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'e study explores the nitty-gritty of infrared spectroscopy. Firstly, the review gives a concise history of infrared discovery and its
location in the electromagnetic spectrum. Secondly, the infrared spectroscopy is reported for its mechanism, principles, sample
preparation, and application for absence and presence of functional groups determination in both ligands and coordination
compounds. 'irdly, it helps in purity determination of unknown samples. Additional studies regarding this study entail infrared
spectroscopy-based synchrotron radiation. It serves as a giant microscope to give detailed information of samples under in-
vestigation compared to the conventional infrared instrument. Infrared will continue to be useful to both chemical and
pharmaceutical industries, in order to make chemical products and manufactured drugs put on wholesome integrity.

1. Introduction

Infrared is a convenient tool relevant to chemistry and
chemistry related disciplines (inorganic and organic
chemistry and pharmacy) [1, 2]. Reports of its relevancy
could be seen in studies indicating the detection of absence
and presence of functional groups in ligands and evidence of
coordination in the proposed compounds [3]. Infrared has
versatile applications to differentiate between the hydroxyl
and amine groups from the spectra [4] and determine the
presence of water in case of no thermal analyzer [5], and it
can be used for purity determination [5, 6] in case of no
elemental analyzer. 'e study aimed to provide the history,
pragmatic uses, maintenance of infrared spectroscopy, and
concise infrared spectroscopy based synchrotron radiation.

2. Electromagnetic Spectrum and Spectroscopy

'e electromagnetic spectrum is made up of an array of
regions useful to chemists and the scientific world [7]. It is
also a range of frequencies of electromagnetic radiation and

their corresponding wavelengths with photon energies [8] as
shown in Figure 1.'e range has electromagnetic waves with
minimum frequencies of below one g hertz to a maximum of
over 1028 hertz, equivalent to wavelengths [9] or from a
fraction of an atomic nucleus size to a thousand kilometre
[8]. 'is frequency range is divided into distinct regions and
the electronic waves within every frequency region [10].
'ey are named differently starting from the low frequency
(long wavelength) to the spectrum end [11]. 'e spectrum
entails radio waves, microwaves, infrared, visible light, ul-
traviolet, X-rays, and gamma rays at the high frequency
(short wavelength) as shown in Figure 1. 'e electromag-
netic waves in each of the regions possess various charac-
teristics, such as mode of production, mode of interaction
with matter, and their pragmatic applications [12].

2.1. Spectroscopy. A characterization technique known as
spectroscopy could be used physically to separate electro-
magnetic waves of various frequencies [13, 14]. 'erefore, it
generates a spectrum which shows the constituents’

Hindawi
Journal of Spectroscopy
Volume 2020, Article ID 8869713, 11 pages
https://doi.org/10.1155/2020/8869713

mailto:201106223@ufh.ac.za
https://orcid.org/0000-0001-7007-5727
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8869713


frequencies [15, 16]. Spectroscopy is used to study the in-
teractions of the electromagnetic waves with matter [17, 18].

3. Infrared

3.1. Infrared Spectrum and Spectroscopy (IR Spectroscopy)

3.1.1. Infrared (IR) Spectrum. 'e infrared region of the
electromagnetic spectrum is in three portions, namely, the
near-, mid-, and far-IR [3, 19]. 'ey are named based on
their relationships with the visible spectrum [20]. 'e near-
IR has a high energy of approximately 14000–4000 cm−1,
which can excite harmonic vibrations [3]. 'e mid-IR has
approximately 4000–400 cm−1 while the far-IR has ap-
proximately a low energy of 400–10 cm−1, which is next to
the radar and microwave regions (Figure 1), and could be
used for rotational spectroscopy [3].

3.1.2. Infrared (IR) Spectroscopy. Infrared spectroscopy also
referred to as IR spectroscopy deals with the interaction of
absorbed radiant energy in the infrared region of the
electromagnetic spectrum with matter [21]. Infrared radi-
ation has a longer wavelength and low frequency. 'e IR
radiation is centered on spectroscopy [22]. It is used to
identify chemical compounds with a current instrument
called Fourier Transform Infrared (FTIR) spectrometer,
which implements the principle of IR spectroscopy
[19, 23, 24]. 'e FTIR is also a technique which measures
and records infrared spectra [19].

In summary, IR spectroscopy uses IR spectrum to probe
matter.

3.2. Mechanism of Action and Principles of Infrared
Spectroscopy. 'e mechanism of action and principles of
infrared spectroscopy complement each other [25, 26] as
shown in Figure 2.

3.2.1. Infrared Mechanism of Action. Inside the infrared
light source is an apparatus called interferometer. It guides
the IR sample. 'e interferometer consists of a moving
mirror which changes the IR light distribution when it passes
through the sample [27, 28]. 'e resulting signal called,
“interferogram,” is recorded directly, signifying the light
output as a function of mirror position [29].

A data-processing technique called “Fourier transform”
transforms the raw data into the expected results of the
sample’s spectrum [24, 30]. Light output is a function of
infrared wavelength. 'e sample’s spectrum is mostly
compared with a reference spectrum [Figure 2] in order to
remove fixed-pattern noise [31]. 'e IR spectrometer having
both reference and sample spectra are referred to as “a two-
beam absorption spectrometer” [31].

3.3. Principles of IR Spectroscopy. 'e principle involves a
process whereby a beam of IR light from IR source (Globar)
is passed through a sample and the infrared spectrum is
recorded [22, 24]. 'e process is directed with the help of a
monochromator (monochromatic beam of light), which is
placed after IR source and before the IR detector, which
interchanges in wavelength over time [32]. 'e sample
absorbs light when there is resonant frequency [33]. Res-
onant frequency is when the IR frequency is the same as the
vibrational frequency of the sample’s bond [34–36]. 'e
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Figure 1: 'e electromagnetic spectrum.
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transmitted light shows the quantity of energy absorbed at
every wavelength [37]. 'e Fourier transform instrument
measures the entire wavelength at once and produces an
absorbance or transmittance spectrum revealing the IR
wavelengths, which the sample absorbs (Figure 2) [24].
Analysis of the spectrum gives details of the sample’s mo-
lecular structure. 'is technique has been used on samples
with covalent bonds; high levels of purity few IR active and
complex molecular structures [38].

3.4. -eory of Infrared Spectroscopy. 'e IR spectroscopy is
centered on the fact that molecules absorb specific fre-
quencies which are characteristics of their chemical struc-
tures [22]. Hence, the resonant frequencies are related not
only to the bonds but also to the atoms [39]. In other words,
vibrational frequency could be connected with a particular
bond type [40].

3.4.1. Vibrational Modes. A vibrational mode, also called
vibrational degree of freedom, deals with ways where a
molecule undergoes vibrations [41, 42]. A vibration mode
could be IR active in a molecule if changes in permanent
dipole are fundamental for a vibrational mode in a molecule
[43, 44].

Molecules, such as carbon (IV) oxide, have 3N-5 degrees
of vibrational with N atoms in the molecules [44, 45]. Linear
molecules, like simple diatomic molecules (e.g., CO2;
O�C�O), have solely one bond and solely one vibrational
bond calculated from 3N-5 degrees of vibrational modes. On

the other side, nonlinear molecules, such as water, have 3N-6
degrees of vibrational modes [44, 46]. Here, water has 3
atoms; that is, 3× 3− 6� 3 degrees of freedom. Symmetrical
molecules, such as O2, are observed solely in the Raman
spectrum, not in the IR spectrum unlike unsymmetrical
diatomic molecules, such as CO2 in the IR spectrum [47]. In
the case of complex molecules, they have several bonds and
they are observed in the IR spectrum [35]. 'e atoms in
methylene (groups, found usually in organic compounds
vibrate in six various ways, viz, rocking, scissoring, sym-
metric and antisymmetric stretching, twisting, and wagging
[48].

4. Sample Preparation for IR Characterization

Unlike liquid state nuclear magnetic resonance (NMR),
which requires right solvent, the sample for IR character-
ization does not require a solvent to dissolve it.

4.1. Solid Samples. Solid samples for IR characterization are
prepared in four various ways. Firstly, a quantity of the
studied sample is ground with fine purified salt, usually
potassium bromide (KBr) in an agate mortar with pestle to
form a mixture. 'e KBr is used to record the IR spectra
because it has a larger transmission window (100%) in the IR
compound than sodium chloride. 'e agate mortar with
pestle is used to prevent contamination [18]. 'in film of the
mull produced is smeared onto salt plates and measured by
the infrared spectrophotometer [44]. 'e mixture gotten is
then mechanically pressed to form a translucent pellet which
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Figure 2: Schematic diagram of IR spectrometer with a two-beam absorption.
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allows the beam of light of the spectrophotometer to pass
through it [44]. 'e second method entails a mixture of
sample and an oily mulling agent which is ground also in a
mortar with a pestle to form a Nujol [44]. 'e third method
is adopted for polymeric materials [44]. 'is method is
called the “cast film” technique [44, 49]. Here, the sample is
first dissolved in a suitable, nonhygroscopic solvent [44]. A
drop of the solution gotten from the sample dissolution in a
suitable nonhygroscopic solvent is deposited on the surface
of sodium chloride or sodium bromide cell [44]. Analysis is
conducted directly on the film formed on the cell after
evaporation of the solution to dryness [44]. It is important to
take caution to ensure the film is thin (not too thick) for the
light to pass through; otherwise light cannot pass through
[44]. 'is technique is suitable for qualitative analysis [44].
'e last method is using microtomy to cut a thin
(20–100 µm) film from a solid sample [44]. It is one of the
most essential ways to analyze the integrity of a preserved
solid, such as a failed plastic product [44].

4.2. Liquid Samples. Here, liquid samples are placed in
between two plates of a salt, such as sodium chloride, po-
tassium bromide, or calcium fluoride [44]. 'e plates are
usually transparent to the infrared light so that they do not
introduce any lines onto the spectra [44].

4.3. Gaseous Samples. Sample cells with a long path length
are needed for gaseous samples in order to make up for the
dilution [44]. 'e path length of the sample cell depends on
the concentration of the compound [44]. A sample gas
concentration down to several hundred ppm requires a
simple glass tube with a length of 5 cm to 10 cm walled with
an ending of infrared windows, while a White cell with a
mirror guided with infrared light can measure sample gas
concentration below ppm [44]. 'e White cells are available
with optical path length ranging from 0.5m up to 100metres
[44].

In summary, samples prepared for IR characterization
can be in solid, liquid, or gaseous states.

4.4. Photoacoustic Spectroscopy. In this spectroscopy, the
solid or liquid sample requires minimal sample treatment
[44, 50]. 'e sample is placed into the sample cup with an
insertion of a sealed photoacoustic cell for the spectral
measurement [44]. 'e sample may be one solid piece,
powder, or basically in any form for themeasurement [44]. It
is important to note that spectra obtained from different
sample preparation methods will look slightly different from
each other [44]. Differences in the samples’ physical states
bring about slight differences in spectra because of different
sample preparation methods [44].

5. Applications of Infrared Spectroscopy

Infrared spectroscopy, being a simple as well as a reliable
characterization technique, is applicable to all aspects of
organic and inorganic chemistry [51]. It is also useful in

research institutes and industries [52]. 'e purpose of
adopting this characterization technique is to determine
quality control, dynamic measurement, and monitoring
applications such as the long-term unattended measurement
of CO2 concentrations in greenhouses, growth chambers by
infrared gas analyzers, and forensic analysis [53]. Changes in
the character of a certain bond are measured and assessed at
a specific frequency over a period of time [11]. Infrared
measurements up to 32 times per second could be achieved
with modern research instruments, as well as with other
techniques simultaneously [54–57]. 'is enables the ob-
servations of chemical reactions and processes to be faster
and more accurate [54].

5.1. Microelectronics and Semiconductors Infrared.
Infrared spectroscopy has been used successfully in the field
of microelectronics, as well as semiconductors infrared, such
as amorphous silicon, silicon arsenide, and other gallium
and silicon compounds [58, 59]. Nowadays, the durability of
the instruments has made them useful for field trials [23, 55].

5.2. Isotope Effects. 'e different isotopes in a particular
species may give fine details in infrared spectroscopy, ob-
tainable with species possessing different isotopes [60–62].
For instance, the O–O stretching frequency (in reciprocal
centimetres) and the wave number of absorbance, v, can be
calculated using the formula v � 1/2πc√k/µ, where ] is the
wavenumber in cm−1, k is the spring constant for the bond, c
is the speed of light in ms−1, and μ is the reduced mass of the
A-B system as shown in the following:

μ � mAmB( 􏼁/mA + mB (m is themass). (1)

Presently, the effect of isotopes on vibration and decay
dynamics was observed compared to before. Antisymmetric
stretch mode decay of interstitial oxygen entails the sym-
metric stretchmode with strong isotope dependence in some
substances, such as germanium and silicon.

5.3. Dimensional Infrared

5.3.1. Two-Dimensional Infrared. 'e two types of two-di-
mensional IR are linear and nonlinear.

5.3.2. Linear Two-Dimensional Infrared Spectroscopy.
Linear two-dimensional infrared bond spectroscopy analysis
entails the use of two-dimensional infrared bond analyses on
infrared spectra [63, 64].'is is done in order to increase the
spectra of a disturbed sample for simpler spectral analysis
and improved resolution [65, 66].'e pulse sequence is used
to get a two-dimensional Fourier Transform Infrared
spectrum [67, 68].

5.3.3. Nonlinear Two-Dimensional Infrared Spectroscopy.
Nonlinear two-dimensional infrared spectroscopy is the
infrared version of correlations spectroscopy [69]. Femto-
second infrared laser pulses development came along with
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nonlinear two-dimensional infrared spectroscopy [70, 71].
'e experiment entails the first set of probe pulses useful to
the sample, followed by a delay time for system relaxation
[71–73]. 'e usual duration for the delay time requires zero
to some picoseconds, which could be influenced by tens of
femtosecond revolutions. A probe pulse is applied subse-
quently which results in the emission of a signal from the
sample. Graphically, the nonlinear two-dimensional infra-
red spectrum is a two-dimensional correlation plot of the
frequency ɷ1 excited by the first pump pulses and frequency
ɷ3 excited by the probe pulse after the delay time. 'is
supports the coupling observation between different vi-
brational modes because of its extremely high time reso-
lution [74]. It could also be used to observe molecular
dynamics on a picoseconds timescale, though still mainly a
new technique, but its knowledge is increasing for funda-
mental research [74, 75]. As said previously, infrared
spectroscopy could be used with other characterization
techniques, such as two-dimensional nuclear magnetic
resonance (NMR) [76, 77]. 'e nonlinear two-dimensional
infrared technique spreads the spectrum in two dimensions
and supports the observation of cross peaks, consisting of
information of coupling between different modes [78, 79].

6. Difference between Nonlinear Two-
Dimensional Infrared Spectroscopy and 2D
Nuclear Magnetic Resonance

'e nonlinear two-dimensional infrared spectroscopy is dif-
ferent from 2DNMRdue to its involvement in the excitation to
overtones [35]. 'e excitation outcome gives an excited state
absorption peak located below the diagonal and cross peaks
[73]. In 2DNMR, the two techniques, COSY and NOESY, are
used often [80]. 'e cross peaks in the first are relevant to the
scalar coupling, whereas, in the later, they are relevant to the
spin transfer between diverse nuclei [81, 82]. 'e 2DNMR
techniques analogs are imitated in nonlinear two-dimensional
IR spectroscopy, where the nonlinear two-dimensional IR
spectroscopy with zero delay time corresponds to COSY [83].
In addition, nonlinear two-dimensional IR spectroscopy with
fixed delay time permitting vibrational population transfer
which corresponds to NOESY [84]. 'e COSY alternative of
nonlinear two-dimensional IR spectroscopy has been used to
determine the secondary structure of proteins [85].

7. Purity Determination

'e challenge of values higher than 0.5% obtained from
samples analyzed with elemental analyzer is giving a chance
to infrared to be considered for purity determination of
samples [86, 87].'e application of the infrared technique to
analyze samples for purity determination could be observed
in three different ways, namely, old way, new way, and lack
of reference [24, 88–90].

7.1. -e Old Way. In the old way, the infrared spectrum of
the unknown sample is taken occasionally and compared
with the infrared spectrum of the known pure sample

(reference) [91]. Any irrelevant peak suggests the presence of
impurities [92]. If the peaks matched those of known im-
purities, they could apply the intensities to evaluate sample
purity.

7.2. -e New Way. 'e introduction of computers and
Fourier Transform technology probably led to the use of
differential spectroscopy in many industries [24]. Here, an
unknown sample spectrum is also obtained occasionally and
a stored spectrum of the known pure sample is subtracted
digitally from it [24]. It leaves spectrum impurities, which
could be compared with impurities’ stored database [24].
'e Fourier transform recognizes the impurities and gen-
erates a report on the sample composition automatically
[63].

7.3. LackofReference. In case of lack of reference (infrared of
the known sample), an essential interpretation of spectrum
of unknown sample could be effected from the first prin-
ciples [90]. 'e first principles method is centered on the
structural features of the molecule entailing the moieties
attached to the molecules produce distinct and repeatable
absorptions in the spectrum [90].

8. Maintenance of Infrared Instrument

Maintenance is essential for infrared spectrometer in order
to obtain durability and availability when needed. Avail-
ability when needed is hindered in most cases because of not
having a standby power stabilizer to prevent power failure.
In addition, the instrument in most cases is uncovered.
Covering them will prevent it from dust and, as well, ensure
a good result.

9. Concept of Infrared Spectroscopy-Based
Synchrotron Radiation

9.1. Infrared Using Synchrotron Radiation. Infrared based
synchrotron radiation provides an efficient technique to
characterize chemical compounds crosswise surfaces to
determine the sample’s chemical composition [93, 94].
Synchrotron radiation (SR) is the intense light produced by a
synchrotron [95–97]. It covers a very wide electromagnetic
spectrum from radio waves to infrared, visible light, ultra-
violet light, X-rays, and gamma rays [98]. Its distinct
properties are intense brightness, broadband spectrum,
polarization, and pulsed nature [99–101]. 'e intense
brightness (brilliance) enables the detection of small
quantities of various chemical compositions with a better-
quality signal-to-noise ratio, whereas the extremely colli-
mated light allows high-resolution special mapping of the
chemical distribution [102–104].

9.2. Synchrotron Facility. A synchrotron is a basis for very
bright (brilliant) light, which operates like a gigantic mi-
croscope to allow the matter to be seen at the atomic level
[105, 106]. Synchrotron light is a million times brighter than
sunlight and a million times more intense than conventional
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X-rays [107]. According to Blaustein, synchrotron produces
X-ray which is a trillion times brighter than the conventional
X-rays [108]. Globally, there are over seventy synchrotrons
[109, 110]. Several of them are partly or fully devoted to
synchrotron radiation generation for research purposes
[110].

Synchrotron, which produces the synchrotron radiation
(SR), is lay-down accessories referred to as synchrotron
facility [108]. 'e accessories entail three main components,
namely, a particle accelerator, series of magnets, and electric
field [111]. 'e particle accelerators (linear and booster
accelerators) accelerate charged particles (usually electrons)
[112]. 'e series of magnets (focusing magnets, bending
magnets, insertion devices (undulators), and wigglers)
provide magnetic fields to rotate the particles in a circular
path called storage ring [113]. 'e electric field accelerates
the particles, and all the three main components are syn-
chronized with the travelling particle beam [114, 115]. A
beamline is an experimental location, which uses a particular
energy domain released by the synchrotron for research
[116–118].

9.3. Infrared (IR) Microspectroscopy. Fourier Transform
Infrared (FTIR) spectroscopy is a distinguished technique
which probes the vibrational modes of molecules
[119, 120]. In this way, it provides a spectrum which is
structure-specific (MFBU). 'e FTIR is used generally to
study bulk homogeneous materials [121]. However, for the
past ten years, the developments in infrared sources, optics,
and detectors have led to the merging of FTIR spectroscopy
with light spectroscopy to allow spectroscopic microscopy
in complex environment of chemical compounds. In ad-
dition, since FTIR is nonionizing, compositional variations
can be investigated as time goes by on time scales from a
few milliseconds to hours. Infrared (IR) micro-
spectroscopy, as implied in the name, is a combination of
vibrational mid-infrared (IR) spectroscopy and microscopy
[23, 122–124]. It enables chemical composition of materials
to be determined at microscopic level [125, 126]. In general,
an IR transmission microscope, with all reflecting optics is
attached to a Fourier Transform IR (FTIR) spectrometer,
allowing mid-IR absorption spectra to be collected from
measurements as small as 5–10 µ min, a sample to be
analyzed [127]. 'is method depends on the use of a high
numerical aperture (NA) condenser and objective optics to
center the IR beam onto the sample, with ensuring beam
collection which passed through the sample [121]. Optical
diffraction limit at an analyzing wavelength is used to set
the sample dimensions’ limit to be studied [23]. Aperture
insertion into the optical path of the IR beam at a central
position paced either before or after the sample usually
determines the selected region of interest for analysis [128].
'is leads to a loss of most intense beam from reaching the
detector in a conventional IR source, such as GlobarTM
source [129]. On another note, multipixel IR imaging
detectors, such as linear array and focal plane array (FPA)
detectors, could be used to allow simultaneous collection of
FT-IR spectra from various positions in the sample

[23, 130, 131]. However, this method usually depends on
less than 0.1% of the IR source total intensity, being aimed
at every sensing element of the FPA detector [23]. 'is
other method merges the intense brightness of the wide-
band synchrotron source with an FT-IR spectrometer and
IR microscope, which allows the full intensity of the IR
source to be focused on a diffraction-limited position on
the sample [23, 132]. 'e outcome is a high signal-to-noise
ratio (SNR) when the samples are analyzed with a mag-
nitude of 5–10 µm [133, 134]. A disadvantage associated
with FTIR microspectroscopy (FTIRM) is the long wave-
length of infrared light [24, 135, 136]. Here, the diffraction-
limited spatial resolution is predicted theoretically as
2–10 µm in the mid-infrared region (4000–500 cm−1)
[136, 137]. However, the brightness of the conventional
thermal infrared source in laboratory FTIR spectrometers
limits the spatial resolution [130, 136, 138, 139]. At this very
moment, synchrotron radiation plays an essential role
because it is hundred to thousand times brighter than a
conventional thermal source, therefore, enabling diffrac-
tion-limited spatial resolution to be attained
[130, 136, 138, 139].

In summary, a synchrotron infrared source offers very
much improved data which possess high signal-to-noise
ratio and faster acquisition times for brightness-limited
experiments, such as those involving high spatial or spectral
resolution, or time-resolved measurements.

10. Conclusion and Ongoing Research

'e relevance of infrared spectroscopy is worthwhile in
order to achieve detailed result of the analyzed sample in
research institutions and industries. 'is indicates that IR
is a very versatile characterization technique. Distinct
characteristics of intense brightness, high-resolution, and
high signal-to-noise ratio (SNR) qualities of infrared
based synchrotron radiation made it more excellent than
FT-IR.

11. Future Research

At present, synchrotron IR beamlines committed to high
spatial resolution analysis of microscopic materials are
functioning in developed countries globally. It will be
launched in South Africa (developing country) in 2020.
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