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In this research, the interaction of pyrimidine molecule with pristine B;;N, nanocluster is studied in different phases to understand the

effect of environment on the electronic properties of the designated adsorption complexes. To this end, the pyrimidine adsorption over

B;2N; in the gas phase and water medium is investigated using density functional theory (DFT) at the B97D/6-31+G(d,p) level of theory.

Must be said that the fragments and their both electronic and geometry structures are considered, and perturbation occurred by molecular

adsorption will be interpreted through natural bond orbital (NBO) analysis. Our results confirm a chemical adsorption between pyrimidine

molecule and exterior surface of pristine Bj;N,. One of the interesting features of this interaction is that pyrimidine adsorption in water

medium is more favorable than that in the gas phase exhibiting an increase in adsorption energy (E,4) compared to gas phase, from -120.44

to -141.85 kJ mol™. It is hoped that pristine B;;N;, will be used in designing novel materials for potential applications in order to detect

pyrimidine molecule in the gas phase and water medium.
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INTRODUCTION

Due to the presence of heterocyclic compounds in

natural products such as vitamins, hormones, and
antibiotics, these compounds play a critical role in daily life
[1,2]. Therefore, there has been an on-going effort to
develop a new generation of biologically active molecules
[3,4]. Pyrimidine possesses two nitrogen atoms in a
heterocyclic structure and it a biologically important
compound [5]. Diazine family such as uracil, thiamine, and
cytosine are some of the compounds derived from
pyrimidine. Many natural products including vitamin Bl
(thiamine), and synthetic compounds such as barbituric acid

and Vernal, used as hypnotics, have pyrimidine skeleton in
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their structure [6]. Pyrimidines are important components of
nucleic acids. They have been used in medical applications
such as chemotherapy of AIDS as chemotherapeutic agents.
Concerning the medicinal significant features of
pyrimidines, it can be said that during the last two decades,
several pyrimidine derivatives have been developed as
chemotherapeutic agents and have found wide clinical
applications. These compounds can be applied in vitro
activity against unrelated DNA and RNA, antineoplastics
and anticancer agents [7], drugs for hyperthyroidism [8],
antibiotics [9], antitubercular drugs [10], viruses including
polio herpes viruses, diuretic, antitumor, anti-AIDS, and
[11-13]. The special

applications of pyrimidine-like compounds

cardiovascular features and
make the
medicinal chemists use it to generate the effective and
innovative drug delivery systems based on nanostructures.

Nano based biomaterials are broadly used in medical
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applications such as tissue engineering, biosensing,
biological separation, molecular imaging and drug delivery.
Drug delivery systems made up of nanostructures can
significantly improve the drug treatment to the patient tissue
as well as reducing the adverse effects of the drug on the
healthy tissues. Incorporation of chemotherapeutic drugs
and receptors specific for the target cells into nano carriers
is a promising strategy in drug delivery area [14-16].
Nanoclusters are well-defined building blocks of the
materials and devices with novel mechanical, electrical, and
optical properties. As an application, we can refer to use
nanoclusters as optical signal transducers of molecular
binding, because of their significantly higher extinction
coefficients compared to any organic and inorganic
chromophores. The narrow size of distribution and surface
ligand modification of nanoparticles allow them to be
applied as transducers of biorecognition binding and
molecular structure [17-19]. Different types of "BN

nanostructure” compounds have been developed owning

different  characteristics  including  high-temperature
stability, ultra-violet light emission, large thermal
conductivity, oxidation resistance, and low dielectric

constant [20-23]. This feature along with the toxicity of
carbon containing materials allow us to investigate the
performance of BN nanostructures in the biological systems
as an alternative to the trouble-maker carbon components
[24-26]. Therefore, B,N,, clusters have been widely studied,
and BpNp
nanostructure appears to be more stable than the other
compounds in the BN category [27,28]. Oku et al. [29]
synthesized nanocage clusters of Bj;N;,, which were
detected by desorption  time-of-flight
spectrometry. They observed that tetragonal and hexagonal
rings of BN have formed the structure of B;,N, cluster. The

both theoretically and experimentally,

laser mass

other interesting aspect regarding the BN nanostructures is
the adsorption of biological molecules such as adenine,
uracil, cytosine [30], urea [31], glycine [32], amino acid
[33], DNA/RNA nucleobases [34] etc. Among these kinds
of clusters studied recently [35-38], biosensing in medium
solvent has attracted a particular attention. [39,40]. The use
of solvent-sensitive has lately been extended to the design
of biosensors to study biochemistry in vitro and in
individual living cells. The abilities of biochemistry and
molecular biology must be sometimes combined to produce

a solvent-sensitive biosensor. In this study, we examine a
possibility of pyrimidine molecular adsorption over the
outer surface of Bj;N;, nanocluster in the gas phase and
water medium, and report the results of density functional
theory (DFT) calculations. Quantum mechanical and
spectroscopic techniques such as natural bond orbital
(NBO), reduce density gradient (RDG) and total density of
states (TDOS) were used to look for the electronic
perturbations arising from the adsorption procedure.

COMPUTATIONAL METHODS

Quantum mechanical calculations in this work were
performed at the framework of density functional theory,
being implemented in the Gaussian 09 program [41]. DFT is
presently the most successful and promising approach to
compute the electronic structure of matter. This method
suggests the hope of tackling large systems in a broad
context with a reasonable effort, and appears to be less basis
set dependent compared to the more advanced
wavefunction-based methods [42].

Recently, B97D as a specialized functional of DFT
which can be scrutinized the treatment of van der Waals
(dispersion) interactions has been developed [43]. So, this
functional
structures.

The basis sets for all atoms have a double-{ quality

was assigned for modeling the molecular

augmented with one diffuse and two sets of polarization
functions, 6-31+G(d,p). The correlated <S> values are
zero, verifying the pure singlet states. Vibrational frequency
calculation was carried out on all fully optimized structures,
pyrimidine molecule, B;N;, cluster, and their interacting
complexes, to ensure a real minimum.

Since the pyrimidine molecule is usually found in water
medium, solution effects were investigated using the
polarizable continuum model (PCM) [44,45] with dielectric
constant of 78.3553 for water. Therefore, geometry
optimization procedure was done over all structures,
fragments and complexes, using PCM model at the B97D/6-
31+G(d,p) level. NBO analysis was also employed to
provide insight into the charge transfer between the
nanocage and adsorbed molecules [46].

Energy gap (Ey), Fermi

level energy (Er), and

adsorption energy (E.) values as quantum molecular
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descriptors [47] were computed. The energy gap has the
following operational equation:

E, = (ELumo — Enomo) (1)

In this definition, Egomo and Epuvo are the energy of the
highest occupied and lowest unoccupied molecular orbitals,
respectively. The conventional assumption for the Fermi
level energy (Ep) is that it reclines approximately in the
middle of the energy gap (E,) at 0 K.

The adsorption energy (E,s) of pyrimidine over the
surface of pristine B;,N; is defined as,

Eads = Ecomp]ex - Epyrimidine - EBNnanoc]uster + EBSSE (2)

where Ecompiexs Epyrimidines a1d Epnnanociuster are total energies
of BpNj/pyrimidine complex, isolated pyrimidine, and
pristine Bj;N,, respectively. In order to eliminate effects of
basis functions overlap, the basis set superposition error
(BSSE) was applied using counterpoise method [48].
According to the Eq. (2), negative adsorption energy
correlates to the stability of interacting complex.

Total density of states (TDOS) and partial density of
states (PDOS) analyses were performed on the pristine
fragments and B;N»/pyrimidine complex at the same level
of theory using the GaussSum program [49].

RDG was also used to characterize the non-covalent
interactions. The dimensionless RDG (s) is evaluated from
the density (p) and its first derivative [50], RDG = (1/
237H") ((Vp))/p*?). Density values give just information
about the strength of interaction and do not classify them as
attractive or repulsive interactions. For this purpose, the sign
of the second eigenvalue (A,) of the electron density Hessian
matrix is considered to distinguish between different types
of non-covalent interactions, i.e., hydrogen bonding, van der
Waals interactions, and steric repulsion. So, electron density
increased with A, sign is used as a descriptor for the nature
of interacting bonds; Q = sign(A,)p. MULTIWFN [51]
software was also used to draw the non-covalent interaction
(NCI) plots, RDG versus sign(A,)p. Low-density and low-
gradient spikes associated with density located between
of non-covalent

interacting paths are as signature

interactions.

RESULTS AND DISCUSSION

Geometry Optimization and Structure of Pristine
B1,N;; in Gas Phase and Water Medium

The optimized structures of pristine Bj;Nj, and
pyrimidine at the B97D/6-31+G(d,p) level of theory in the
gas phase are shown in Fig. la and 1b. The optimized
geometry of pyrimidine molecule is in conformity with
experimental studies [52]. Figure la reveals that two
individual bonds in Bi,Ny, are recognizable; one of them is
shared between a tetragonal and a hexagon ring and the
other one is placed between two hexagon rings. The
calculated lengths of these bonds are 1.494 and 1.450 A,
respectively. These results are in good agreement with the
previous reports [53].

The electronic properties of pristine BN cluster are
studied through NBO analysis. NBO-based computation
demonstrates that natural charge over N atom in B;Ny, is
about -1.148 |e|. The electronegativity difference between
boron and nitrogen atoms causes an ionic B-N bond
formation which is proved by the NBO analysis. As a
further support for the reliability of our optimization
procedure, we take a look at the frontier molecular orbital
energies (Epomo and Epumo) and E, values for the
considered nanocluster, listed in Table 1. The obtained
energy gap quantity for the BjxNy, is about 5.12 eV which
are comparable with those reported in the other DFT studies
[54,55]. Moreover, TDOS and graphic presentation of the
HOMO and LUMO distribution for B,N, are presented in
Fig. lc.

Pyrimidine is one of the most common molecules in the
biological systems; therefore, investigation of the solution
effects on the adsorption ions is in order. The optimization
procedure for B|;N;, and pyrimidine is done with imposing
polarizable continuum model (PCM) in water medium, and
their structures are shown in Fig. 2a and b. As inferred from
Fig. 2a, there is no clear difference between the bond
lengths in the gas phase and water medium.

The electronic properties of this nanocluster are also
listed in Table 1. The value of energy gap for B;pNy; is
observed about 5.18 eV which is increased with respect to
the corresponding quantities in the gas phase. TDOS and
graphic presentation of the HOMO and LUMO distribution
of pristine B,N, in water medium, presented in Fig. 2c,
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Fig. 1. Optimized structure of (a) B12Nj, (b) pyrimidine and (c) total density of states (TDOS) of BjxN); in the gas
phase (Bonds in A). The dashed line in TDOS plots indicates Fermi energy.
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Fig. 2. Optimized structure of (a) pristine B;2N,, (b) pyrimidine and (c) total density of states (TDOS) of pristine
B1,N, in water medium (Bonds in A). The dashed line in TDOS plots indicates Fermi energy.
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Table 1. The Highest Occupied Molecular Orbital Energy (Exomo), Lowest Unoccupied Orbital Energy (Erymo),

Energy Gap (E,), the Change of Energy Gap of Nanocluster after Adsorption (AE, (%)), Fermi Level
Energies (Efr), Charge Transfer from Molecule to Cluster (Q), Adsorption Energy (E.4) and BSSE
Calculated for Pristine B1,N1, and B,N/,/Pyrimidine Complex in Gas Phase and Water Medium

Configuration Ewomo  Erumo E, AE, Er Q7 Eads BSSE
(eV) (eV)  (eV) (%) (eV) (me) (kJmol") (kJmol")
Gas B2Ny2 -6.94 -1.82 5.12 - -438 - - -
Phase BpNo/pyrimidine  -6.05 -3.87 218 -5734 496 334 -120.44 8.42
Water B2Ny2 -6.90 -1.72 5.18 - -431 - - -
Medium BjNjo/pyrimidine  -6.23 -329 294 4327 476 369 -141.85 -

Table 2. The Second-order Perturbation Energy E(2) Values (kcal mol"), the Donor-
acceptor (Bond-antibond) Interactions for the B,N,/pyrimidine Complexes

in the Gas Phase and Water Medium

Donor NBO

Acceptor NBO

EQ)

Gas

Phase

Water

Medium

BD (1) B9-N29
BD (1) B9-N29
BD (1) B9-N29
BD (1) B9-N29

BD* (1) B9-N29

BD (1) B9-N29
BD (1) B9-N29
BD (1) B9-N29

BD (1) B9-N29

BD*(1) C25-N29
BD*(1) C25-N34
BD*(1) C27-C28
BD*(1) C28-N29

BD*(1) C25-N29

BD*(1) C25-N29
BD*(1) C25-N34
BD*(1) C27-C28

BD*(1) C28-N29

2.15

4.90

348

2.13

1.08

2.28

4.69

3.10

2.25
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illustrates the HOMO is concentrated on the N atoms of the
nanocluster while the LUMO is spread over the B atoms.

Pyrimidine Adsorption on Pristine B;;N;; in Gas
Phase and Water Medium

The second stage is determining the electrostatic charge
distribution over fragments and detecting the effective
forces in the formation of an adsorbing complex. Therefore,
we search for a suitable position on the exterior surface of
pristine BNy, for the molecular adsorption of pyrimidine.
For this purpose, a pyrimidine molecule is initially placed at
different positions on the exterior surface of BN, with
various orientations. After full geometry optimization, the
most stable adsorption configuration in the real minimum is
found (see Fig. 3a). In this configuration, the nitrogen atom
of pyrimidine molecule is closed to a B atom of the external
surface of BoNj, cluster with an interaction distance of
1.642 A. The calculated E,, and BSSE values for
B12Nyo/pyrimidine complex are computed by Eq. (2) and
tabulated in Table 1. E,4 value for this configuration for the
pyrimidine adsorption in the gas phase is -120.44 kJ mol
indicating that chemisorption process is occurred between
pyrimidine molecule and Bj;N 5,

NBO analysis shows a charge transfer of 334 |me| from
pyrimidine molecule to Bi,Nj, nanocluster, confirming
chemical adsorption. Electron transfer from the lone pair
orbital located on N atoms to the empty p orbital of B leads
to the non-covalent interaction between the BN nanocluster
and pyrimidine, which has an important role in stabilization
of the system. Additionally, the second-order perturbative
estimates of donor-acceptor (bond-antibond) interactions in
the NBO basis were studied. All possible interactions
between filled (donor) Lewis-type NBOs and empty
(acceptor) non-Lewis NBOs are examined and their
energetic importance is
perturbation theory [56-59].

The most important interactions for the most stable

investigated by 2nd-order

configuration are presented in Table 2. It is obvious from
this table that the strongest interaction
B9-N29
B,No/pyrimidine complex as donor with the adjacent &*
(C25-N34) with the energy 4.90 kcal mol™.

A visualization analysis of the non-covalent interactions

corresponds to the

interaction of  o-bond localized on

was made to understand the nature of non-bonding

interactions in Bj;Njo/pyrimidine complex. According to
Yang et al., large negative values of sign (A,)p in the two-
dimensional RDG plots represent attractive interactions
(e.g., hydrogen bonding) whereas large positive values of
sign (A,)p show steric repulsion.

On the other hand, the values close to zero (in the low
density region) represent van der Waals interaction. Scatter
graph of B,N,/pyrimidine, illustrated in Fig. 3¢, shows that
there are several spikes for Bj;N,/pyrimidine configuration
(see Fig. 3c). In each region, more scatter points display
larger electron density, that is, larger contribution to total
weak interactions. According to Fig. 3c, disperse spikes
near sign (A,) p =-0.01 a.u. can be settled within the regions
of the isosurface with deep blue equivalent to stabilizing
interactions, viz., N29-B9, reflective attractions. While, a
red space corresponding to the scatter plots with more than
-0.01 au. for sign (A;) p indicates a weak repulsive
interaction between the pyrimidine and exterior surface
B1,Ny; nanocluster.

The adsorption process leads to a local structural
deformation of both fragments, in particular, N-C bond
length elongation from 1.347 A in free pyrimidine molecule
to 1.351 A in the complex of B,N,/pyrimidine and C-C
bond length decrement from 1.403 A to 1.402 A of
pyrimidine through the adsorption. Moreover, the B-N
bonds of B;N; are increased from 1.450 and 1.494 A in the
pristine form to 1.462 and 1.496 A in the B/,No/pyrimidine
complex (see Fig. 3a).

This section shows how perturbation in the electronic
properties can be an important aspect of the adsorption
process. We study the effects of pyrimidine molecular
adsorption on the electronic properties of the Bi,Nj,
nanocluster (see Table 1). Through the adsorption process
of pyrimidine on the exterior surface of B;,N,, nanocluster,
the energy gap of the B 2N »/pyrimidine complex is found to
be 2.18 eV. Based on the HOMO, LUMO, and TDOS
visualizations for Bj;N/pyrimidine complex (presented in
Fig. 3b), HOMO is more located on nanocluster in
B,No/pyrimidine complex, while LUMO in this interacting
system is remained over the pyrimidine molecule. This
figure also confirms that the adsorption of pyrimidine
molecule is accompanied by a significant change near the
conduction level compared with pristine B;,Nj,. To provide
a sensible justification for the electronic properties
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Fig. 3. (2) Optimized structures, (b) total density of states (TDOS) and partial density of states (PDOS) of the
B,N/Pyrimidine complex in the gas phase. The dashed line in PDOS plots indicates Fermi energy and
(c) and plot of the reduced density gradient (RDG) versus sign (A,)p (isovalue = 0.5 a.u.). (Bonds are in A
and angles in degree).
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TDOS B|,N,/Pyrimidine in water medium
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Fig. 4. (a) Optimized structures, (b) total density of states (TDOS) and partial density of states (PDOS) of the
BN »/Pyrimidine complex in water medium. The dashed line in PDOS plots indicates Fermi energy and
(c) plot of the reduced density gradient (RDG) versus sign (A,)p (isovalue = 0.5 a.u.). (Bonds are in A and
angles in degree).
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perturbation of the B1,Ny»/pyrimidine complex, we analyze
PDOS, Fig. 3b, as a further understanding of the individual
contribution of species to the Fermi energy region. Red and
blue lines in Fig. 3b represent partial density of states of
nanocluster and pyrimidine, respectively. It reveales that the
PDOS of pyrimidine lies near the Fermi energy after the
adsorption process, and can change the electronic properties
of B12N, near Fermi energy (Fig. 3b). In addition, the band
gap of the B;,N»/pyrimidine complex decreases by 57.34%,
and consequently, the conductivity of the system is changed.
Based on reported results, nanocluster can be sensitive
enough to sense of pyrimidine molecule.

Stable configuration for the interacting system in the gas
phase, obtained from previous sections, is reoptimized using
PCM with dielectric constant of 78.3553 for water (see Fig.
4a). In this configuration, interaction distance between
nitrogen atom in the pyrimidine molecule and B atom of the
external surface of the B;,Nj, cluster is 1.619 A. The
calculated E,q value for B,N/pyrimidine complex without
considering BSSE is -141.85 kJ mol™. This result reveals
that pyrimidine molecule is chemisorbed onto BNy, in
water medium. The calculated NBO charges indicate that
the charge transfer of 369 |me| is occurred from pyrimidine
molecule to B;N, nanocluster, confirming chemisorptions
the BN
nanocluster and pyrimidine in water medium is due to

adsorption. The main interaction between
charge transfer from the lone pair orbital of the N atom in
pyrimidine to the empty p orbital over the B atom of the
the

estimates of donor-acceptor (bond-antibond) interactions in

nanocluster. Moreover, second-order perturbative
the NBO basis are investigated in water medium (See Table
2). It is obvious from this table that the strongest interaction
corresponds to the interaction of c-bond B9-N29 localized
on B;)N,/pyrimidine complex as donor with the adjacent
7* (C25-N34) with the energy 4.69 kJ mol ™.

RDG scatter graph of B ;Njy/pyrimidine in water
medium is shown in Fig. 4c. The spikes with values near
0.01 a.u. arise from the relatively strong interaction between
the nitrogen atom in the pyrimidine molecule and B atom of
the BpN; cluster. In addition, the spikes with values near
-0.01 a.u. arise from the weak repulsive interaction between
the pyrimidine and exterior surface BN, nanocluster.

The adsorption process leads to a local structural

deformation in both fragments. The N-C bond length is

10

elongated from 1.349 A in free pyrimidine molecule to
1.355 A in the complex, while C-C bond length is decreased
from 1.402 A to 1.401 A for the corresponding systems.
Moreover, the B-N bonds of the B,N, are increased from
1.450 and 1.494 A in the pristine form to 1.469 and 1.498 A
in the B ;N »/pyrimidine complex (see Fig. 4a).

We study the effects of pyrimidine molecular adsorption
on the electronic properties of the Bi,Nj» nanocluster in
water medium through E, and Er calculations (see Table 1).
Upon the adsorption process in water medium, E, of
B,No/pyrimidine complex is found to be 2.94 eV. The
HOMO, LUMO and TDOS calculations are also performed
for this configuration, Fig. 4b. According to this figure, the
HOMO is located on nanocluster in the Bj,N/pyrimidine
complex while the LUMO is remained on the pyrimidine
molecule. It can be seen that after adsorption process in
water medium, a substantial change near the conduction
level compared to that of the pristine B;;N;, is appeared.
PDOS changes reported for the BN cluster through the
adsorption process in water medium (see Fig. 4b) reveales
that the PDOS of pyrimidine molecule is close to the Fermi
energy, and therefore can alter the electronic properties of
B,Ny, near the Fermi energy. For this reason, the band gap
of the 43.27%
decrement, and the conductivity of the system is changed.

BN o/pyrimidine  complex shows
Based on the mention results, this nanocluster is sensitive
enough for sensing of pyrimidine molecule.

In the end, based on the DFT calculations, we have
found that the electronic properties of B|;N, nanocluster
interacting with pyrimidine molecule are changed
significantly. Our study indicates that the adsorption energy
of pyrimidine in the exothermic process is negative. The
reported results in the previous study for the adsorption of
5-fluorouracil molecule on the surface of B;)Nj, are in
consistence with the present results [60]. Therefore, B1,N1»
nanocluster is proposed for using as a recognition tool of

nucleotide such as pyrimidine.

CONCLUSIONS

In this article, we have used density functional theory
calculation to investigate the adsorption of pyrimidine
molecule onto pristine B,N;, in the gas phase and water
medium. The geometrical structures, electronic properties,
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and NBO analysis for BN cluster have been performed in
the presence and absence of a pyrimidine molecule to
predict the electronic changes through the adsorption
process. The obtained results exhibited that pyrimidine
molecule interacts with the pristine BNy, through strong
interactions which imply to chemisorptions process. The
interaction between B,Nj, and pyrimidine in water medium
is stronger than in the gas phase with considerable changes
BN,
introduced as a promising nano sensor to detect pyrimidine

in its electrical conductance. Accordingly, is

due to some features such as high sensitivity and also
energetic favorability.
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