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Abstract: Nanomaterials have been widely used in many fields such as electronics, biomedicine, cosmetics and food
processing in recent years. These materials have an important place in the development of diagnosis, treatment and
prevention techniques in the field of medicine. Graphene oxide (GO), an oxidized derivative of graphene, has recently
been used in biotechnology and medicine for cancer therapy, drug delivery, and cellular imaging. GO, which is widely
used in many fields, can be characterized by various physicochemical properties, including its nanoscale size, surface
area and electric charge. In addition, the toxic effect of GO on living cells emerges as a factor limiting its use in the
medical field. In general, it has been observed that the severity of the toxic effect of this nanomaterial varies depending
on the route of administration and the dose applied. In recent years, intensive studies have been initiated on the use of
graphene-based materials, especially in smart medicine and gene technology. In this study, the electronic properties
of commercially available pyrimidine derivative compounds and their adsorption in the graphene oxide nanocage were
calculated using density functional theory (DFT).

Keywords: Graphene oxide, nano-biomaterial, biomedical.

Pirimidin tiirevlerinin grafen oksit iizerine adsorpsiyonunun DFT arastirmasi

Ozet: Nanomalzemeler son yillarda elektronik, biyotip, kozmetik ve gida isleme gibi bircok alanda yaygim olarak
kullanilmaktadir. Bu materyaller tip alaninda tani, tedavi ve korunma tekniklerinin gelismesinde 6nemli bir yere
sahiptir. Grafenin oksitlenmis bir tiirevi olan grafen oksit (GO), son zamanlarda biyoteknoloji ve tipta kanser terapisi,
ila¢ dagitimi ve hiicresel goriintiileme i¢in kullanilmaktadir. Bir¢ok alanda yaygin olarak kullanilan GO, nano 6lgekli
boyutu, yiizey alani ve elektrik yiikii dahil olmak {izere ¢esitli fizikokimyasal 6zelliklerle karakterize edilebilmektedir.
Ayrica GO'nun canli hiicreler lizerindeki toksik etkisi de tip alaninda kullanimini sinirlayan bir faktor olarak karsimiza
¢tkmaktadir. Genel olarak bu nanomateryalin toksik etkisinin siddetinin uygulama yoluna ve uygulanan doza baglh
olarak degistigi gézlemlenmistir. Son yillarda grafen bazli materyallerin 6zellikle akilli tip ve gen teknolojisinde
kullanimima ydénelik yogun caligmalar baslatildi. Bu calismada, ticari olarak temin edilebilen pirimidin tiirevi
bilesiklerin elektronik 6zellikleri ve bunlarin grafen oksit nanokafesindeki adsorpsiyonlari, yogunluk fonksiyonel

teorisi (DFT) kullamlarak hesaplanmuistir.

Anahtar Kelimeler: Grafen oksit, nano-biyometaryal, biyomedikal.
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1.  INTRODUCTION

Graphene oxide obtained by the oxidation of graphene
is a remarkable material due to the oxygen, hydroxy
and carboxylic acid groups it contains on its surface [1]

(Fig. 1).
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Figure 1. Surface of graphene oxide.

Graphene oxide shows a layered structure due to the
epoxy and hydroxyl groups it contains on its surface [2-
6]. In graphene oxide, the carbon atoms found sp?
hybridization. The p orbital outside the plane provides
the electron delocalization network [7]. Because of this
feature, graphene oxide has good optical, thermal,
magnetic and electrical properties. This situation
expands the usage areas of graphene oxide in materials
engineering [8, 9]. The biocompatibility and very large
surface area of graphene oxide also facilitates its use in
drug/gene delivery and tissue engineering fields [10].

The interaction of aromatic heterocyclic compounds
with surfaces is of practical importance for a wide range
of applications, from heterogeneous catalysis to
corrosion protection [11]. For example, breaking the C-
S bond on the adsorption surfaces of thiophene is an
important step in elucidating the hydrodesulfurization
mechanism [12]. Adsorption of furan to relevant
surfaces is also of great importance in the catalytic
transformation of value-added furan compounds [13].
Most importantly, the adsorption of aromatic
heterocyclic molecules to surfaces plays a vital role in
their transport mechanism [14]. To form a carrier film,
aromatic heterocyclic compounds must be adsorbed
onto the surface of the molecule. Heteroatoms (N, O,
S) in aromatic heterocyclic compounds participate in
the conjugated 7 bond system in the aromatic ring and
play a role in enhancing the adsorption of molecules.

Density functional theory (DFT) has proven to be a
useful method in studying the adsorption of organic
compounds and investigating its mechanism [15].
Parameters such as adsorption energy of molecule-
carrier surface interaction, electronic interaction and
charge transfer between molecule-surface can be
obtained from the results of DFT calculations [16]. In a
related DFT study, Lei Guo and co-workers [16]
calculated the adsorption energies of pyrrole, furan, and
thiophene on the surface to verify the empirical rule for
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the adsorption efficiency of organic compounds.
However, the surface binding mechanism of adsorbates
has not been sufficiently characterized in their studies.

Organic molecules containing heteroatoms are key
molecules in drug design. Many anticancer drugs with
these groups are widely used today. Heteroatomic
compounds, which are of pharmaceutical importance
and widely used, are compounds containing nitrogen,
oxygen and sulfur.

Among the heterocyclic structures containing more
than one nitrogen, pyrimidine derivatives are the most
interesting group [17], and one reason for this is that
pyrimidine compounds are also found in folic acid,
caffeine and vitamin B2, DNA and RNA. It has also
been reported that pyrimidine-derived compounds are
very important for the design and synthesis of potent
anticancer drugs. In recent years, many pyrimidine
compounds with chemotherapeutic properties have
been synthesized and used clinically.

It is also known that pyrimidine derivatives have many
biological activities. These compounds are of vital
importance in this field because they can be synthesized
commercially, their chemistry can be elucidated, and
they are used as structural components in the
pharmaceutical  industry.  Recently,  unnatural
nucleoside analogues with pyrimidine ring system have
been widely used in the development of new generation
anticancer drugs [20].

In this study, we perform a systematic study on the
adsorption of the 5-(4-formylphenyl) pyrimidine (1)
(Sigma-Aldrich, 647136), pyrimidine-2-carboxylic
acid (2) (Merck, 754315), pyrimidine-5-carboxylic
acid (3) (Merck, 718769), methyl pyrimidine-5-
carboxylate 4 (Merck, 754315), 2-
(ethylthio)pyrimidine-5-carbaldehyde (5) (Merck,
CBRO00455) (Fig. 2) on the graphene oxide surface
through DFT calculations, focusing on understanding
the surface binding mechanism of adsorbates.
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Figure 2. Molecular structures of studied compounds
2. MATERIALS AND METHOD
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2.1. Computational methods

The adsorption of pyrimidine derivative compounds on
the surface of the graphene oxide was investigated by
density functional theory calculations. The calculations
are made on Gaussian09 program using the BPV86
functional with the basis set 6-31 G’ (d, p) [21]. This
basis set is very useful for nanostructural frameworks
[22, 23]. To accurately predict the weak interaction, the
adsorption energies (AEaq) were calculated as follows:

AEad = E(complex)- AE(graphene oxide) —
AE(substrate) Q)

Quantum chemical parameters AEnomo, AELumo and
energy gap (AE) were calculated and discussed for all
types of interactions. In addition, ionization potential
“I”, electron affinity “A”, chemical softness “S”, dipole

“u”, chemical hardness ‘“n” and

moment uw’,
electronegativity “y” [24,25] calculations have been

carried out for graphene oxide and substrates.

3. RESULTS AND DISCUSSION

Full geometry optimizations of the graphene oxide,
substrates and all interactions were performed using
density functional theory based on BPV86 and the 6-31
G’ (d, p) basis set in Gaussian09 program [21,26] (Fig.
3).

Looking at the calculations for graphene oxide, it is
seen that the electron density is concentrated on the
epoxy group, while the electrophilic density is
concentrated on the carboxylic acid group.

The highest energy occupied orbital and lowest energy
vacant orbital values of the molecules obtained by
theoretical calculations are very important parameters
in estimating the adsorption activities of molecules. In
order to determine the adsorption characteristics of
molecules, besides these parameters, the gap energy
value, ionization potential, electron affinity, chemical
softness and chemical hardness  values,
electronegativity values and dipole moments of the
molecules must be calculated.

According to Koopman’s [27], Enomo and ELumo Of the
molecule are related to the ionization potential (1) and
the electron affinity (A), respectively. And the
electronegativity () and chemical hardness (1) can be
calculated as follows: [28]. Like chemical hardness (1),
chemical softness (S) is a global chemical descriptor
that measuring molecular stability and can be
calculated as follows: [28]. The data obtained as a result
of the calculations are given in the table 1.
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Figure 3. Optimized structures and HOMO and LUMO
profile
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Table 1. The quantum chemical parameters (eV).

Enomo  ELumo AE | A

GO -7.169  -0.975 6.194 7.169 0.975

1 -5.385  -2.255 3.129 5.385 2.255

2 -6.024  -3.144  2.880 6.024 3.144

3 -6.250 -2.658 3.591 6.250 2.658

4 -5.621  -3.042 2.579 5.621 3.042

5 -5.265 -3.510 1.755 5.265 3.510
n S y4 u (D)
GO 6.1943 0.1614 4.0722 6.4721
1 3.1297 0.3195 3.8203 1.9989
2 2.8805 0.3472 4.5846 6.3818
3 3.5919 0.2784 4.4545 2.8341
4 25796 0.3877 4.3320 1.7996
5 1.7551 0.0001 4.3877 2.4877
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3.1. Non-linear optical (NLO) properties

The nonlinear optical properties of all compounds were
obtained in the gas phase. The total dipole moment o,
mean  polarizability (ow) and mean  first
hyperpolarizability (Bwt) can be calculated using the
following equations.

utot = pi + uy + pj (5)
atot = (ayy, + @y, + a;,)/3 (6)
.BtOt j [(Bxxx + ﬁxyy + :szz)z 2+ (Byxx + Byxx +

Byzz) + (Buzz + Buax + Buyy) 12 (7)

The obtained values are given in Table 2. Based on
these results, it can be said that the compounds with the
highest hyperpolarizability have more active NLO
properties.

Molecular electrostatic potential maps (MEPSs) of all
compounds and graphene substrate interactions were
calculated (Figure 4). The electrostatic potential
increases during red > orange > yellow > green > blue.
The negative (red) are associated with electrophilic
reactivity and positive (blue) areas with nucleophilic
reactivity. The highest potential is on oxygen atoms.
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Figure 4. Molecular electrostatic potential maps
(MEPs) for all compounds
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Table 2. Electric dipole moment p, polarizability o and
first hyperpolarizability B values

Parameters (a.u) GO 1 2
43.2751
Brox 589.89 -51.2861
6.3079
Bxyy 155.75  30.9538
-8.5466
Bxzz -60.71 5.2783
14.1085
Byyy -269.39  0.1079
7.1573
Byxx -228.15  30.9538
-0.3934
Byz 78.01 0.0559
0.0003
Bz -51.68 -1.9739
-0.0006
B xxz 69.49 40.1973
0.0005
Bayy 7.41 0.1031
Brot (eSU) 103 803.6 175.48 46.0396
-49.3057
Olxx 17.96 -94.0551
-49.5436
Oy -1.52 -75.9239
-49.9552
Oz -16.43 -81.1604
ot (€SU) 1038 -0.01 -284.624 -168.645
5.8184
Lx 4.30 0.6648
2.6216
Ly -4.67 0.6451
0.0000
Mz 1.23 1.7713
ot (€SU) 10733 22.00 23.10 21.69
Parameters (a.u) GO 4 5
29.20 -76.78
Broxx 589.89
13.36 14.13
Bxyy 155.75
6.63 3.60
ﬁXZZ '6071
1.66 -1.58
Byyy -269.39
-14.77 32.24
Byxx -228.15
0.86 -0.54
Byz 78.01
-0.31 3.53
Bzzz -51.68
6.46 10.88
[3)()(2 6949
-0.29 4.60
Bayy 7.41
Brot (€SU) 103 803.6 51.04 68.95
-50.88 -70.27
Olxx 17.96
-61.58 -71.89
Oy -1.52
-56.16 -70.22
Oz -16.43
gt (€SU) 1038 -0.01 -56.20 -70.79
1.22 -0.33
x 4.30
-1.14 1.55
Ly -4.67
0.66 1.91
e 1.23
Lot (ESU) 1038 22.00 6.11 8.45

The interaction of each compound with graphene oxide,
the bond length (A°) and electronic maps resulting from
the interaction are as given in Figure 5.
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Figure 5. All interaction of complexes

The bonding geometries and bond lengths of all
complexes were calculated. Consequently, complex 3
is the most stable due to the interaction between
compounds and the graphene oxide nanocage from its
N group side (1.4902A0).

Calculation of the energies of the complexes showed
that the electronic and adsorption energy for complex 2
was approximately AE complex) -52798.59 (eV) and AEaq
1.64 (eV) (Table 3).

Table 3. Calculated were electronic energies for
complexes.

Complexes AE complex) (€V) AEad (eV)
1 -40475.81 0.35
2 -52798.59 1.64
3 -52799.68 0.28
4 -53868.80 -0.27
5 -63727.62 0.002

When the adsorption energies are compared, it is seen
that 2 has a higher adsorption energy value.
Accordingly, the two main mechanisms involved in the
adsorption of compounds to the carboxylic acid site on
the graphene oxide nanokage surface are orbital and
charge-induced interactions (electrostatic effect). In
particular, the hydrogen atom bonded to the nitrogen
atom interacts with the oxygen in the carboxylic acid
group, inducing  intermolecular  electrostatic
interactions. Consequently, complex 2 is the most
stable from its N side due to the interaction between
compound and the graphene oxide nanocage.
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3.2. Density of states analysis

Figure 6 shows the density of the state spectra for
compound 2 and complex 2. The decrease in the Eg
value of the graphene oxide-substrate compared to the
graphene oxide nanocage is due to this opposite
Electric Peak after the adsorption process of substrate.
Furthermore, a closer examination of the DOS
spectrum reveals that the HOMO and especially the
LUMO levels are shifted to the higher energy region
after adsorption of substrate.
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Figure 6. DOS plots of pristine compound 2 and
complex 2

4. CONCLUSIONS

The interaction between substrate and the graphene
oxide nanocage were evaluated using DFT calculations
to find a novel substrate sensing system. Studies show
that the adsorption occurs as a result of the interaction
of the COOH groups on the graphene oxide nanolattice
surface and the N atoms in the substrate. The adsorption
mechanism is also accompanied by electrostatic
interactions.

When the bond lengths are compared, it is seen that
there is no big difference between compound 2 and
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compound 3, but compound 2 is higher in terms of
adsorption energy. In this case, compound 2 is the most
stable by N due to the interaction between the
compounds and the graphene oxide nanocage

Conflicts of Interest: The authors declare no
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