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SUMMARY

FTIR spectroscopy is related to the vibration modes of a molecule. To calculate the
vibrational modes, electron density functions and molecular orbitals density function theory
(DFT) method was applied. In this thesis, we have calculated infrared spectroscopy, electron
densities and molecular orbital for many different big molecules by implementing DFT method.

All the results are interpreted in detail.



OZET

KOMPLEKS MOLEKULLERIN ELEKTRON YOGUNLUGUNUN HESAPLANMASI

Bu tez ¢alismasinda bazi molekdlerin electron yogunluklart DFT metodu ile hesaplandi.
Ayrica ayni sistemlerin molekiiler orbittaleri ve FTIR spektromlart da DFT metodu ile

hesaplandi. Biitiin sonuglar detayl olarak yorumlandi.
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1. INTRODUCTION

Fourier Transform Infrared spectroscopy is one of the best analytical techniques, which
exists for today’s researchers. The benefits of infrared spectroscopy are that practically any

case in approximately any state might be studied [1, 2].

Fourier Transform Infrared spectrometers have been monetarily accessible since
1940s. The best noteworthy advances in infrared spectroscopy, notwithstanding, have come to

fruition due to the presentation of Fourier-change spectrometers. [1, 3].

The essential thoughts in infrared spectroscopy is related to definitions of the vibrations
of molecules will be taken here, crucial to the explanation of infrared spectra [1, 3]. The energy
of infrared light is no longer adequate to actuate moves of valence electrons. Rather, infrared
radiation energizes vibrational and rotational movements in molecules. As for the changes in
the energy transmission from the radioactivity to the molecule, the principles of IR
spectroscopy are similar as those of VIS/UV spectroscopy or other spectroscopic systems. The
absorption of infrared light is again considered by the Bouger-Lambert-Beer Law.

Infrared spectra are usually introduced by a plot of the rate of transmission versus the
wavenumber in cm (rather than a plot of absorbance versus the wavelength of nm in/VIS
spectroscopy). An average IR range is along these lines recorded from around 4 000 to10 000

cm ! (furthest utmost) to around 100-800 cm™ (lower limit) [1, 5].

Many techniques such as Fourier Transform Infrared (FTIR) spectroscopy is a common
spectroscopic technique which can be widely used in inorganic and organic chemistry. One of

the main goals of FTIR is analysis to determine the chemical functional groups in the samples

[4].



2. SPECTROSCOPY

Spectroscopy is the study of the interaction of energy and matter. The interest of the
energy of diverse magnitudes causes diverse changes in substance. The magnitude of energy
absorbed is determined by the structure of the substance below study.

Assurance of the entire atomic structure of an obscure substance is made less
demanding when we have more pieces of information. More complex formulae can prompt to
handfuls or even several conceivable outcomes.

A technique that accomplishes this objective is infrared (IR) spectroscopy. In this
procedure, we uncover the atom being referred to infrared photons. As we will learn in the
following few areas, functional groups absorb infrared photons of typical energies. We then
make a plot of photon energy versus intensity of absorption, called the infrared range. Along
these lines, IR spectroscopy permits us to reason the functional groups that are available and
missing in a molecule [6,7].

An infrared spectrum as can be seen in Figure 2.1 contains a plot of extending frequency

in cm™ versus intensity as measured by % transmittance.
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Figure 2.1. This IR range of benzyl alcohol is a plot of photon energy using the related wavenumber scale

versus intensity as measured by % transmittance [8].
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Spectroscopy was initially the investigation of the communication amongst radiation and
matter as an element of wavelength (X). As it can be seen from Figure 2.2 the dispersion of

lights is travel through a triangular prism and it comes out with a different wavelength.

Figure 2.2. Dispersion of light as it travels through a triangular prism [7].

Spectroscopy is single most vital devices in a researcher's toolbox. Space experts
utilize spectroscopy to study light from various objections in the Universe. Light is energy and

can be considered as either waves or particles [8].

Spectrometry is the spectroscopic technique used to assess the concentration or amount
of a given species. Spectroscopy or spectrometry is also heavily used in astronomy and remote
sensing.

2.1. Infrared Radiation

Infrared radiation is a kind of electromagnetic radiation with a wavelength from 0.74
um to visible light (100 um) and was found by British space expert William Herschel.IR



radiation was found by British space expert William Herschel in his teaching of the Sun in
1800. In any case, he was not ready to translate it accurately and this discovery was overlooked.
More than a half-century go before J. C. Maxwell reasoned the equations which involve the

basic laws of electromagnetism (1864) [9,11].
Toward the start of the 20. century, A.A Glagoleva Arkadieva got the radio waves with

a wavelength equivalent to 80 um. In this way, it was tentatively demonstrated that there exists

a continuous transition from the IR radiation to radio waves [9-11].

2.2. Infrared Spectroscopy

FTIR spectroscopy is utilized to learning the vibrational motions of atoms [12] and is
recognizing how certain atoms are attached to each other or how they are gathered in a

molecule.

There are two kinds of vibrations motions that cause an absorption in an IR range of
frequency. Stretching includes a displacement along the bond axis. Bending includes an

alteration in the bond angle between two bonds and an atom mutual to both. These two motions

o 00 %

Figure 2.3. Stretching and Bending Vibrations of a diatomic molecule [12].

are displayed in Figure 2.3.



For example, in Figure 2.4 the borohydride anion (BH4) example is shown and it has two

vibrational modes that can be detected by IR spectroscopy.
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Figure 2.4 Infrared spectrum of NaBH4 (KBr pellet) [12].

Another example is CO2 molecule which is displayed in Figure 2.5 and can produce an
IR spectrum since the two C=0 bonds can stretch in an asymmetric mode and furthermore twist

to deliver changes in the dipole moment [12-14].

}

— = - (o
0=(C==0 Q=C= kof‘ “HQJ
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IR inactive IR active IR active
2350 em™ 666 cm”

Figure 2.5. Stretching and Bending Vibrations in CO, molecule [12].

More complex molecules have many bonds. For instance, the atoms in a CH2 (C2Ha)
which is a molecule that studied for this thesis, generally found in organic compounds can
vibrate in six diverse ways: symmetrical and anti-symmetrical stretching, scissoring, rocking,
wagging and twisting as can be seen in Figure 2.6 [15].
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Figure 2.6. Types of Vibration modes [15].



3. THEORY OF FTIR ABSORPTION SPECTROSCOPY

Someone can excite a molecule via two physical mechanisms. One of them is the
absorption of light and the other is scattering a photon. Figure 3.1 has demonstrated direct
absorption mechanism. The energy contrast hvk between two vibrational energy levels, the

ground and the final vibrational state can be given [16]

hv, = hvy — hy; (3.1)

The energy difference between two spectral lines can be given as

hvy — hvg = hvy — hy; (3.2)

\

.’.11019'
R

g ¥
Voa

Figure 3.1. Outline of the excitation of molecular vibrations in IR (top) and Raman (bottom) spectroscopy [16].

Vibrational transitions might be related to a rotational transition that must be resolved
in high-determination spectra of molecules in the gas stage. Along these lines, vibration—

rotation spectra will not be related to this thesis [15,16].
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3.1 Molecular Vibrations

The two masses with ma and mg, on movement of the spheres along the x-axis from the

local position by Dx, a reinstating force Fx follows up on the spheres, which as per Hooke's

law, is given by [17].

E, = —fAx

(3.3)

where f is force constant. The potential energy V then hinge on the square of the dislodging

from the symmetry position

V= %foz

From the kinetic energy, one gets
1 . 7

T = Zp(Ax)°

Where [ is, the reduced mass and can be defined by

mp Mg

my +mp
Because of the conservation of energy, one can get

_dr | av _ 1 d(a®) d(Ax?)

1
0= 5 f
dt dt 2 dt 2 dt

and with the Newton equation of motion

(3.4)

(3.5)

(3.6)

(3.7)



EL R g (3.8)

de* Ty

Equation (3.8) characterizes the differential equation for a harmonic motion and given as

Ax = A.cos(wt + @) (3.9

here A, w, and ¢ are the amplitude, circular frequency, and phase, respectively.

Joining Eq. (3.9) with second derivative one can gets

d?Ax
dt?

+w?Ax =0 (3.10)

And we can obtain the frequency,

w= [t (3.11)

p=— |L (3.12)



4. DENSITY-FUNCTIONAL THEORY

DFT is a variationally technique that is currently the greatest effective approachfor
computing the electronic structure of matter. Its applicability ranges from molecules, atoms,
and solids to nuclei and quantum. The DFT is derived from the N-particle Schrodinger equation
and is completely communicated as far as the density spreading of the ground state and the
single particle wave function [20-22].

4.1. Equations in Density Functional Theory
Density functional theory is a standout amongst the most popular and successful
guantum mechanical ways to deal with matter.

In quantum mechanics, we discover that all data we can have in a given framework is
contained in the framework's wave function, ¥ which for a single electron transition in a

potential v(r) can be given [21,23,24].

[+ v )] ¥ @) = 2w (). (4.)

If here is more than one electron the Schrédinger’s equation

Zm

[Z:I (_ P + 1”(7"5]) + Zz’-::_;l' U[TEFT}')] Y(r,ry wnty) = E¥(r, 1 o my ), (4.2)

here N is the quantity of electrons and U (r_i,r_j ) is the electron-electron interaction. For a

Coulomb framework, one can write

U=3i;U(r,1) =Xic; = (4.3)

10



the Coulomb interaction, similarly as the kinetic energy operator

oLy v (4.4)

is the similar for any nonrelativistic framework. For an atom

V=3 v(r)=5 —L_, (4.5)

|ri—R|

Where R the nuclear position and Q is the nuclear charge. For a molecule or a solid the

potential can be written as

VzZi v(r)=Xik du ) (4.6)

|7i— Rl

where the entirety on k reaches out over all nuclei in the structure, each with charge Q, = Ze
e and position Ry. The typical quantum-mechanical way to deal with Schrédinger's equation

can be abridged by the below sequence equation

SE (F]..¥)
v(r) = W(rn,7, ..., r;) = observables, (4.7)

One among the observables that designed in this method is the particle density [21].

n(r)=N[d’n [dir .. [d®r ¥ (r,n oy )P (nn ). (4.8)

Numerous capable way for explaining Schrodinger's equation have been produced amid many

years of battling with the many-body problem [21,25,26].

11



5. ELECTRON DENSITY

Electron density is the measure of the probability of an electron being available at a
particular area. In molecules, areas of electron density are typically found around the atom_and
around its bonds [27-29].

In quantum, chemical calculations, the electron density p(r), is an element of the
directions r, characterized as p(r)dr is the quantity of electrons in a little volume dr. The p(r)

can be composed of terms as a sum of results of premise functions, o:

p(r) =Z, X, B @, ()&, (7) (5.1)

where P is the density matrix.

Mulliken population examination depends on electron densities in particles and is a

method for separating the density between atoms to give a gauge of atomic charges.

12
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6. RESULTS AND DISCUSSION

The theory given above was applied to a different molecular system which is important
in theoretical chemistry. For these molecular systems at the beginning of the calculations, two
structures are optimized by using DFT method with a simple basis set. After optimized the

quantum mechanical calculations were done for the same optimized structure.
6.1. Naphthalene

Figure 6.1 displays the symbolic optimized structure of naphthalene molecule. As it can
be seen from the figure the structure is periodic and for this geometry, we implement DFT

method with a 6-311G basis set to calculate quantum results. With DFT method, we have

calculated vibration modes of the title molecules which give us the infrared information about

, 5
J

the molecular systems.

Lo

Figure 6.1. Atomic symbolic structure of naphthalene.
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Figure 6.2. electron density of naphthalene.

Figure 6.2 demonstrates the electron density for naphthalene molecule systems. As it
can be seen from the figure the density of electron is big around the carbon atoms than hydrogen
atoms. These results are obtained with the DFT method by implementing Mulliken population
analysis. Figure 6. 3 is showing the molecular orbital for naphthalene molecule. With this
figure, one can see very easily the electron density or electron clouds around the molecular
systems. For naphthalene, the HOMO energy value is -0.21723 eV and the LUMO energy is -
0.03539 eV. The difference between this two values is 0.18184 eV which is an energy band
gap for naphthalene molecule. This value is important for the electron transfer from one level
to another. An electron which has an energy equal to the bandgap can jump from lower to

higher energy level [30-32].

14
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¥
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Figure 6.3. HOMO and LUMO energies of naphthalene molecule.

Figure 6.4 is the FTIR spectrum of the naphthalene molecule that has been studied in
this thesis. This figure is obtained from the frequency calculations of DFT method. As can be
seen from the figure there have been some picks. These picks correspond to the vibration modes

of the studied molecules.
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Figure 6. 4. FTIR spectroscopy results for naphthalene.
6.2. Ethene Molecule

Figure 6.5 displays the symbolic optimized structure of ethene molecule. For this
molecule, we implement DFT method with a 6-311G basis set to calculate quantum results.
With DFT method, we have calculated vibration modes of the title molecules which give us the

infrared information about the molecular systems.

16



Figure 6. 5. Atomic symbolic structure for the C;H4 (Ethene) molecule.

Figure 6. 6. Electron density of the C;Ha.

17



Figure 6.6 demonstrates the electron density for ethene molecule systems. As can be
seen from the figure the density of electron is big around the carbon atoms than hydrogen
atoms. These results are obtained with the DFT method by implementing Mulliken population

analysis.

LUMO= 0.02224 ev

A

AE=0.29285 ev

Y
HOMO=-0.27061 ev

Figure 6. 7. HOMO and LUMO energies of the C;H4 molecule.

The HOMO and LUMO values for the C2H4 molecule are -0.27061 eV and 0.02224 eV
respectively. The energy band gap between HOMO and LUMO is 0.29285 eV as shown Figure
6.7.

18
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Figure 6. 8. FTIR spectroscopy results for the CaHa.

Figure 6.8 is depicted infrared spectroscopy for ethene (C2Hs). As it can be seen, the
naphthalene has more vibration modes than the C2H4 molecule and that is why the number of

the pick for naphthalene are more than the CoHs molecule.
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6.3. Ethyne Molecule

Figure 6.9 displays the symbolic optimized structure of ethyne molecule. For this
molecule, we implement DFT method with a 6-311G basis set to calculate quantum results.
With DFT method, we have calculated vibration modes of the title molecules which give us the

infrared information about the molecular systems.

Figure 6. 9. Atomic symbolic structure for the C;H, (Ethyne) molecule.

20
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Figure 6. 10. HOMO and LUMO energies of C2H2, molecule.

The HOMO and LUMO values for the C2H2 molecule are -0.29021 eV and 0.05615 eV
respectively. The energy band gap between HOMO and LUMO is 0.34636 eV as shown Figure

6.10. This value is a band gap energy for the ethyne molecule.
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Figure 6. 11. FTIR spectroscopy results for the CoHa.

Figure 6.11 is the FTIR spectrum of the ethyne molecule that has been studied in this
thesis. This figure is obtained from the frequency calculations of DFT method. As it can be
seen from the figure there are two sharp pick. These picks are corresponded to the vibration

modes of the C2H2 molecule.
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6.4. Propane Molecule

Figure 6.12 displays the symbolic optimized structure of propane molecule. For this
molecule, we implement DFT method with a 6-311G basis set to calculate quantum quantities.
Vibration modes of the title molecules have calculated by implementing DFT method which

gives us the infrared information about the molecular systems.

Figure 6. 12. Atomic symbolic structure for the CsHg (Propane) molecule.

23
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+
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Figure 6. 13. HOMO and LUMO energies of the CsHg molecule.

The HOMO and LUMO values for the C3sHg molecule are -0.32469 eV and 0.11994 eV
respectively. The energy band gap value between HOMO and LUMO was calculated as shown
in Figure 6.13 to be of 0.44463 eV.
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Figure 6. 14. FTIR spectroscopy results for the C3Hs.

Figure 6.14 is the FTIR spectrum of the propane (C3zHg) molecule that has been studied
in this thesis. This figure is obtained from the frequency calculations of DFT method. As it
can be seen from the figure there have been some picks. These picks corresponded to the
vibration modes of the propane molecules. This molecule has a big vibration motion at around

3000 cm™* wavenumbers.
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6.5 Nitrous Acid Molecule

Figure 6.15 displays the symbolic optimized structure of the Nitrous acid molecule. For
this molecule, we implement DFT method with a 6-311G basis set to calculate quantum results.
With DFT method, we have calculated vibration modes of the title molecules which give us the

infrared information about the molecular systems.

Figure 6. 15. Atomic symbolic structure for HNO (Nitrous acid) molecule.
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HOMO=-0.30093

A

AE=0.39391 eV

LUMO=-0.092938

Figure 6. 16. HOMO and LUMO energies of HNO> molecule.

The HOMO and LUMO values for the HNO, molecule are -0.30093 eV and -0.09298
eV respectively. As can be seen from Figure 6.16 the energy band gap between HOMO and
LUMO is 0.39391 eV.
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Figure 6. 17. FTIR spectroscopy results for HNO,.

Figure 6.17 is the FTIR spectrum of the Nitrous acid molecule. This figure is obtained
from the frequency calculations of DFT method. As it can be seen from the figure there have
been some picks in the lower case of wavenumber. The picks where corresponded to the
vibration modes of the studied molecules.

28



6.6. Water Molecule

Figure 6.18 displays the symbolic optimized structure of water molecule. For this
molecule, we implement DFT method with a 6-311G basis set to calculate quantum results.
With DFT method, we have calculated vibration modes of the title molecules which give us the

infrared information about the molecular systems.

Figure 6. 18. Atomic symbolic structure for H,O (Water) molecule.
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A

AE=0.34409

Y

LUMO=0.0872

Figure 6. 19. HOMO and LUMO energies of H,O molecule.

The HOMO and LUMO values for the H,O molecule are -0.25685 eV and 0.08724 eV
respectively and depicted in Figure 6.19. The energy band gap between HOMO and LUMO
calculated as 0.34409 eV.
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Figure 6. 20. FTIR spectroscopy results for H20.

Figure 6.20 is the FTIR spectrum of the H.O molecule. This figure is also obtained
from the frequency calculations of DFT method. Water molecule has some vibration in lower
and higher values of wavenumbers. These picks are corresponded to the vibration modes of the
studied molecules.

The band gap energy values for the C2H2 molecule is 0.34636 eV, for the C3Hg is
0.44463 eV, for the HNO- is 0.39391 eV and for the H20 is 0.34409 eV. As can be seen from
these values the band gap has chance depending of the molecule.

As results in this thesis, we have calculated electron densities, FTIR spectrums, HOMO
and LUMO energy values for Naphthalene, C2H4, C2H2, C3Hs, HNO2, H20 molecules. It was
found that the number of picks for Naphthalene is larger than the CoH4 molecule and the others
which are depending on the vibration modes of the systems. We also have calculated the
HOMO and LUMO energy levels of all the molecules [33-36].
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