spectral regions where a particular solvent absorbs too strongly for analysis.
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Factors Affecting Vibrational Frequencies

The precise frequency at which a molecular bond vibrates and absorbs IR radiation is influenced by several key factors. Understanding these factors is critical for accurate spectral interpretation and
assigning observed peaks to specific functional groups.

1  Bond Strength

Stronger bonds, with higher force constants, require more energy to stretch or bend, resulting in higher vibrational frequencies. For instance, triple bonds (e.g., C=C at 2100-2260 cm-") are stronger
than double bonds (e.g., C=C at 1620-1680 cm-"), which in turn are stronger than single bonds.

2 Atomic Mass

Vibrational frequency is inversely proportional to the reduced mass of the vibrating atoms. This means that heavier atoms lead to lower vibrational frequencies. A classic example is the C-H stretch
(2850-3300 cm-") compared to the C-D stretch (around 2200 cm-"), where deuterium is heavier than hydrogen.

3 Hybridization

The hybridization state of carbon atoms affects bond strength. As the s-character in a hybrid orbital increases (sp > sp2 > sp3), the bond becomes shorter and stronger, leading to higher stretching
frequencies. For example, the C(sp)-H stretch (terminal alkynes) appears at approximately 3300 cm-', significantly higher than C(sp3)-H (around 2900 cm-").

4 Resonance/Conjugation

Electron delocalization through resonance or conjugation can affect bond order and thus bond strength. Typically, conjugation lowers the bond order of a functional group, which in turn decreases
its vibrational frequency. For example, a conjugated carbonyl (C=0) absorbs around 1680 cm-', while an isolated C=0 absorbs around 1715 cm-".

S  Hydrogen Bonding

Formation of hydrogen bonds weakens the covalent X-H bond (where X is an electronegative atom like O or N). This weakening shifts the X-H stretching frequency to a lower wavenumber and often
broadens the absorption band. A free O-H stretch appears around 3600 cm-', while a hydrogen-bonded O-H stretch appears as a broad band between 3200-3550 cm-".

6 Solvent Effects

The polarity of the solvent can also influence vibrational frequencies by affecting the bond moments and force constants of the solute molecule. Polar solvents can stabilize polar functional groups,

leading to shifts in their absorption bands.
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IR Instrumentation: Sources of Radiation and Overview

The effectiveness of an IR spectrometer hinges on its ability to generate, manipulate, and detect infrared radiation. A typical IR spectrometer comprises
a radiation source, a wavelength selector (or interferometer in modern systems), a sample compartment, and a detector.

The sources of IR radiation are generally inert solids that are electrically heated to high temperatures, typically between 1000°C and 1800°C. These
sources emit broadband infrared radiation due to blackbody radiation principles.

Nernst Glower Globar Source Nichrome Wire

Composed of sintered rods of rare earth This source is a silicon carbide (SiC) rod that Consisting of a helically wound nichrome
oxides (e.g., zirconium oxide, yttrium oxide, is heated to 1200-1500°C. It is robust, has a wire, this source operates at relatively lower
erbium oxide), the Nernst glower is positive temperature coefficient of temperatures (1000-1100°C) compared to
resistively heated to temperatures between resistance, and provides a high output in the Nernst glowers and Globar sources. Despite
1200-2000°C. It is primarily used for mid-IR mid-IR region, making it a common choice its lower operating temperature and
applications and offers high radiance, in many spectrometers. intensity, it offers a longer lifespan and
though it has a negative temperature stable output, making it suitable for certain
coefficient of resistance. applications.

This diagram illustrates the fundamental components of an FT-IR spectrometer, where the source emits a beam that passes through an interferometer

before reaching the sample and then the detector.
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IR Instrumentation: Wavelength Selectors and Thermal Detectors

After the IR radiation source, the next crucial component in an IR spectrometer is the wavelength selector, which isolates specific frequencies of light. Modern IR spectroscopy
predominantly utilizes Fourier Transform Infrared (FT-IR) spectrometers due to their superior performance.

Wavelength Selectors Thermal Detectors

*Dispersive Instruments (Older): Earlier spectrometers used gratings or prisms to Thermal detectors operate by absorbing incident IR radiation, which causes a

spatially separate the infrared frequencies before directing them to the detector. While measurable change in their temperature. This temperature change then alters an
functional, these systems had limitations in terms of light throughput and resolution. electrical property of the detector, producing an electrical signal proportional to the IR
*Fourier Transform Infrared (FT-IR) Spectrometers (Modern): The core of an FT-IR intensity. These detectors are generally slower but cover a broad spectral range.

system is the Michelson Interferometer. This device splits an incoming IR beam into “Thermocouple: Consists of two junctions made of dissimilar metals. When one

90 [BEIATES GME e Al G WEEl| @, BNE HE5E D@IImE rECemisine, §iey erezis 4 junction is heated by IR absorption and the other is kept at a reference temperature, a

InGEIETBa)ET, HEn 15 & Slanel WEming wiin eUees] [peiin et Engs. i voltage is generated due to the Seebeck effect. A common example is a bismuth-

interferogram is then mathematically transformed (via Fourier transform) into a . . . : : : -
antimony junction, with a response time of approximately 100 milliseconds.

conventional spectrum (intensity vs. wavenumber). FT-IR offers significant advantages,

including high speed (due to simultaneous measurement of all frequencies), high HELIIEIRTE A B2 O MESISIer Miness (esIEEnED Enemges Sgriifsenty it

resolution, and an improved signal-to-noise ratio due to Fellgett's (multiplex) and temperature. Modern bolometers often use thermistors, which are semiconductor

Jacquinot's (throughput) advantages materials (e.g., oxides of nickel, manganese, and cobalt) that exhibit a large change in

resistance with temperature. They offer high sensitivity and a relatively fast response

c@m99r€glf?ﬁwgm%ct‘?yﬂgf‘ector): This highly sensitive detector is particularly useful

for far-IR radiation. It consists of a small, gas-filled cell with a flexible membrane. When
IR radiation is absorbed by a blackened film within the cell, the gas heats up and
expands, distorting the membrane. This distortion is then optically detected. While
very sensitive, Golay cells are relatively slow, with response times around 20

milliseconds.
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IR Instrumentation: Pyroelectric Detector and Other Detectors

Beyond thermal detectors, other detector types offer different advantages in IR spectroscopy, particularly for modern FT-IR systems where fast

response is critical. The pyroelectric detector is the most commonly employed in contemporary FT-IR instruments due to its rapid response

characteristics.
Pyroelectric Detector

The principle behind a pyroelectric detector relies on ferroelectric
materials, such as Deuterated Triglycine Sulfate (DTGS). These
materials generate an electrical current that is directly
proportional to the rate of change of temperature, rather than
the absolute temperature itself. Consequently, this detector
requires a modulated (chopped or interferometric) IR beam to
produce a measurable signal. Its key advantages include a very
fast response time, often in the nanosecond range, and excellent
sensitivity across a broad range of the infrared spectrum, making
it ideal for the high-speed data acquisition of FT-IR.

Photoconductive Detectors

While less common in standard mid-IR benchtop systems,
photoconductive detectors are widely used in specialized
applications, particularly in the near- and far-infrared regions.
These detectors utilize semiconductor materials like indium
antimonide (InSb) or mercury cadmium telluride (HgCdTe). When
IR photons strike the semiconductor, they create electron-hole
pairs, leading to a change in the material's electrical conductivity.
Photoconductive detectors are characterized by their extremely
fast response and high sensitivity. However, they typically require
cryogenic cooling, often with liquid nitrogen, to minimize thermal
noise and achieve optimal performance.

The diagram illustrates the operational principle of a pyroelectric detector, showing how the change in temperature induces a current in the ferroelectric materia
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Applications of IR Spectroscopy and Conclusion

Infrared spectroscopy is a highly versatile and indispensable analytical technique employed across numerous scientific and industrial domains. Its ability to provide detailed
information about molecular structure makes it a cornerstone of chemical analysis, enabling both qualitative identification and quantitative determination of compounds.

Qualitative Analysis Quantitative Analysis

*Functional Group Identification: The most fundamental application is the *Beer-Lambert Law: This law forms the basis of quantitative IR spectroscopy, stating
identification of specific functional groups within a molecule. Each functional group that the absorbance (A) of a functional group is directly proportional to its

(e.g., carbonyl C=0 at ~1710 cm-", hydroxyl O-H at ~3300 cm-', C-H, N-H) absorbs IR concentration (c) and the path length (b) of the IR beam through the sample (A = €bc,
radiation at a characteristic frequency, acting as a molecular fingerprint. where ¢ is the molar absorptivity). By measuring the absorbance of a known peak, the

*Compound Identification: The "fingerprint region" (typically 400-1500 cm-') of an IR concentration of the corresponding analyte can be determined.

spectrum is unique to each molecule, much like a human fingerprint. By comparing *Examples: Quantitative IR is routinely used to monitor the progress of chemical
the spectrum of an unknown sample to vast spectral libraries, precise compound reactions by tracking the consumption of reactants or formation of products. It is also
identification can be achieved. This region arises from complex bending and stretching vital for determining the composition of mixtures, such as polymer blends, or

VBIAEY Rssessment: IR spectroscopy can quickly reveal impurities in a sample. The quantifying active pharmaceutical ingredients in drug formulations.

absence of expected absorption peaks or the presence of unexpected peaks indicates
the presence of contaminants or unreacted starting materials.

Beyond these fundamental applications, IR spectroscopy plays a critical role in various specialized fields. In materials science, it is used for polymer characterization, identifying
additives, and studying material degradation pathways. For environmental monitoring, IR spectroscopy enables the detection and quantification of pollutants in air and water. In
forensic science, it assists in the identification of unknown substances, illicit drugs, and fibers found at crime scenes.

In conclusion, IR spectroscopy stands as a powerful, versatile, and essential analytical tool for molecular characterization, offering rapid, non-destructive insights that are
indispensable across diverse scientific, industrial, and research disciplines.
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