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Detection of mercaptopurine drug by T4,4,4-graphyne
and the effect of applied electric field: A density
functional theory study

Roya Majidi'*

Abstract

In the present work, adsorption of mercaptopurine (MP) drug on T4,4,4-graphyne sheet is examined by using
density functional theory to explore the feasibility of T4,4,4-graphyne based sensor. The most stable configuration,
charge transfer, adsorption energy, electronic band structures, and density of states are determined. It is found
that weak physical adsorption with small charge transfer from T4,4,4-graphyne to MP drug took place. T4,4,4-
graphyne sheet is an intrinsic semiconductor with a direct band gap. The energy band gap of T4,4,4-graphyne
sheet is sensitive to the MP adsorption and decreases with any decrease in the concentration of the MP drug.
Hence, T4,4,4-graphyne is a good candidate to detect the MP drug and its concentration. The electronic
properties of T4,4,4-graphyne sheet with adsorbed MP are remarkably modulated by applying a perpendicular
electric field. The results reveal that applying the electric field is a helpful method to improve the sensing

performance of T4,4,4-graphyne sheet.
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1. Introduction

Mercaptopurine (MP) is an anticancer chemotherapy drug
utilized to treat acute lymphocytic leukemia, ulcerative colitis,
and Crohn’s disease [1-3]. It is an immunosuppressive drug
with common side effects including liver toxicity, vomiting,
loss of appetite, and bone marrow suppression [1-3]. Tra-
ditionally, this drug was not suggested for pregnant women
because early evidence indicated that receiving MP within
the first trimester of pregnancy increases the incidence of
abortion and the overall rate of congenital malformations [4].
However, more recent and larger studies reported that the use
of the MP drug does not increase fetal malformations [3-5].
Unfortunately, this drug has the possible risk to cause cancer
in humans, and using large doses of MP with other cytotoxic
drugs increases the risk of developing leukemia [6]. For this
reason, safe, simple, reliable, fast response, and economical
sensors are highly required. Nowadays, many approaches
such as capillary electrophoresis, high performance liquid
chromatography, fluorescence, spectrophotometric, and elec-
trochemical have been used to find MP drug in the blood or
biological fluids [7-12]. The complicated procedure, long
response time, high cost, and low detection capability are the
main disadvantages of these methods [1,3]. Nanotechnology
provides significant advances to overcome the limitations of
conventional materials. A novel sensor group with low cost
and high sensitivity has been provided based on nanostruc-

tures [1-3, 13—18]. The carbon-based low dimensional struc-
tures including fullerenes, carbon nanotubes, and graphene are
the most studied and currently used nanomaterials because of
their special structures and remarkable properties. Fullerene is
a molecular allotrope of carbon and consists of pentagonal and
hexagonal rings as the basis of icosahedral symmetry closed
cage structure [19]. Carbon nanotubes (CNTs) are cylindri-
cal large molecules made of rolled-up sheets of single layer
carbon atoms with a hexagonal arrangement [20]. The single
layer of carbon atoms arranged in a honeycomb lattice struc-
ture is named graphene. This first discovered two-dimensional
(2D) atomic crystal [21,22] is widely used in many fields in-
cluding catalysis, energy storage, gas sorption, and water
purification [23-27]. In recent years, numerous 2D carbon-
based materials further than graphene have been theoretically
predicted or experimentally synthesized [28-38]. For exam-
ple, graphyne is a single layer of sp and sp2 bonded carbon
atoms [37,38]. There are a vast number of possible graphyne
sheets including a, 8,y and (6-6-12) graphyne sheets [37-39].
The symmetry and arrangement of acetylenic linkage are dif-
ferent in these sheets. They attracted particular interest due
to their various electronic and optical properties [37—42]. Re-
cently, another allotrope of carbon with energy lower than
B-graphyne was proposed [43]. This sheet known as T4,4,4-
graphyne, is a semiconductor with a direct band gap, unlike
pristine graphene. Hence, it can be considered as a promising
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Figure 1. Atomic structure and of (a) mercaptopurine (MP)
drug and (b) T4,4,4-graphyne sheet. The red dots show the
possible sites on T4,4,4-graphyne sheet for MP adsorption.

nanomaterial to use in future electronics. The gas sensing
ability of T4,4,4-graphyne is examined. It is found that the
electronic properties of T4,4,4-graphyne change with NO2,
NO, CO2, and CO adsorption [44]. According to these re-
sults, we are motivated to study adsorption and detection of
MP drug on T4,4,4-graphyne sheet through density functional
theory (DFT) study.

2. Computational details

The DFT calculations are performed based on Perdew-Burke-
Ernzerhof (PBE) parameterization of the generalized gradient
approximation (GGA) [45] by using OpenMX3.8 code [46].
The DFT-D3 of Grimme is employed to import the effects of
van der Waals (vdW) interactions [47]. The energy cutoff is
considered to be 150 Ry for the wave-function expansions.
The pseudo atomic orbital (PAO) formalism is used to describe
the selection of the basis sets [48]. The PAO basis functions
are specified by s2p2d1 (two s-state, two p-state, and one d-
state radial functions) for C, N, S, and H atoms, within cutoff
radii of basis functions set to the values of seven. Adsorption
of MP (C5H4N4S) on a 2x2x1 supercell of T4,4,4-graphyne
sheet consisting of 72 carbon atoms is studied. Atomic struc-
tures of MP drug and T4,4,4-graphyne sheet are displayed
in Fig. 1. The lattice constant of the primitive unit cell of
T4,4,4-graphyne sheet is 9.292A. A 2 x 2 x 1 super cell is
considered in a simulation box of axbxc. The cell parameters
are 18.584A along the a and b axes. The c-axis is extended
to 154 to avoid interlayer interaction. The periodic boundary
conditions are applied along with all space directions. All
atomic structures are fully relaxed until the maximum force
acting on each atom becomes less than 0.01¢V /A. The charge
transfer between the sheet and molecule is gained utilizing
Mulliken population analysis. The k-points for sampling over
the Brillouin zone (BZ) integration are generated using the
Monkhorst-Pack scheme [49]. For calculations of the elec-
tronic band structures, 21 k-points are considered along each
high symmetry line in BZ.

To study the stability of T4,4,4-graphyne sheet and MP
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(2)

Figure 2. The most stable configuration of MP adsorbed on
T4,4,4-graphyne sheet.

molecule, cohesive energy per atom is calculated by

Esheel/MP — LiniE;
Yini

where,E .., jyp denote the total energy of sheet or molecule.
n; and E; are number and energy of atom (i=C, N, S, and H).
Here, the negative cohesive energy indicates the structure is
energetically stable.

To investigate MP adsorption on T4,4,4-graphyne sheet, the
adsorption energy,E, ., is determined by,

ey

Econ =

Eogs = Egpeet+mp — (Esheel + nEMP) )

n

where,Egpeer+-mp -Esneer » and Ejp are the total energies of
T4,4,4-graphyne sheet in the presence of adsorbed MP, T4,4,4-
graphyne sheet, and MP drug, respectively. The number of ad-
sorbed molecules, n, increases from one to four in the present
work. Based on equation 2, negative adsorption energy reveals
the molecule adsorption is an exothermic process.

The enthalpy,H , is calculated using the following equation,

H=E~+PV 3)

here,E, is the total energy of system,P, denotes the applied
pressure, and V is the volume of the cell.

3. Results and discussion

A supercell of T4,4,4-graphyne sheet with 2 x 2 x 1 unit cells
for adsorption of MP drug is shown in Fig. 1. The lengths of
C —C bonds (1 to 6 in Fig. 1) are 1.26, 1.33, 1.51, 1.38, 1.46,
and 1.474, respectively. Our calculated cohesive energy for
T4,4,4-graphyne sheet is —8.45¢V /atom, which is in good
agreement with the past study [43]. The cohesive energy for
T4,4,4-graphyne is comparable to that of y-graphdiyne and
much lower than that of 3-graphdiyne [43]. This confirms the
energetic favorability of T4,4,4-graphyne sheet and promises
its realization in the future. The thermal and dynamical stabili-
ties of T4,4,4-graphyne sheet are also reported previously [43].
The cohesive energy of MP drug is also calculated. The nega-
tive (—6.87¢V /atom) denotes the formation of MP molecule
is an exothermic process and its structure is stable.
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Figure 3. (a) Total energy, Egeer+mp» as a function of adsorption distance, d, and (b) formation enthalpy, AH, as a function of
adsorption distance, P, for MP adsorbed on T4,4,4-graphyne sheet.

To find the proper adsorption configuration, various adsorp-
tion sites are examined. In Fig. 1, twenty possible sites on
T4,4,4-graphyne sheet for MP adsorption are illustrated by
red dots. At each site, the orientation of the molecule on the
sheet is changed and the total energy of the configuration is
calculated. The configuration with the most negative energy
is considered the most energetically favorable configuration.
The most stable configuration of T4,4,4-graphyne sheet with
MP adsorbed is shown in Fig. 2. It is observed that MP
drug is preferably adsorbed parallel to the layer on top of the
hollow site of the sheet. The distance between the adsorbed
molecule and the sheet gradually increases from 2 to 3.54 to
determine the optimal distance. The total energy, Espeer+a1p»
via the adsorption distance, d, is plotted in Fig. 3a. Here,
the optimal adsorption distance and adsorption energy of the
most stable structure are 2.884 and —0.69¢V, respectively.
The large adsorption distance and small adsorption energy
specify physisorption of MP drug on T4,4,4-graphyne sheet.
The charge transfer between the adsorbed MP drug and the
T4,4,4-graphyne sheet is studied to further investigate the in-
teraction between the molecule and sheet. It is found that MP
drug gains 0.016 e from the sheet. The C atoms of the MP
drug lose electrons, while its N and S atoms gain electrons.
This is because C atom is less electronegative than N and S
atoms. This small charge transfer is also confirms MP drug
interacts with T4,4,4-graphyne sheet through the weak physi-
cal adsorption.

The formation enthalpy, AH, from 0 to 50 GPa is calculated
as the difference in the enthalpy of the system with respect
to the isolated sheet and molecule. The formation enthalpy
as a function of pressure is depicted in Fig. 3b. The negative
formation enthalpies indicate that T4,4,4-graphyne sheet with
adsorbed MP is thermodynamically stable under pressure.
To study the effect of MP drug on the electronic properties

of T4,4,4-graphyne sheet, the electronic band structures and
density of states (DOS) of the sheet before and after MP ad-
sorption are determined. The electronic band structure and
DOS of T4,4,4-graphyne sheet are shown in Fig. 4. It is
found that T4,4,4-graphyne sheet is a direct band gap semi-
conductor. The energy band gap of 0.47¢V is determined by
using GGA-PBE. The band gap is evaluated 0.34 (GGA) and
0.63eV (HSEO06) in the previous study [35]. The electronic
band structure and DOS of T4,4,4-graphyne sheet with ad-
sorbed MP are presented in Fig. 5. Adsorption of MP drug
has no remarkable influence on both valence and conduction
bands of T4,4,4-graphyne sheet. The state and DOS peak
about 0.2¢V below the Fermi level are induced by MP adsorp-
tion. Hence, the band gap reduces from 0.47 to 0.37¢V in the
presence of MP drug. To gain more insight into the effect
of MP drug on the electronic properties of T4,4,4-graphyne
sheet, partial DOS (pDOS) of T4,4,4-graphyne sheet with
adsorbed MP is also plotted in Fig. 5. Here, pDOS illustrates
the atomic contributions o to valence and conduction bands
around the Fermi level. From pDOS, it is found that the oc-
cupied state and sharp DOS peak below the Fermi level are
composed of C and S atoms of MP drug. Analysis of the
pDOS showed that the contributions from the p, orbitals of §
and N are much higher than that from s, p,, and p, orbitals of
these atoms.

It is reported that external electric fields can have significant
effects on the electronic properties of 2D materials which
play a crucial role in specifying their performance as gas sen-
sors. Hence, the effects of the applied electric field on the
adsorption energy, charge transfer, and energy band gap are
investigated. Fig. 2 gives the schematic image of the electric
field, which is perpendicular to the sheet with the positive
(negative) direction aligned upward (downward). The vari-
ation of adsorption energy as a function of the electric field
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Figure 4. Electronic band structure and DOS of
T4,4,4-graphyne sheet. (The Fermi level is set to OeV'.)
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Figure 5. Electronic band structure, DOS, and pDOS of
T4,4,4-graphyne sheet with adsorbed MP.

in the range of —1.0 to 1.0V /A is displayed in Fig. 6a. The
adsorption energy becomes more negative (its absolute value
increases) with applying a positive electric field. The adsorp-
tion energy significantly increases to —14.7eV with applying
an electric field of +1.0V /A (Fig. 6a). This enhancement
suggests that a positive electric field may improve the sensing
ability of T4,4,4-graphyne sheet for MP detection. In con-
trast, the positive adsorption energy reveals that the structure
becomes unstable when a negative electric field is applied.
Hence, a negative electric field can be used for desorption of
MP drug from the sheet.

The charge transfer as a function of the applied electric field
is shown in Fig. 6b. Here, the positive AQ shows charge trans-
ferring from the MP drug to the sheet. It means the positive
electric field of more than 0.05V /A leads to a charge transfer
from MP drug to T4,4,4-graphyne sheet. The results show
that the transferred charge is directly related to the binding
strength. A positive electric field remarkably enhances the
charge transfer between the molecule and sheet and causes
strong chemical MP adsorption on the sheet.

It should be noted that more charge transfer between MP drug
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Figure 6. (a) Adsorption energy, E, 4, (b) charge transfer,
AQ, and (c) energy band gap, E,, as a function of the applied
electric field, E,,; .

and T4,4,4-graphyne sheet could lead to remarkable changes
in the electronic features of the sheet and consequently to the
higher sensitivity of system as MP sensor. To explain the ef-
fect of electric field on the electronic properties, the electronic
band structures as well as DOS of T4,4,4-graphyne sheet with
adsorbed MP in the presence of electric field are calculated.
For instance, the electronic band structure and DOS of T4,4,4-
graphyne sheet with adsorbed MP under a positive electric
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Figure 7. Electronic band structure and DOS of
T4,4,4-graphyne sheet with adsorbed MP in the presence of
an external electric field of +0.5V /A.

field of +0.5V /A are plotted in Fig. 7. The impurity state
shifts upwards to the Fermi level and causes decreasing the
gap between the highest occupied and the lowest unoccupied
states. The variation of the energy band gap with the electric
field is illustrated in Fig. 6¢. The energy band gap gradually
decreases with enhancing the strength of the positive electric
field.

We have focused on two to four MP molecules adsorbed on
T4,4,4-graphyne sheet to study the sensitivity of the elec-
tronic properties of the sheet to the concentration of MP
drug. As an example, the atomic structure of T4,4,4-graphyne
sheet with three adsorbed MP molecules is displayed in Fig.
8a. The results indicate that MP molecules are physically
adsorbed on the sheet with an adsorption energy of about

—0.65eV /molecule. It is also found that there is 0.02¢/molecule

transferred from the MP drug to the sheet. In Fig. 8b, the elec-
tronic band structure of T4,4,4-graphyne sheet with three ad-
sorbed MP is plotted. Similar to the results of mono-adsorbed
MP, adsorption of two, three, and four MP molecules decrease
the energy band gap to 0.30, 0.28, 0.27¢V, respectively. It is
because the number of flat bands below the Fermi level in-
creases with enhancing the number of MP molecules. Hence,
the concentration of MP drug has a sizeable effect on the
electronic properties of T4,4,4-graphyne sheet.

4. Conclusions

We have studied MP adsorption on T4,4,4-graphyne sheet
using DFT. The most stable adsorption structure, adsorption
energy, and charge transfer are obtained. It is shown that the
MP drug is weakly physisorbed on the sheet and gains elec-
trons from the sheet. The electronic band structures, as well
as DOS, show that T4,4,4-graphyne sheet is a semiconduc-
tor with an intrinsic energy band gap. The energy band gap
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Figure 8. (a) Atomic structure and (b) electronic band
structure of T4,4,4-graphyne sheet with three adsorbed MP.

reduces with the adsorption of MP drug. This finding shows
that T4,4,4-graphyne sheet has great potential to fabricate sen-
sors for MP detection. It is also demonstrated that applying
a perpendicular electric field can change the charge transfer
between MP and the sheet, and affect the energy band gap.
A positive electric field enhances the adsorption of MP on
T4,4,4-graphyne sheet as reflected in the enhancement of ad-
sorption energy. In contrast, the interaction becomes weaker
under a negative electric field. Hence, a negative electric field
could be applied for MP desorption. The sensitivity of the
electronic properties of T4,4,4-graphyne sheet to the concen-
tration of MP drug is also studied. It is shown that the energy
band gap decreases by enhancing the number of adsorbed
molecules. Our results showed that the electronic properties
of T4,4,4-graphyne sheet have high sensitivity to MP drug and
its concentration. The higher sensitivity of T4,4,4-graphyne
sheet to the MP could be realized with the help of an extra
electric field.
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