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Abstract

This study aims to determine the spectral properties of the trimethyl Indium molecule
(TMlIn) using the Semi-empirical quantum programs [HyperChemS8.0, WinMopac7.21]
by (MNDO-PM3) (Modified Neglect of Differential Overlap-Parameterization Model3).
This method characterized by the flexibility, the simplicity and the quick performance.
The equilibrium geometry and the potential curve were calculated and then from the
curve, the total energy of the molecule at the equilibrium distance was calculated. In
addition, the dissociation energy, the electronical energy, the core-core repulsion, the
ionization energy, the zero point energy, the energy gap, the frequencies and basic
vibrational modes have been calculated. The study’s results were in agreement with the
previous research.

1. Introduction

The molecule trimethylindium TMIn (C;Hyln) is a nonlinear organometalic molecule
which is used as a source of Indium in the epitaxial processes of the crystals during the
manufacturing process of the semiconductor materials by a method called (Metal
Organic Chemical Vapor Deposition) (MOCVD) to form semiconductors containing
indium compounds such as AsIn. Additionally, TMIn can be used in manufacturing of
light emitting diodes, emitting lasers, high-power solar cells and high-efficiency
transistors. However, TMIn is a pyrophoric (ignites spontaneously upon contact with air)
therefore it should be treated with caution [1].

One of the most basic physics and chemistry matters is finding the molecular
properties such as the energy and the balanced molecular arrangement, which would be
in agreement with the quantum mechanics and the Schrodinger equation:

Hy=Ew (1)

Where H is Hamiltonian-Operator which is characterizes the total energy of any wave
function for a system in a certain level. E is the numerical value of energy. W is the wave
function of the quantum system and describes the system status.

It is known that Schrodinger equation solution can be fully possible for the hydrogen
atom only, while it will be uncompleted and the full solution cannot be obtained for any
other molecular system. Therefore approximate solutions can be acquired and then they
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can be improved gradually to approach the general solutions
as much as possible [2].

The theoretical chemistry programs can be defined as the
science which concern with the application of the theoretical
foundations and solving the mathematical problems. The
molecular modeling program is one of the applications of
these programs which can predict and find a number of
important physical properties.

The ways of determining the total energy to predict
molecular structures are: - [3, 4]

1. Ab-initio electronic structures calculations.

2. Semiempirical methods.

3. Molecular mechanics.

4. Density functional theory.

The theoretical calculations of the first type depend on the
quantum mechanics. It is consider as one of the advanced
methods in this area because of their high precision and for
using set of rules to solve Schrodinger equation for different
chemical systems. But this method is still have limited
applications due to the long time that required for obtaining
the calculations which sometimes exceed several weeks for
each molecule as it will need to deal with the whole internal
electrons in the molecule. The calculations of the second type
are using the quantum mechanics and rely on the valence
electrons only as the inner electrons covers part of the core of
the atom and the nucleus. While the third type method’s
calculations depend on the principles of classical physics,
which eliminates the processors of the electronic
arrangement for the material. Therefore, it has limited
application in such studies. The fourth type also depends on
the quantum mechanics in their solutions but it deals with the
electronic density.

(HyperChem8.0, WinMopac7.21) is considered as the
most important molecular modeling program. Hyperchem is
a quantum mechanics program contains all the molecular
modeling programs. Through this program, it is possible to
draw the molecules by selecting the internal coordinates of
the molecules (1, 6°, ¢°) and then predicting their spectral
properties. On the other hand, WinMopac7.21 program is an
improved copy of MOPAC programs which is constantly
evolved. In fact this program presented a big effort in the
field of the scientific research. It is a semi-empirical program
and provided precise solutions for the experimental
difficulties during the study of some hazardous materials,
highly sensitive or very active materials [5].

In (2001) [6], B. H. Cardellino and his group studied the
theory of indium compounds and calculated engineering,
electronic and thermal properties by using the method of ab
initio and of these compounds: halides indium and Hydride
[InF-InCl-InCl3-InH-InH;], methyl indium, Dimethyl indium
hydrogen and derivatives [In(CH3)-In(CHs),H-In (CH;3);H,],
trimethylindium, trimethylindium with ammonia and
trimethylamin [In (CH3);- (CH3); In: NH3- (CH;);ln:
(NH3);]. In (2006) [7], A. Deleon studied the shape of the
molecule and the spectral frequencies of glucose and fructose
molecules using a semi-empirical and DFT methood. In 2010

[8], Nayef studied the thermal properties of (GaAs) molecule
using semi-empirical quantum programs via the method
MNDO-PM3 at a stable geometric structure. In 2014 [9], R.
Benallal studied the comparison of the stability and
properties of vibrational spectra for some flavonols
compounds by quantum  mechanical calculations
[smiempirical method (ZINDO/1, PM3 and ZINDO/S) and
calculated standard enthalpy of formation, vibrational
spectra, binding energy, and dipole moment. In 2015 [10], R.
Benallal studied experimental and theoretical of the structural
and spectroscopic properties of Quinoxalin-2[1H]-one
molecule at room temperature in its ground state and this
study is complemented by calculations of conformational,
charge distribution, energy properties and electronic
transitions positions of the molecule in the ground state using
AMI and ZINDO semi- empirical methods.

This project aims to study the spectral properties and the
molecular structure of TMI molecule (C3HyIn) in the infrared
region (IR), by using the semi-empirical calculations via the
method (MNDO-PM3). This study also aimed to find the
lower energy of the stable state of the molecule via the
potential energy curves. The study of the spectral and thermal
properties of the two molecules [trimethylaluminum TMALI,
trimethylindium TMIn] wusing semiempirical quantum
programs have been investigated in ref. [11].

2. Theory

The atomic spectrums are lines resulting from the
electronic transitions between the energy levels of the atom,
while the molecular spectrums appear in the form of a wide
spectrum consisting set of lines arise from a number of
electronic transitions when analyzed with a high definition
analyzer [12].

There are many types of molecular energy states which are
the Rotational Energy Levels (Eg,t ), the Vibrational Energy
Levels (Eyip.), and the Electronic Energy Levels (Egje ).

Etotal = ERot. + Evib. + Eele. (2)

The differences between the electronic energy levels are
much greater than the differences between vibrational energy
levels, where these in turn are much larger than the rotational
energy levels.

This research is focusing on the vibrational energy as it
represents the potential energy and the kinetic energy that
possessed by the molecules. This energy is quantization
energy and become from the vibrational movements of the
molecule. The vibrational movement can be studied
classically for a diatomic molecule in term of one
dimensional harmonic model as initial approximation
providing a successful start to discuss the vibratory motion
for diatomic molecules. In order to approximate, we can
imagine that there are two atoms linked by a chemical bond
and vibrate along inter nuclear axis. If the two atoms have the
masses m; and m, and the bond between them has zero mass
helical spring, the two atoms would vibrate harmonically to
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the center of the mass. According to the Hook law the
restoring force is [12]:

F = —k(r —re) 3)

Where (k) is the force constant, (r-re) is the displacement
from the center of the mass.

Both masses can move together as one mass and so they
can be reduced to (w):

mlm2

p= “)

ml+m?2

The classical frequency of the vibrant is given as the
following relationship:

v = % k/p Q)

Where (v) is the vibration frequencies. Therefore, the
relationship between the vibrational potential energy and the
distance can be represented by the typical energy equation
[12, 13]:

V@) = k(- re)? (©)

Where V(r) is the potential energy by the harmonic model.
According to quantum mechanics, the Schrodinger equation
can be representing as follows [12]:

2
ol ko R =Fw )
20 2 €

It is obvious from solving this equation that the total
vibrational energy is quantitative and take the values:

1
E, =hv (v +2),v=0,1,2 ®)

Where vy, is the total vibrational frequency and (v) is the
number of the vibrational quantum. (1/2 hv,;,) is the smaller
energy value when v = 0 and called as the zero point energy,
and this value represents the difference between the classical
mechanics and the quantum molecular vibrations. However,
the energy in the classical mechanics can be equal to zero and
this means that the molecule is not having a vibrational
energy at the normal circumstances, while the quantum
mechanics confirms that the molecule must have a certain
vibration.

The energy levels can be expressed by the unit of cm’, so
the value of the reduced vibrational energy levels can be
represented by the unit cm™ after dividing on (hc) as in the
equation:

GWV)=w (v + %) 9)

Where G (v) represents the vibrational energy level, Where
o is the wavenumber and the unit is cm™. The differences
between the vibration energy levels by the harmonic
oscillator model are equal to the value of one.

In fact, the real diatomic molecules do not behave
harmonic accurately, because when the value of (r-r.) is very

small, the particles act harmonically and by increasing the
displacement, molecules begin to deviate from harmonic
behavior and act as an harmonic oscillator until reach a
specific value where the molecule dissociate to their
constituent atoms. The potential energy at this point can be
identified as the dissociation energy (De). For this reason,
many potential functions were proposed consistent better
with the experimental curve. Morse potential function is one
of these functions and is represented by the following
equation [12]:

Vi = Dg[1 — e P (r-Te))2 (10)

Where V,, represents the potential energy of the bond and
(D.) is the dissociation energy of the molecule and B is a
special constant for each electronic state of the molecule.

When the potential energy is substituted with the Morse
potential function in Schrorodinger equation, the vibration
energy levels equal to:

1 12
W) =(v+ 2 )oe—(v+3) wexe (1

Where (w,) is the vibrational frequency in anharmonic
movement and (X.) is the anharmonic constant. The zero
point energy as anharmonic model when (v = 0) is:

1 1 _
G(0)=Eme(1—5xe)cm 1 (12)

It can be also calculated the vibrational frequency and the
normal coordinate from the molecular energy constants
which is the most common way. So Wilson equation can be
solved [14]:

ZLi(Fij —A Mij):O (13)

Where Fjjis the Matrix element energy constants, A is the
eigenvalue, Mj; is the atomic mass matrix element and L; is
the combination transaction values. Solving this equation is a
fundamental to find the determinate roots(A) and to evaluate
the vibrational frequency and to locate the eigenvectors that
determine the normal coordinates. The dipole moment is an
electrostatic force operating between two equal and different
charges.

The spectra of vibrational motion of multiple molecules of
atoms be complex, where vibrational movement can be
described in terms of a simple movements are called normal
mode of vibration as base (3N-6) for nonlinear molecule [15].

If the amount of charge is ¢ and the distance between two
of them is d, the equation of the dipole moment can be
written as [16]:

n=q.d (14)

3. Results & Discussion
3.1. The Molecular Structure

TMIn can be represented by the shape in the figure 1,
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which was drawn by Hyper Chem8.0 program. The
calculation of the program depends on the internal
coordinates (r, 6, @) and on the geometric shape at the
equilibrium state.

Table 1 shows TMIn molecule initialize matrix which can
be obtained after drawing the molecule when reaching the

optimization state for the best geometrical position. The table
illustrates the atoms of the molecule, the distance between
these atoms (r), the best position of these atoms (Opt.), the
values of the angles between bonds (6°) and the dihedral

angles (¢°).

Figure 1. The molecular structure of TMIn molecule drawn by the HyperChem 8.0 program.

Table 1. The initialize matrix, the internal coordinates (v, 8°, ¢°) and the symmetry of the atoms sites (4, B, C) of TMIn molecule at the stable state calculated

by HyperChem program.
ATOM r (A) OPT. 0° OPT. 0’ OPT. A B C
Inl 0 0 0 0 0 0 0 0 0
C2 2.1590476 1 0 0 0 0 1 0 0
C3 2.1592133 1 120.090494 1 0 0 1 2 0
Cc4 2.1593416 1 120.356056 1 -179.987349 1 1 2 2
H5 1.0922267 1 111.611064 1 21.986422 1 31 2
H6 1.0976668 1 108.748714 1 -97.366026 1 31 2
H7 1.0932230 1 111.106542 1 143.880030 1 3 1 2
HS8 1.0953490 1 109.968113 1 -124.374418 1 4 1 2
H9 1.0962757 1 109.490566 1 117.331710 1 4 1 2
HI10 1.0913982 1 111.997283 1 -3.253940 1 4 1 2
H11 1.0978068 1 108.612.905 1 93.771783 1 2 1 4
H12 1.0929898 1 111.268421 1 -147.383003 1 2 1 4
H13 1.0923751 1 111.494208 1 -25.379521 1 2 1 4

Table 2 shows the obtained results from the present study for the internal coordinates of the TMIn molecule between the two
atoms of In-C1. It was clear the rapprochement of the theoretical values with the previous studies values.

Table 2. The dimensions, the angles and the surface angles of the TMIn molecule calculated by the HyperChem program and compared with the experimental

results of other work.

Internal Coordinate This Work Cal. Other Work Exp. [6, 17]
Inl ----- C, 2.15 2213
Bond Length (A°) Inl ----- C, 2.15 2.158
Inl ----- C, 2.15 2.158
<C, In Cy 120.09 119.97
Angle (deg.
gle (deg) <C,InC, 12035 119.96
. D C,InCs 0 0
Dihedral Angle (deg.
ihedral Angle (deg.) ¢C, InC, 180.2 179.2
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Table 3 illustrates some of the spectral properties that give full descriptions of the molecular structure. These properties were
found after obtaining the initialize matrix and were incorporated into the matrix by using the WinMopac7.21 program. These
properties include the total energy at the stable position, the electronic energy, the core-core repulsion energy, the zero point
energy, the ionization energy, the dipole moment, molecular weight and the numbers of the occupied levels with electrons.

Table 3. The results of the spectral properties of the TMIn molecule calculated by the (WinMopac7.21) program.

The spectral properties The calculated values by WinMopac7.21 program Units
Total Energy -548.497 eV
Electronic Energy -1789.829 eV
Core-Core Repulsion 1241.331 eV
Ionization Potential 10.334 eV

Zero point energy 67.523 Kcal/mol
Dipole moment 0.07742 D
Molecular Weight 159.924 a.m.u
No. of Filled Levels 12

3.2. The an Harmonic Potential Energy
Calculations
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Figure 2. The total energies of the TMIn molecule at different (In — C2)
lengths.

Figure 2 illustrates the relationship between the total
energy and the distance between the two atoms (In-C2). The
potential energy curve of the molecule is plotted by changing
the In-C bond length and calculating the total energy each
time as making the bond fixed by making Opt. = 0 instead of

1. The curve showed that the lowest value of the total energy
is (-548.49 eV) at the equilibrium distance (r = 1, = 2.15A°).
The curve also showed that the energy increase steadily after
the equilibrium distance until the bond dissociates at (De =
4.9 eV) which represents the difference between energy
Molecule in the case of default equilibrium and energy
Separate atoms of each. This value was in agreement with the
literatures (De = 2.69 eV) [18].

The curve in the figure 2 showed that when the atoms are
bringing closer to each other, less than the balanced distance,
a high repulsion force arise accompanied by an increasing
potential energy. In contrary, when the atoms diverge, more
than the balanced distance, a weak attraction force appear
accompanied by a weak potential energy that increases
slowly until the bond breaking down. This can be called
dissociation energy.

3.3. The Frequencies and the Vibrational
Modes Calculation

Table 4 illustrates the basic vibrational frequencies at the
infrared (IR) region of the TMI molecule with the intensity
and the symmetry as their number was (33) according to the
relationship (3N-6) where N represents the number of atoms
of the molecule. The table also showed that the frequencies
(the wavenumbers) of HyperChem and WinMopac programs
are close with the literatures measures. It has been concluded
that the vibrational frequencies between the two atoms (In-C)
were at the wavenumbers 509.37 cm™. This was in agreement
with the practical measures 500 cm™ [19].

Table 4. The vibrational frequencies of TMIn calculated by HyperChem and WinMopac programs and compared with the practical values of other works.

This work Other work

Vibration Intensity Km/mol. EV{?;Z:EIEEES Cal. by mﬁ;‘:;‘;l:r r Cal. by Wave number Cal. [6] Wave number Exp. [19]
1 0.33 4.48 57.46 27

2 0.1441 25.64 81.36 35

3 0.294 39.78 114.2 35

4 0.3691 125.83 135.16 111

5 0.14 126.08 139.99 111

6 0.104 126.94 147.54 120
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This work Other work
Vibration Intensity Km/mol. F:I;‘l;i:lg:::: Eb1y ?tlﬂz"i:lel\’il:l?;lc)]e 1 (Elb Ly Wave number Cal. [6] Wave number Exp. [19]
7 0.024 510.61 509.37 461 500 s (In-C)
8 0.591 538.81 537.67 488 687 ms
9 1.274 539.42 538.87 489
10 0.157 675.49 681.14 618
11 0.174 693.31 703.45 618
12 0.017 741.72 753.54 641 725's
13 35.32 776.74 778.22 714
14 15.29 798.49 803.87 734
15 16.75 802.07 808.89 734
16 7.09 1265.47 1267.79 1205 1155 vw
17 9.65 1265.74 1270.22 1205
18 0.064 1287.52 1287.14 1211
19 0.457 1380.59 1380.03 1457
20 0.457 1380.59 1380.09 1459
21 3.39 1381.41 1381.49 1459
22 3.24 1381.75 1382.1 1463
23 0.37 1381.99 1382.37 1465
24 3.041 1383.79 1384.09 1471 2860 m
25 0.743 3089.79 3090.34 3024 2920 s
26 8.596 3090.79 3090.57 3024 3000 s
27 4.991 3096.77 3097.12 3026
28 4.662 3127.74 3128.22 3097
29 4.297 3133.3 3133.61 3097
30 3.675 3134.28 3134.94 3098
31 6.617 3203.72 3204.33 3118
32 5.48 3203.91 3204.33 3119
33 0.137 3204.82 3205.31 3119

*Abbreviations: vw; very weak; m. medium; s. strong; ms, medium strong

It has been also observed that the highest absorption intensity was at the wavenumber 776.74 cm™ as shown in figure 3, This
value was in agreement with the experimental values[19].
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Zoom: «| | >
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fi ) ’ ’
i v‘l | ) il | |
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Figure 3. The absorption intensity of TMIn drown by HyperChem8.0 program.
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Figure 4 illustrates some of the vibrational modes of the TMIn molecule and shows that the atoms motion directions which
represented by the arrows, and also determines the intensity, symmetry and the frequency for each modes.

Normal Mode:3
Fraquency =39.78
Intensity=0.284
Symmetry=3A

Normal Mode; 1
Frequancy =4.48
Intensity=0.33
Symmetry=1

Figure 4. The main vibrational modes, the frequency, the intensity and symmetry of TMIn for each mode drown by HyperChem8.0 program.

3.4. Molecular Orbital Eigenvalues

Figure 5 illustrates the energy levels of the molecular
orbitals and the symmetry of each level for the TMIn treated
via HyperChem program. The values of the energy levels of
the TMIn molecule and clarifying the higher occupied
molecular orbital (HOMO) and the lower unoccupied
molecular orbital (LUMO) calculated by the HyperChem
program.The figure shows 12 of the occupied orbitals and 13
of the unoccupied orbitals. The energy of the higher occupied
molecular orbital (Eyomo) and the energy of the lower
unoccupied molecular orbital (Ejyyo) were calculated by
measuring the molecular orbital eigenvalues.

Symmetry Energy (el)
25A 1.70074
24A 4.6870
23A 4.6690
22a -

4.5979
A 4.5500
i55 4.5387

4.4615
ABA; 4.4456
- 1.4030
16A 0.7492
15A 0.7219
11a = 0.3974

E..=10.72 eV
_— — Oev
13a -2.504
5 TN -
124 — 10.3343
11A ‘l } -10.3738
10A 1 -13.3228
N1

oA \i |B -13.3256
SA 1 p -13.3356
7A < p -13.7085
GA ‘l p -13.8490
sa ‘l_" -13.8642
1A -‘l !‘ -14.1371
3a | } -28.5906
24 \! -28.6037
1A N | -29.0069

Figure 5. The values of the energy levels of the TMIn molecule and
clarifying the higher occupied molecular orbital (HOMO) and the lower
unoccupied molecular orbital (LUMO) calculated by the HyperChem
program.

The gap energy was also calculated according to the
relationship (Egp = Eromo- Enomo), and was equal to 10.72
eV. The ionization energy (I.P) was calculated from the
absolute value of the highest occupied orbital and it was
equal to 10.33 eV.

4. Conclusions

From studying the molecular properties of the molecule, it

has been concluded that:

1. The absorption intensity between the two atoms (In-C)
were at the wavenumbers 509.37 c¢m™, The vibrational
frequencies depend on the masses of the vibrational
atoms as the lighter atom would have the highest
vibrational frequency, according to the equation (5).

2. The study was found that the equilibrium distance
(bond length) of TMIn is (2.15 A°) and the total energy
is (-548.49 eV) whereas the dissociation energy is (4.9
eV).

3. The molecule has 12 orbitals occupied by the electrons
and 13 orbitals unoccupied by the electrons. The energy
gap was 10.72 eV and the ionization energy was (10.34
eV).

4. The value of dipole moment of TMI molecule was
0.176 D where the dipole moment is a function of the
charge and the bond length as the equation (14).
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