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In this paper, the physical adsorption of five different N-containing organic heterocycle molecules and
benzene on hexagonal boron nitride (h-BN) has been studied using dispersion-corrected density functional
theory (DFT-D3). Adsorption energies (E.) have been obtained for all studied molecules, and it has been
shown that Ea. for pyridazine is maximal one. Electronic properties of the molecule/h-BN complexes have
also been obtained. DFT-D3 calculations show that all the studied molecules, except pyridazine, introduce
only minor changes in the HOMO-LUMO gap of h-BN upon the physisorption. Thus, the physisorption of
N-containing heterocycle molecules on the h-BN plane through noncovalent van der Waals interactions
represents a simple method to add arbitrary functionality to A-BN, preserving its electronic properties un-
disturbed. Additionally, the comparison of E, for the adsorption on graphene, A-BN and their hybrid struc-

ture has been made.
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1. INTRODUCTION

Graphene, a monolayer of graphite, possesses valu-
able characteristics, such as high thermal conductivity,
high mechanical stability, and unusual electronic prop-
erties [1]. The studies on graphene were followed by
those on hexagonal boron nitride (hA-BN), silicene, and
other two-dimensional (2D) nanostructures [2-4]. H-BN
is a one-layer material having distinct differences and
advantages compared to the properties of its carbon
counterpart as it exhibits polar character of the B-N
bonds. Besides this, h-BN exhibits profound chemical
and thermal stability, as well as high mechanical stiff-
ness [5].

An effective technique which can help one to
achieve the best performance for 2D nanomaterials-
based devices is functionalization. In this respect, the
vast literature exists on the growing applications of
graphene and A-BN modified through both noncovalent
interactions and covalent bonding. The former are of
importance for most applications because, for example,
the extended m-system of graphene-like materials is not
interrupted, which means that useful properties such
as electric conductivity or mechanical strength are not
affected. In addition, the impermanent character of
noncovalent interactions as well as relatively simple
adsorption/desorption methods offer high flexibility in
handling of the adsorbent.

Recently, adsorption of aromatic molecules on gra-
phene has been extensively studied. The interaction
between them is considered by scientists as a suitable
model for the interaction between graphene layers [6].
At the same time, some aromatic molecules can also be
used to tune-up the electronic structure of graphene
[7, 8]. For example, Wuest and Rochefort have shown
that aminotriazines are strongly adsorbed on graphite
surface, whereas benzene and pyridine have moderate
adsorption energies (Ea) [9]. Some authors believed
that benzene and naphthalene molecules bind very
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weakly, or do not bind at all, to graphene sheets [10].
However, the works devoted to studies of noncovalent
interactions between h-BN and heterocyclic molecules
are rather scarce. Many questions are far from being
solved.

In this paper, we present a dispersion-corrected
density functional theory (DFT-D3) study on the physi-
cal adsorption of a series of five N-containing heterocy-
clic molecules on A-BN. The following compounds: pyri-
dine (CsHsN), pyrazine (para-C4HiN2), pyrimidine
(meta-C4H4N2), pyridazine (ortho-CsH4N2), and 1,3,5-
triazine (CsHsNs) as well as benzene (CsHg), for the
sake of comparison, are considered. Nitrogen heterocy-
cles represent a highly important class of compounds
which are widely used in materials science, agrochem-
istry, and medicinal chemistry. Considering pyridine as
a precursor to pharmaceuticals [11], it is, therefore,
important to study the binding mechanism of this mol-
ecule with nanosheets of A-BN.

Besides this, the aforementioned compounds are
very interesting and convenient models for studying
the noncovalent interactions. Indeed, one of the main
components of van der Waals interactions is a dipole-
dipole interaction. The existence of nitrogen atoms in
the rings of the studied molecules leads to the electron
density shift and, therefore, the induction of the dipole
moment. The abundance of polar B-N bonds in A-BN
can be regarded as the plenty of dipoles that may pro-
mote the interactions between the adsorbate and the
adsorbent. The obtained results are likely to be useful
for further theoretical and experimental studies on the
noncovalent functionalization of A-BN.

2. COMPUTATIONAL METHODS

All the DFT-D3 calculations were carried out using
Orca 4.0.1 program package [12]. The dispersion-
corrected PBE-D3 functional [13-17] together with the
SVP basis set [18] were employed. This functional has
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been demonstrated to be reliable and commonly used in
the studies of adsorption phenomena [19-21]. For all
calculations, we involved default convergence criteria of
Orca 4.0.1 for optimization.

As an h-BN model (B12N12H12), we employed a coro-
nene-based model (Ce4Hi2), in which we substitute all
carbon atoms with boron and nitrogen in an alternate
manner (Fig. 1).

The adsorption energy (Eq) of the studied molecules
adsorbed on A-BN was calculated as:

E. = E(molecule/h-BN) — E(molecule) — E(h-BN),

where E(molecule/h-BN), E(molecule), and E(h-BN)
denote the total energies of the relaxed molecule/A-BN
complex, the studied molecule, and A-BN, respectively.
The negative Eq values denote the exothermic process.
For all E., we made the basis set superposition error
(BSSE) correction to eliminate the effect of basis set
incompleteness by employing the counterpoise correc-
tion method. The equilibrium distance (R) is a normal
length between the center of the molecular ring and the
h-BN plane. Multiwfn program was used to obtain the
density of states (DOS) plots [22].
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Fig. 1 — A Bi2N12H12 model adopted in this study as A-BN. The
initial adsorption positions are denoted as 1 (‘hollow’), 2
(‘bond’), 3 (‘top’). Grey balls are boron, dark grey balls are
nitrogen. Small balls are hydrogen

3. RESULTS AND DISCUSSIONS

In general, one can highlight only a few initial posi-
tions of possible sorption of studied molecules onto
h-BN. They are ‘hollow’ (at the center of a hexagon
ring), ‘bond’ (at the center of a respective bond), and
‘top’ (above a respective atom) (Fig. 1). We study all the
positions of a benzene molecule and five heterocyclic
molecules in respect to the A-BN surface as well as dif-
ferent distances between them. The equilibrium config-
urations for benzene as well as five heterocycles (pyri-
dine (CsHsN), pyrazine (para-C4HsNs2), pyrimidine
(meta-C4HuN2), pyridazine (ortho-CsHiN32), and 1,3,5-
triazine (C3H3N3)) physisorbed on h-BN are shown in
Fig. 2. First, we turn to the benzene molecule, which is
almost parallel to the A-BN plane (Fig.2). For the
N-containing heterocycles, we observe the slopes to-
wards the hA-BN. The centers of the aromatic rings are
located above the nitrogen atom in the cases of ben-
zene, pyrazine, pyridazine, and 1,3,5-triazine. The equi-
librium distance (R) between the benzene molecule and
the A-BN surface is 3.33 A, E. is —0.304 eV. Fig. 2
shows electron density of the benzene/h-BN complex.
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The 0.2 isodensity model (red solid, middle; bottom)
clearly shows that the preferential position of benzene
adsorption is defined by the mutual distribution of the
electron densities of the adsorbate and the adsorbent.
Thus, the center of the benzene ring is above the local
maximum of the electron density (the nitrogen atom) of
h-BN. The carbon atoms of the benzene ring are located
above the local minima of the electron density (boron
atoms) (Fig. 2). We suppose that the mutual orientation
of benzene and A-BN is due to the electrostatic interac-
tions of their electron clouds.

Further, we study adsorption of five N-containing
heterocyclic molecules on the A-BN surface. The calcu-
lated R, y, and Eq values as well as charge transfers
(Ac), and HOMO-LUMO gaps (Eg) are summarized in
Table 1.

The adsorption of studied molecules does not lead to
a distortion of an A-BN sheet or noticeable changes in
lengths of the bonds underlying the adsorbed mole-
cules. The variation of R depending on the molecule
adsorbed is also only moderate (Table 1). These values
are also close to the corresponding ones for the adsorp-
tion of other aromatic molecules on pristine graphene
sheets and graphene-like boron nitride/carbon hetero-
structures (GBNCHs) [23, 24]. To get deeper insight
into the structure-E. relation, we consider the overall
interaction energy ¢(z) of a molecule at a distance z
from a surface. It can be represented by the following
expression [25]:

¥(2) = ¢p + @r+ @P + @F, + ¢FQ,

where ¢p and @r represent attractive and repulsive en-
ergies, respectively; ¢p, ¢r, and ¢@rq are energies of
polarization, field-dipole, and field gradient-quadrupole
interactions, respectively. The non-specific terms
(pp and @r) are always present, whereas electrostatic
energies existence (¢r, ¢r, and @rq) depends on the
nature of the adsorbate and/or adsorbent. Whereas
some symmetrical heterocycles, pyrazine and 1,3,5-
triazine, exhibit zero dipole moments, the non-
symmetrical mutual positions of C and N atoms leads
to the increase in p values for the rest heterocycles
(Table 1). Thus, the @p term is valid for all studied mol-
ecules as the B-N bonds in A-BN exhibit polar nature.
The ¢r, term is a feature of only 3 molecules: pyri-
dazine, pyridine, and pyrimidine. Therefore, the latter
three molecules are characterized by the larger (more
negative) E, values among studied heterocycles. Pyra-
zine and 1,3,5-triazine, in turn, have the minimal Eq
values.

It is of use to compare the results of the present
study with those on the adsorption on graphene and
GBNCHs, which combine graphene and A-BN moieties
in one sheet [23]. In this paper and elsewhere, various
calculation methods used, therefore, we can not directly
compare the results on A-BN and graphene. We can
rather compare the trends of their changes. Alterna-
tively, there is a possibility for direct comparison of
data on A-BN and GBNCHs.

First, we take into consideration the physisorption on
graphene. Using a number of dispersion-corrected func-
tionals, Ramos-Berdullas et al. obtained the following
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Fig. 2 — Top: top view of electron density maps of molecule/A-BN complexes (isodensity = 0.2). Bottom: side view of electron densi-

ty maps of molecule/A-BN complexes (isodensity = 0.2)

Table 1 — PBE-D3/SVP adsorption energies (E,), equilibrium distances (R), dipole moments (x), charge transfers (Ac), and HO-

MO-LUMO gaps (E;) for studied complexes

System Eq, eV R, A 4, Debye Act, e Eg, eV

h-BN — — <0.012 = 5.107
benzene/h-BN —0.304 3.33 0.00 0.028 4.778 (6.4 %)
pyrazine/h-BN ~0.279 3.25 0.00 0.029 3.177 (37.8 %)
pyridazine/h-BN -0.315 3.27 3.95 0.034 2.621 (48.7 %)
pyridine/h-BN -0.317 3.30 2.09 0.029 3.925 (23.1 %)
pyrimidine/h-BN —0.286 3.34 2.19 0.019 3.516 (31.2 %)
1,3,5-triazine/h-BN —0.279 3.29 <0.01 0.021 3.480 (31.9 %)

1Ac values were obtained as the difference between zero and the net Mulliken charge of the molecules adsorbed
on A-BN. The positive Ac denotes the electron transfer to h-BN. 2y values are presented for individual molecules
involved in this study. 3The relative changes in Egof h-BN are given in parentheses

values for the adsorption of pyridine onto graphene
surface consisted of 24 carbon atoms: 0.250-0.311 eV
[26]. These values are somewhat smaller than that de-
rived in this study. For the benzene molecule, there
exist the scattered results on Eq. Thus, for example, the
work of Lechner and Sax using B3LYP-D2/def2-SVP
gives the Eq value of 0.42 eV [27]. The paper of Berland

and Hyldgaard, in turn, gives the E, value of 0.49 for
graphene and 0.48 eV for A-BN (the van der Waals
density functional (VDW-DF1) calculation) [28]. The
same work using VDW-DF2 calculations predicts the
equal Eq values of 0.34 eV for both graphene and A-BN
[28]. Ershova et al. using the dispersion corrected func-
tional with various basis sets [29] show Eq of 0.47 and
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0.37 eV for graphene. Wang et al. using @B97X-D/def2-
TZVPP level of theory yield Eq of 0.55 eV [6]. For the
adsorption on graphene, Wuest and Rochefort predict
the following E. of 0.59, 0.60, 0.62 eV (PBE-D) for ben-
zene, pyridine, and triazine, respectively [9]. Generally
speaking, there are vast literature data on benzene
adsorption. The information on azines is rather scarce,
and we can only conclude that our calculations coincide
well with the previously published results on benzene.
The literature E, values for the adsorption on graphene
and A-BN are, generally, very close.

Now we turn to the adsorption on GBNCHs. Abso-
lute E, values obtained herein for all studied molecules
are lower than those for the adsorption on GBNCHs
(both studies use the same calculation method) [23]. We
ascribe this result to the enhanced adsorption ability of
GBNCH in comparison with A-BN. Indeed, the GBNCH
model composed from different parts has increased
number of polar C-B bonds at the interfacial region. It
increases the following interactions: (i) permanent di-
pole (GBNCH)/permanent dipole (pyridazine, pyrimi-
dine, or pyridine) or (i) permanent dipole
(GBNCH)/induced dipole (benzene, 1,3,5-triazine, or
pyrazine).
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Fig. 3 — Density of states (DOS) plots for pristine h-BN (top)
as well as benzene/h-BN (middle) and pyridazine/h-BN (bot-
tom) complexes

To study the influence of adsorption on electronic
properties of A-BN, we present the density of states
(DOS) plots for pristine h-BN as well as benzene/h-BN
and pyridazine/h-BN complexes, for the sake of compar-
ison (Fig. 3). We can see that the shape of DOS plots for
the complexes show only minor changes on attachment
of different species, suggesting that that the physical
adsorption of the studied molecules modifies weakly
the electronic properties of A-BN. This conclusion can
also be validated by the charge transfer (Ac) between

© E

LUMO of benzene/h-BN complex

(.
LUMO of pyridazine/h-BN complex

Fig. 4 - HOMO and LUMO (isodensity = 0.03) of benzene/h-BN and pyridazine/h-BN complexes
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the N-containing heterocycles and A-BN (Table 1). Indeed,
one can note that the Ac values are small. Nevertheless,
the new states occur near the highest occupied (HOMO)
and the lowest unoccupied molecular orbitals (LUMO)
(Fig.3, the DOS plot for the pyridazine/A-BN complex,
vertical bars near the HOMO and LUMO). These peculi-
arities are inherent for all N-containing heterocycles stud-
ied herein (their DOS plots are not presented) that leads
to the substantial changes in Eg; of studied complexes
compared with the pristine 2-BN (Table 1). At the same
time, the physisorption of benzene introduces very little
changes in the Eg value of A-BN (Table 1).

The shapes of the HOMO and LUMO of studied
complexes can qualitatively approve our findings
(Fig. 4). The HOMO and LUMO for the pyridazine/
h-BN complex have the main input from the pyridazine
molecule. This substantial contribution leads to the
large changes in Eg (Table 1). Conversely, the HOMO
and LUMO for the benzene/h-BN complex are contrib-
uted by the A-BN in the larger extent, whereas the in-
put of the benzene molecule to these orbitals is smaller
than that in the case of pyridazine (Fig. 4). Therefore,
the changes in E; of the benzene/h-BN complex are
minor compared with heterocycle/h-BN ones (Table 1).

4. CONCLUSION

All in all, we perform DFT-D3 calculations to study

JJ. NANO- ELECTRON. PHYS. 10, 02010 (2018)

the physical adsorption of a series of five N-containing
heterocycles, and, for the sake of comparison, a ben-
zene molecule on A-BN. The difference in Eq for all
studied molecules can be explained by the magnitude of
their dipole moments. The larger values of p corre-
spond to larger Eq, which vary from 0.279 to 0.317 eV.
Among studied molecules, those with the non-zero u
values exhibit maximal E,. For the non-polar mole-
cules, only one non-specific interaction (permanent
dipole-induced dipole) holds which leads to smaller E..
For polar molecules, the additional term corresponding
to the field-dipole interactions arises. Except pyri-
dazine, the physisorption of all the molecules on A-BN,
results in little changes in its electronic structure, rep-
resenting a simple method to add arbitrary functionali-
ty to h-BN, preserving its electronic properties practi-
cally undisturbed.
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Dusnyeckasa agcopoIua a30TCOAEPsKAIINX reTEePOIMKIOB HA FeKCATOHAJILHOM HUTpPHIe Oopa:

HCCc/IeJOBAHNE METOIOM (PYHKIMOHAJIA INIOTHOCTH

N.K. Ilerpymenxo

Hprymceruli HQuUOHAIbHbLIL UCCTIe008AMENIbCKULL MeXHUYeCKUTL YrUuepcumem, yu. Jlepmornmosa, 83, 664074

HUprymcexk, Poccus

B macrosmeit pabore 6b1a maydera GU3WCOPOIUS AT PASJIMIHBIX A30TCOMEPIKATINX OPraHUUYeCKUX
TeTepOIUKINYECKAX MOJIEKYJI ¥ OeH30J1a Ha TekcaroHassHoM HuTpue 6opa (h-BN) ¢ ucnonnsoBanmem muc-
IEePCUOHHO-CKOPPEKTUPOBAHHOM Teopuu QyHKImoHana miotHocta (DFT-D3). Oueprun agcopboiun (E.) ObI-
JIU OTIPEJIEJIeHBI JIJIsI BCeX M3yJaeMBIX MOJIEKYJI, U OBLIO MOKA3aHO, YTO K, I TUpUIa3uHa SIBJISIETCS MaK-
cumasbHoOM. Takske IOJIy4eHBI dJIEKTPOHHBIE CBOMCTBA KOMILIeKcoB MoJsieryia/h-BN. Pacuersr mertomom
DFT-D3 mokassiBaior, 4To BCE WCCJIeLyeMble MOJIEKYJIbI, 38 MCKJIIOUeHUEM NHUPUIA3UHA, BBOAAT JIUIIH He-
3HAUYNTEJIbHBIE N3MeHeHus B oHeprerudeckuii 3a3op BBMO-HCMO A-BN mpu dusucopoimu. Takum o6pa-
30M, pU3MCOPOITHST a30TCOMIEPIKAIINX MOJIEKYJI Ha IuiockocTu A-BN 1mocpencTBon HEeKOBaJIEHTHBIX BaH-JIep-
BaaJIbCOBBIX B3aWMOJIEHCTBUM IIpeCTaBIsgeT cOO0M MPOCTOM CIocod JJIs JT00aBJIEHUST TTPOU3BOJIBHON (hyHK-
muoHasbHOCTH K h-BN ¢ coxpaneHneM mx ay1eKTpOHHBIX cBO#cTB. Kpome Toro, GBII0 IIpOBEIEHO CpaBHEHME
BesmunH E, nst agcopbiinu Ha rpadesre, A-BN u ux rubpumHoit crpyKType.

Kmiouessie ciosa: DFT, I'ekcaromanbubiit HuTpug 6opa, Asor, 'ereporrukir, @usucopbims, 'paden.
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