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ABSTRACT: The research has been carried out to determine the energy gap of the compound murrastanine-a conjugated with
period 4 metals. The calculation of the energy gap is carried out theoretically using computational methods with density functional
theory (DFT) and the basis set 6-31G*/B3LYP through NWChem software. The results showed that all period 4 metal conjugations
could reduce the energy gap of the murrastanine-a compound except for conjugation with gallium metal. The energy gap of the
murrastanine-a compound decreased from 4.479 eV to 4.444 until 0.019 eV. The presence of conjugation with metals makes the
energy gap of murrastanine-a diverse so that it can increase its potential use. CaMz, CuMz, and AsMs complexes can be potential as
high-temperature sensors. CrMs and FeM, complexes can be potential as solar cells. KM, CaM,, TiM4, ZnM,, GeM,, and AsM3
complexes can be potential as blue LED devices. Complex compounds resulting from the conjugation process with period 4 metals
can be formed stably except for complexes with potassium and calcium metals which are characterized by the absence of charge
distribution.
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INTRODUCTION

Currently, the application of organic compounds is increasingly being carried out, including as organic semiconductor materials in
the manufacture of sensors. Semiconductors are materials that can behave as conductors or insulators at certain times because
semiconductors have an energy gap between the conductor and insulator material [1]. In general, the semiconductor energy gap is in
the range 0of 0.2 to 2 eV [2].

In semiconductor materials, there can be excitation of electrons towards the conduction band caused by several external
influences such as light and temperature [3]. When the conduction band is filled, the material behaves as a conductor, and when the
conduction band is not filled with electrons, the material behaves as an insulator [4]. Materials with an energy gap of 1.12 to 3.2 eV
can be applied as high-temperature sensors with a range of 20 to 600 °C [5], [6]. Body temperature sensors that are widely used at
this time are non-contact sensors that use infrared sensors [6], materials that meet the infrared spectra have an energy gap ranging
from 0 to 1.5 eV [7]. As for the use of semiconductors related to the influence of light, it has been widely applied as solar cell devices
using materials with an energy gap between 0.93 to 1.61 eV [8]. For light converter devices that can work indoors, namely indoor
photovoltaic which can work optimally using materials that have an energy gap of 1.80 to 1.90 eV [9], [10]. In addition, some
semiconductors can be affected by electric currents and emit light, namely light-emitting diodes (LEDS), there are several types of
LEDs, one of which is blue LEDs which use materials with an energy gap of 2.7 to 4.2 eV [11].

Organic compounds that have the potential as semiconductor materials are organic compounds that have conjugated double
bonds. The presence of conjugated double bonds allows the process of absorption of electromagnetic waves so that electrons can be
excited from the ground level to the excitation level [12]. In general, organic semiconductor compounds have a larger energy gap
than inorganic semiconductors, that is 2 to 3 eV, with a large energy gap making the sensitivity of organic semiconductors not as
good as inorganic semiconductors. Several things can be done to reduce the energy gap, one of which is by making organic complexes
which are a combination of materials with high electron affinity (electron acceptors) and compounds with low ionization energies
(electron donors). The transfer of charge between the molecules of the material can increase the conductivity of the material [13].

One of the organic compounds that have properties as a semiconductor is the murrastanine-a compound. Murrastanine-a
compounds can be found in the bay koja plant which has the Latin name Murraya keonigii. The compound murrastanine-a was
isolated from the methanol extract of the bark as a brownish-colored oil [14]. Murrastanine-a is a carbazole derivative in which
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carbazole is an organic semiconductor compound that has been successfully applied as an OLED material with an energy gap of 3.5
eV [15].

To reduce the energy gap of the compound murrastanine-a, in this study, conjugation was carried out with period 4 metals,
that is from potassium metal to arsenic, which these metals can form complex compounds [16]-[20]. The energy gap is determined
from the difference between the HOMO energy and the LUMO energy. The energy gap value indicates the electrical conduction of
both the semiconductor and the insulator [21].

In this study, the energy values of HOMO and LUMO were calculated theoretically using a computational method with

density functional theory (DFT) and a basis set of 6-31G*/B3LYP. The basis of the DFT method is the calculation of electronic
energy determined from the electron density (p). In other words, there is a one-to-one correspondence between the density of a system
and the energy. The purpose of the DFT method is to design a function that relates electron density to energy [22]. In modern DFT
there are several functions designed to find an accurate and computationally feasible approach, one of which is a hybrid function in
which some of the exact exchange fraction (HF) is calculated using Kohn-Sham (KS) orbitals. The B3LYP function belongs to the
hybrid function category, which is one of the most used functions in DFT applications [23]. B3LYP can be called a hybrid function
because it is the result of the combination of the Hartree-Fock estimate with energy exchange and the DFT estimate with energy
exchange, all of which are combined in a function that includes electron correlation [22].
The basis set used in this study is 6-31G* which belongs to the polarized base set. On a polarized basis set, the angular momentum
function is added to the function describing the atomic orbitals [24]. This basis set is used to describe the density polarization of other
atomic fields. Since only electrons in the valence orbitals are polarized to some degree, the polarization function is included only for
valence electrons [25].

The use of the DFT method with the B3LYP function and the basis set 6-31G* has been successfully carried out for the
calculation of the energy of the HOMO and LUMO bands in organic semiconductors as has been done by Pamungkas and Sanjaya,
2013 in determining the energy gap of calcium metal conjugated porphyrin compounds [12], as well as by Wahyudah, 2016 in
determining the energy gap of delphinidin complex compounds [4].

MATERIALS AND METHODS
Hardware and Software

Calculations were carried out using a computer with specifications: Intel Xeon, CPU E5-2609 v4 1.70GHz with Ubuntu
20.04.1 operating system. The software used in this research are: Avogadro, NWChem, and Jmol. Avogadro was used for the initial
modeling of the structure of the murrastanine-a complex with metal and creating the input file for the calculation of the energy gap,
NWChem was used for computational calculation of the energy gap of the complex compound murrastanine-a with metal, and Jmol
was used to visualize the electron distribution of the murrastanine-a complex with metal.

Methods
Initial Modeling

The structure of murrastanine-a compounds and murrastanine-a complexes with period 4 metals was drawn using Avogadro
software, and the structure of metal complexes with murrastanine-a was adjusted to the oxidation state of the metal. After that, to
minimize the structure, geometry optimization is carried out, then the file is saved as a PDB file.
Energy Gap Calculation

From the compound structure file that has been created, then an input file is created for the calculation of the HOMO and
LUMO energy bands on the NWChem software using the Avogadro software. In making the input file, the calculation method, basis
set, compound charge, and multiplicity adjustment are selected. This study used single point energy calculation with the DFT method
and basis set 6-31G*/B3LYP. Then the input file is saved as file.nw which is then used in the calculation of the energy of the HOMO
and LUMO bands. The calculation steps in the NWChem software are carried out according to the method described by Valiev et
al, 2010 in the article “NWChem: A comprehensive and scalable open-source solution for large-scale molecular simulations” [26].
The results of the calculations on the NWChem software are in the form of a log file containing energy data including energy data
for the HOMO and LUMO bands, then the energy gap of the compound is determined from the calculation of the difference between
the energy of the HOMO and LUMO bands.
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Visualization of Charge Distribution

The charge distribution of murrastanine-a complexes with metal was visualized using Jmol. The log file calculated from
NWChem is opened with Jmol, then the surface menu is selected, and then the molecular electrostatic potential is selected to display
the distribution of electrons from metal complex compounds with murrastanine-a.

RESULTS AND DISCUSSION
Results of Modeling the Structure of Murrastanine-a with its Metal Complex

The modeling of the murrastanine-a structure was carried out using Avogadro. The structure of the murrastanine-a
compound is shown in the figure below:
o—

OH

Figure 1. Structure of murrastanine-a compound
Modeling of murrastanine-a metal complex (MMu) was also carried out using Avogadro software. The metals used are all
metals in period 4, from potassium to arsenic. The complex structure is adapted to the oxidation state of each metal.

MMUS MMU6

Figure 2. The structure of murrastanine-a metal complex
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In this research, the main oxidation state of each metal is used. The metal will be the central atom and bonded to the
nitrogen atom of the murrastanine-a compound. The tendency of the bonds formed is coordination bonds caused by the presence of
empty orbitals on metal atoms so that they can be occupied by electrons owned by nitrogen in murrastanine-a. After modeling, the
metal structure with murrastanine-a was optimized to obtain a stable structure with a minimum energy level.

Results of the Energy Gap Murrastanine-a Complex

The energy gap is calculated from the difference between the energy of HOMO and LUMO. The energy values for HOMO
and LUMO are obtained from the single-point energy calculation using the DFT method by NWChem software. The results of the
energy gap calculation are shown in the following table:

Table 1. The result of the energy gap calculation

No. | Compound Homo (Hartree) | Lumo (Hartree) | Eg (Hartree) | Eg (Ev)

1 Murrastanine-A -0.182985 -0.018366 0.164619 4.479513457
2 KM -0.183583 -0.039400 0.144183 3.923421286
3 CaM: -0.185292 -0.084022 0.101270 2.755698478
4 ScM;s -0.187235 -0.023906 0.163329 4.444410751
5 TiM4 -0.182425 -0.026344 0.156081 4.247182523
6 VMs -0.165281 -0.146591 0.018690 0.508581066
7 CrMs -0.073564 -0.072865 0.000699 0.019020769
8 CrMs -0.151448 -0.115445 0.036003 0.979692034
9 MnMg -0.153462 -0.152016 0.001446 0.039347684
10 | MnM; -0.142856 -0.141874 0.000982 0.026721595
11 | FeM; -0.222449 -0.184536 0.037913 1.031665808
12 | FeMs -0.183736 -0.159722 0.024014 0.653454560
13 | CoM; -0.183361 -0.178529 0.004832 0.131485485
14 | CoM; -0.186846 -0.178576 0.008270 0.225038278
15 | NiM; -0.187581 -0.181105 0.006476 0.176221026
16 | CuM -0.182578 -0.160659 0.021919 0.596446677
17 | CuM; -0.180299 -0.083444 0.096855 2.635560147
18 | ZnM; -0.183368 -0.058686 0.124682 3.392771775
19 | GaM; -0.185361 -0.020430 0.164931 4.488003413
20 | GeMq -0.181897 -0.024598 0.157299 4.280326009
21 | GeM; -0.185142 -0.047184 0.137958 3.754030321
22 | AsMs -0.171162 -0.095711 0.075451 2.053127341
23 | AsM;3 -0.177048 -0.021701 0.155347 4.227209356

The results of the energy gap of murrastanine-a compounds after conjugation with period 4 metals are known to have
succeeded in producing complex compounds with lower energy gaps than the energy gap of murrastanine-a compounds before being
conjugated with metals, except in conjugation with gallium metal which produces complex compounds with a higher energy gap
value than the initial energy gap of murrastanine-a compounds. Following research conducted by Khorsand Zak et al, 2016 who
reported that the addition of gallium dopants to ZnO compounds could increase the value of the energy gap [27], and research
conducted by Narayanan et al, 2018 which reported that the energy gap of ZngssCao150 increased after the addition of gallium
dopants, and the energy gap continued to increase with the increase in the concentration of gallium dopant, this could occur due to
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the Burstein-Moss effect [28]. The Burstein-Moss effect is related to changes in the state of electronic energy levels in the conduction
band and valence band of semiconductor materials that are given impurities of other elements [29].

From the results of conjugation with period 4 metals, it is known to have produced complex compounds with various
energy gaps. The resulting drop in energy gap ranges from 4.444 to 0.019 eV.

Table 2. Potential uses of the murrastanine-a complexes

Kompleks LM Celah Energi Potensi Kegunaan

VMs, CrMs, CrMs, MnMs, MnM;, FeM,, FeMs, | 0,019 — 1,031 eV Sensor inframerah, sensor
CoMg,, CoMs, NiMz, CuM suhu tubuh

CaM_z, CuMgz, AsMs 2,053 - 2,756 eV Sensor suhu tinggi

CrMg dan FeM; 0,979 -1,031 eV Sel Surya

KM, CaMa, TiM4, ZnM;, GeM2, AsM3 2,756 — 4,247 eV Blue LED

The diversity of energy gaps resulting from metal conjugation makes the potential use of murrastanine-a compounds as
organic semiconductors to be wider in several fields, such as temperature sensors, light sensors, solar cells, and LED devices.

Results of Murrastanine-a and Murrastanine-a Complexes Predicted Stability Visualization

The stability of murrastanine-a metal complex can be seen from the charge distribution on the complex in addition to its
symmetry and dipole moment. Stable complexes are caused by the ability of the ligands to coordinate the central atom and the
magnitude of the charge on the metal which makes the electrostatic attraction with the metal stronger, resulting in a dense complex
[4], [12], in the presence of a dense complex so that the distribution of charge between the central metal and the compound
murrastanine-a can occur.

The charge distribution can be described by visualizing the electrostatic potential surface (ESP) which can show the
probability of the presence of electrons in Cartesian coordinates (X, y, z) in a molecule. Figure 3a shows the color scheme of the
ESP, the red one indicates the negative area while the blue one shows the positive region.

(@) (b)

Figure 3. (a) ESP color scheme, (b) ESP visualization of murrastanine-a in Jmol

Generally, ligands have more electronegative atoms, so they can donate electron pairs to the central metal cation to form
coordination covalent [30]. The visualization of the electron distribution of the compound murrastanine-a (figure 3b), shows that
the nitrogen atom is a negative area where the metal will bind to that part. When the metal is bound to the compound murrastanine-
a, there can be a charge distribution. The charge distribution occurs as a result of the combination of a molecule with an electron
donor group and a molecule with an electron-accepting group [31]. The occurrence of a charge distribution marked in the center of
the complex will tend to form a neutral region, whereas if there is no charge distribution, the central metal remains a positive region
marked in blue. Following are the results of the visualization of metal complex ESP with murrastanine-a:
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AsMs AsM3
Figure 4. ESP visualization of murrastanine-a complexes
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In the KM and CaM; complex compounds, there is no charge distribution, which is indicated in the center, a positive area
is still formed which is marked in blue. This is because the electrostatic attraction with the central metal is not strong enough so that
a less dense and less stable complex is formed [4]. Following the statement of Muthaiah, Bhatia and Kannan, 2020 that a higher
oxidation state and smaller metal cation size can form more stable complexes [32]. This can be the cause of the formation of KM
and CaM; complexes which are less stable, while the murrastanine-a complex with other metals can be stable.

CONCLUSIONS

Based on the results of the research that has been carried out, it can be concluded that by conjugating period 4 metals can reduce
the energy gap of the murrastanine-a compound from 4.479 eV to 4.444 until 0.019 eV. A decrease in the energy gap occurs in all
complexes with period 4 metals except for the metallic gallium.

The presence of conjugation with period 4 metals makes the energy gap of murrastanine-a diverse so that it can expand its
potential use. Complexes VMs, CrMs, CrMg, MnMas, MnM, FeM,, FeMs, CoM2, CoM3, NiM_, and CuM can potentially be used as
infrared sensors or body temperature sensors. CaM2, CuM,, and AsMs complexes can be potential as high-temperature sensors.
CrM6 and FeM2 complexes can be potential as solar cells. The KM, CaMa, TiMa4, ZnM,, GeM,, and AsMs; complexes can be
potential as blue LED devices.

Based on the charge distribution of the murrastanine-a metal complex, it was shown that all period 4 metal complexes with
murrastanine-a produced a stable complex, except for the KM and CaM2 complexes which were characterized by no charge
distribution.
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