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I. INTRODUCTION 

Molecular spectroscopy is the study of the absorption or emissions of electromagnetic radiations. When a 

molecule absorbs radiation, its energy increases in proportion to the energy of the photons as expresses by the 

relation  



hc
hvE   

Where h is Planck’s constant,  and  are the frequency and wavelength of radiation and c is the velocity of 

light. The increase in energy may be in the form of electronic, vibrational and rotational energy of the molecule. 

Changes in the electronic energy involve relatively large quanta, while in the vibrational energy involve smaller 

quanta and the change in rotational energy involves quanta even smaller than those of vibrational energy. If a 

molecule absorbs radiation in the microwave or far infrared region, only its rotational energy will change. If the 

energy of radiation is much greater, as in case of ultra violet light, there will be a change in the electronic, 

vibrational and rotational energies of the molecule. Thus the infrared absorption spectra of the molecules result 

from transition between vibrational and rotational energy levels. Hence, molecular spectroscopy is defined as 

the study of the absorption or emission of electromagnetic radiation by the molecules. The spectral regions, 

infrared, visible and ultraviolet are classified from 0.8 microns to 1000 micron, From 400 nm to 800 nm, from 

1nm to 400 nm respectively. The modes which involve a change of dipole moment during vibration will yield 

infrared bands, while change in the polarizability may give rise to Raman bands and the modes which neither 

involve a change in dipole moment nor in polarizability may appear in the electronic spectra. Although the 

mechanism of absorption of energy is different in the ultraviolet, visible and infrared regions, the fundamental 

process is the absorption of a certain amount of energy which provides complete information about the 

vibrational frequencies of the molecule in the ground and excited electronic states.  

If a molecule is placed in an electromagnetic field, a transfer of energy from the field to the molecule will occur 

only when the differences of energy E between two quantized states is given by  

E  =  h v  =  E 2  –  E 1               ( 1 . 1 )  

Where “h” is Planck’s constant and v is frequency of radiation. These transitions (E1 to E2 for absorption, or E2 

to E1  for emission) involves different amount of energy.  

The EM spectrum can be divided into several regions differing in frequency only. It extends from gamma 

(ν≥1020Hz) and X-rays (3x1016≤ν<1020Hz) to radio frequencies (ν<0.003Hz) and includes ultraviolet 

(7.5x1014≤ν<3x1016Hz), visible (4x1014≤ν<7.5x1014Hz) and infrared (IR) regions (0.003≤ν<4x1014Hz). In 

vacuum, IR radiation has a wavelength between ~780 nm and 1 mm, spanning five orders of magnitude and can 

be divided in Near IR, Short wave IR, Mid wave IR, Long wave IR, and Far IR. 

 

II. EXPERIMENTAL 

The basic building blocks of the ‘common’ matter in the universe are atoms, and combinations of atoms are 

called molecules. The energy of a molecule consists of translational, rotational, vibrational and electronic energy 

[3]. 

E=Eelectronic + Evibrational + Erotational + Etranslational           ( 1 . 2 )  
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Translation energy of a molecule is associated with the movement of the molecule as a whole, for example in a 

gas. Rotational energy is related to the rotation of the molecule, whereas vibrational energy is associated with 

the vibration of atoms within the molecule. Finally, electronic energy is related to the energy of the molecule's 

electrons. 

Like radiant energy, the energy of a molecule is quantized too and a molecule can exist only in certain discrete 

energy levels. Within an electronic energy level a molecule has many possible vibrational energy levels. To 

raise the electronic energy state of a molecule from the ground state to the excited state will cost more energy 

than to raise the vibrational energy state. A simplified representation of the quantized electronic and vibrational 

energy levels of a molecule can be found in figure 1. 

 
 

Figure 1: A schematic representation of the quantized electronic and vibrational energy levels of a molecule. It 

is clear that to raise the electronic energy state of a molecule from the ground state to the excited state will cost 

more energy than to raise the vibrational energy state. 

An example of an electronically excited atom comes by considering the hydrogen atom. The ground state of the 

hydrogen atom corresponds to having the atom's single electron in the lowest possible orbits. By giving the atom 

additional energy, the electron is able to move into a higher orbit. i.e. now the hydrogen atom is in its excited 

state [6]. 

The vibrational energy of a molecule is not determined by the orbit of an electron but by the shape of the 

molecule, the masses of the atoms and, eventually by the associated vibronic coupling[1]. In the study of 

molecular vibrations, a classical model of the molecule can be taken where the nuclei are represented by 

mathematical points with mass. The forces that hold the molecule together are assumed to be similar to those 

exerted by mass less springs. Each mass requires three coordinates to define its position, such as x, y, and z in a 

cartesian coordinate system. As a result it has three independent degrees of freedom of motion. If there 

are N atomic nuclei in the molecule, there will be a total of 3N degrees of freedom of motion for all the nuclear 

masses in the molecule. After subtracting the translational and rotational degrees of freedom from the 

total 3N degrees of freedom, we are left with 3N – 6 internal degrees of freedom for a nonlinear molecule 

and 3N – 5 internal degrees of freedom for a linear molecule. These are the so-called normal modes of 

vibrations and they result in specific natural vibrational frequencies for different molecular configurations. The 

typical frequencies of these vibrations match the frequency of IR radiation. For example, simple diatomic 

molecules have only one bond allowing only stretching vibrations.[7]. More complex molecules may have many 

bonds, and vibrations can be conjugated. The atoms in a CH2 group, commonly found in organic compounds, 

can vibrate in six different ways i.e. symmetrical and anti-symmetrical stretching, scissoring, 

rocking, wagging and twisting. 

III. RESULTS AND DISCUSSION 

Roughly, there are three possible effects of interaction between radiation and molecules. These are scattering, 

absorption, and emission. [8]. Absorption is the process by which the energy of a photon is taken up by the 

matter, and this process plays a key role in IR spectroscopy. There are several types of physical processes that 

could lie behind absorption, depending on the quantum energy of the particular frequency of EM radiation. For 

example, high energetic ultraviolet (UV) radiation can cause ionization and visible light usually causes electron 

transitions. As the energy levels for all physical processes at the atomic and molecular levels are quantized, and 

if there are no available quantized energy levels with spacing which match the quantum energy of the incident 

radiation, then the material will be transparent to that radiation. IR radiation does not have enough energy to 

induce electronic transitions as seen with UV and visible light. Absorption of IR is restricted to excite 

vibrational and rotational states of a molecule. 

Even though the total charge on a molecule is zero, the nature of chemical bonds is such that the positive and 

negative charges do not necessarily overlap in this case. Such molecules are said to be polar because they 

possess a permanent dipole moment. For a molecule to absorb IR, the vibrations or rotations within a molecule 

must cause a net change in the dipole moment of the molecule. The alternating electrical field of the radiation 

interacts with fluctuations in the dipole moment of the molecule. If the frequency of the radiation matches the 

vibrational frequency of the molecule then radiation will be absorbed, causing a change in the amplitude of 

molecular vibration. The result of IR absorption is heating of the matter since it increases molecular vibrational 

http://en.wikipedia.org/wiki/Image:Symmetrical_stretching.gif
http://en.wikipedia.org/wiki/Image:Asymmetrical_stretching.gif
http://en.wikipedia.org/wiki/Image:Scissoring.gif
http://en.wikipedia.org/wiki/Image:Rocking.gif
http://en.wikipedia.org/wiki/Image:Wagging.gif
http://en.wikipedia.org/wiki/Image:Twisting.gif
http://en.wikipedia.org/wiki/Scattering_(optics)
http://fuse.pha.jhu.edu/~wpb/spectroscopy/basics.html
http://en.wikipedia.org/wiki/Ionization
http://start.student.utwente.nl/quantumoptics/rabi.php
http://start.student.utwente.nl/quantumoptics/rabi.php
http://hyperphysics.phy-astr.gsu.edu/hbase/electric/diph2o.html
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energy. Molecular vibrations give rise to absorption bands throughout most of the IR region of the spectrum. 

The far IR, lying adjacent to the microwave region, has low energy and may be used for rotational spectroscopy. 

 
Figure 2: Energy levels of a molecule during the absorption of a photon. 

Photons with specific energies will be absorbed by the molecule if this energy is equal to the difference between 

the energy levels; this is when the frequency of the IR radiation matches the vibrational frequency of the 

molecule. Before absorption of the incident photon the molecule is in the ground state. After absorption the 

molecule is in an excited vibrational state but still in the ground state of the electronic energy level. Of course 

the molecule does not remain in this excited state forever. The energy absorbed by a molecule is rapidly 

dissipated: it will be transformed into kinetic energy as result of collisions or released again as photon. 

IR SPECTROMETER 

In an IR spectrometer molecules are irradiated with a whole range of IR frequencies but are only capable of 

absorbing radiation energy at certain specific frequencies which match the vibration frequencies of the 

molecule. The energy absorbed by a molecule is rapidly dissipated. The excited molecule loses its energy in less 

than 10-6 seconds. The energy is either transformed into kinetic energy as result of collisions or released again as 

photon. As the direction of the emitted photon is random in space and because the absorption process can be 

repeated for such a photon on its way through the medium, it can be seen that for a once-absorbed photon the 

probability of re-emerging from the medium in the direction of the transmitted beam is negligibly small. A 

spectrometer usually measures the radiation intensity as a function of the wavelength of the light behind a 

sample. At the vibrational frequencies of the molecules an intensity decrease is obtained and a transmittance or 

absorbance spectrum is plotted. In this way a sample can be characterized and allow to determine 

which chemical bonds are present. 

 
Figure 3: A possible optical layout of a spectrophotometer. 

A beam of IR radiation is produced and split into two separate beams. One is passed through the sample; the 

other is passed through a reference which is often the solvent. The beams pass through a splitter (the section 

mirror) which quickly alternates which of the two beams enters the monochromator. A monochromator is an 

http://en.wikipedia.org/wiki/Infrared_Spectroscopy_Correlation_Table
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optical device that transmits a mechanically selectable narrow band of wavelengths of radiation chosen from a 

wider range of wavelengths available at the input. The monochromator makes it possible to scan through the 

spectrum. Finally, the beams are both directed towards a detector. The two signals are then compared and a 

printout is obtained. A reference sample is used for two reasons: this prevents fluctuations in the output of the 

source affecting the data and this allows the effects of the solvent to be cancelled out. 

 
Figure 4: FTIR spectrum of the Benzoic acid dimer recorded at room temperature 

It is difficult to find a perfect source for a spectrophotometer. The most ideal radiation source would be one, 

emitting constant energy over the whole IR region. Unfortunately as yet such sources have not been developed 

and so we have to do the best we can with the following ones [1]: 

 

 Nerst filament (ZrO and some other rare earth oxides) 

 Globar (Si-C) 

 Ni-Cr wire 

 Heated ceramic 

 Mercury lamp 

 

The main disadvantage of all these sources is the very unequal energy distribution in relation to the wavelength. 

The energy emission curve for ‘black body radiation’ is as given in figure 5. The curve is temperature dependent 

and can be calculated from Planck’s formula. The curves for the above-mentioned sources can only at best be as 

good as a perfect Planck curve. As one wants a constant energy output from the monochromator a variable slit is 

necessary. The variation of the slit width has to be chosen in some way or another to be inversely proportional to 

the energy curve in order to be sure that a fairly constant amount of energy will reach the detector [1]. 

 
Figure 5: Spectral intensity distribution of Planck’s black-body radiation as a function of wavelength for 

different temperatures [10]. A relatively new laser source that could be used, is a high power fiber laser 

generating supercontinuum radiation in the 460 - 2500 nm spectral band (see figure 6). 
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Figure 6: Typical optical spectrum of the SC450 on a linear scale. Between the 1100nm and 2000nm the 

spectrum is remarkably flat. This makes the laser possibly a good source for spectrophotometers [11]. 

 

IV. FOURIER TRANSFORM INFRARED SPECTROSCOPY 

Another measurement technique for collecting IR spectra is Fourier Transform Infrared (FTIR) spectroscopy. 

Instead of recording the amount of energy absorbed when the frequency of the IR radiation is varied by a 

monochromator, the IR radiation is guided through an interferometer. The purpose of the interferometer is to 

have a beam of IR radiation, split it into two beams, and make one of the beams travel a different (optical) 

distance than the other in order to create alternating interference fringes. A diagram of a Michelson 

interferometer is shown in the next figure. 

 
Figure 7: The Michelson interferometer [12]. 

The Michelson interferometer consists of four arms. The first arm contains a source of IR radiation, the second 

arm contains a stationary mirror, the third arm contains a moving mirror, and the fourth arm is open. At the 

intersection of the four arms a beam splitter is placed, which is designed to transmit half the radiation that 

impinges upon it, and reflect the other half. As a result, the light transmitted by the beam splitter strikes the 

fixed mirror, and the light reflected by the beam splitter strikes the moving mirror. After reflecting off their 

respective mirrors, the two light beams recombine at the beam splitter, then leave the interferometer to interact 

with the sample and strike a detector [13]. 

In a Michelson interferometer an optical path difference is introduced between the two beams by translating the 

moving mirror away from the beam splitter. A general property of (optical) waves is that their amplitudes are 

additive. When the beams that have reflected off the fixed and moving mirrors recombine at the beam splitter 

are in phase, an intense beam leaves the interferometer as a result of constructive interference. When the fixed 

and moving mirrors beams are recombined at the beam splitter and the waves are completely out of phase, a low 

intensity beam leaves the interferometer as a result of destructive interference. A plot of light intensity versus 

optical path difference is called an interferogram. In fact, the interferogram is a measurement of the temporal 

coherence of the light at each different time delay setting. With the use of Fourier transformations it is possible 

to convert a signal in the time domain to the frequency domain (i.e. the spectrum). The fundamental 

measurement obtained by an FTIR is made in the time domain, which is Fourier transformed to give a spectrum 

(see figure 8). This is where the term Fourier Transform IR spectroscopy comes from.  

TIR spectrometers are cheaper than conventional spectrometers because building of interferometers is easier 

than the fabrication of a monochromator. In addition, measurement of a single spectrum is faster for the FTIR 

technique because the information at all frequencies is collected simultaneously. This allows multiple samples to 

be collected and averaged together resulting in an improvement in sensitivity. Because of its various advantages, 

virtually all modern IR spectrometers are FTIR instruments [14]. 

 
Figure 8: An Interferogram is Fourier transformed to give a spectrum [13]. 

V. Applications 

IR spectroscopy is widely used in both research and industry as a simple and reliable technique for 

measurement, quality control and dynamic measurement. The instruments are now small, and can be 

http://en.wikipedia.org/wiki/Interferometer#Interferometer
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transported, even for use in field trials. With increasing technology in computer filtering and manipulation of the 

results, samples in solution can now be measured accurately. Some machines will also automatically tell you 

what substance is being measured from a store of thousands of reference spectra held in storage [14]. Other 

possible application of IR spectroscopy are listed below. 

 IR spectroscopy has been highly successful for applications in both organic and inorganic chemistry. By 

measuring at a specific frequency over time, changes in the character or quantity of a particular bond can 

be measured. This is especially useful in measuring the degree of polymerization in polymer 

manufacture [14]. 

 IR spectroscopy is useful for identifying substances and confirming their identity. Therefore it also has a 

forensic purpose: with the use of IR spectroscopy alcohol, drugs, fibers and paint could be analyzed 

[15]. 

 IR spectroscopy has also been successfully utilized in the field of semiconductor microelectronics: for 

example, this technique can be applied to semiconductors like silicon, gallium arsenide, gallium nitride , 

zinc selenide, amorphous silicon, and silicon nitride [14]. 

  Techniques have been developed to assess the quality of tea-leaves using IR spectroscopy [14]. 
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