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To understand the underlying physics behind the interaction of biomolecules with the nanomaterials to
use them practically as bio-nanomaterials is very crucial. A first principles calculation under the frame
work of density functional theory is executed to investigate the electronic structures and binding prop-
erties of alkaloids (Caffeine and Nicotine) over single walled boron nitride nanotube (BNNT) and boron
nitride nanoribbon (BNNR) to determine their suitability towards filtration or sensing of these molecules.
We have also used GGA-PBE scheme with the inclusion of Van der Waals (vdW) interaction based on DFT-

Key WordAS"A D2. Increase in the accuracy by incorporating the dispersion correction in the calculation is observed for
Boron nitride nanostructure . . . . . .
Alkaloids the long range Van der Waals interaction. Binding energy range of BNNT and BNNR with both alkaloids

have been found to be —0.35 to —0.76 eV and —0.45 to —0.91 eV respectively which together with the
binding distance shows physisorption binding of these molecules to the both nanostructures. The transfer
of charge between the BN nanostructures and the adsorbed molecule has also been analysed by using
Lowdin charge analysis. The sensitivity of both nanostructures BNNT and BNNR towards both alkaloids
is observed through electronic structure calculations, density of states and quantum conductance. The
binding of both alkaloids with BNNR is stronger. The analysis of the calculated properties suggests
absence of covalent interaction between the considered species (BNNT/BNNR) and alkaloids. The study

Electronic properties
Binding energy
Quantum conductance
Sensors

may be useful in designing the boron nitride nanostructure based sensing device for alkaloids.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, boron nitride nanostructures (BNNs) including
nanotube, nanoribbon and nanosheet have attracted extensive
attention from many experimental and theoretical groups [1-4].
BNNs are promising materials for nano electronics, bio sensing,
drug delivering and medical applications due to their extensive
properties like high temperature stability, low dielectric constant,
large thermal conductivity and oxidation resistance [5-10]. Boron
nitride exists in cubic BN (c-BN), trigonal BN, wurtzite BN (w-BN)
and hexagonal BN (h-BN) isomers with significant attention to
h-BN [11].

The BNNs have distinct differences or advantages compared to
those of their carbon counterpart due to their polar character
[12]. The large intrinsic bandgap arising from the ionic nature of
bonds and their nontoxicity make them more suitable over carbon
nanostructure to be used in bio applications [13]. The modulation
of the band gap can be easily achieved in the case of boron nitride
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nanoribbon (BNNR) in contrast to its carbon counterpart graphene
nanoribbon (GNR) [14,15]. The BNNR structurally similar to GNR is
classified in two configurations: (a) zigzag BNNR (ZBNNR) and (b)
armchair BNNR (ABNNR) [16-18]. The literature reveals diverse
and unconclusive results on width dependent properties of both
ribbons [17-19]. While Du et al. [17] show a decrease in the band
gap of ZBNNR with increase in the ribbon width, an oscillatory
behaviour for the width dependent bandgap is observed for ABNNR
[20]. There have been several theoretical and experimental studies
to understand the interaction of boron nitride nanotube (BNNT),
BN monolayer and BNNR with a range of biomolecules [21-24].
Tremendous efforts are still under development to evaluate and
modulate the bio compatibility of BNNs to further improve its bio-
logical and medical applications [25-28].

Caffeine and nicotine biomolecules which belong to alkaloid
family and are therapeutic molecules [29,30] mainly used for med-
ical purposes can be obtained from coffee and tobacco. These mole-
cules serve as stimulants for central nervous system in human
body. They show positive effect on human if consumed in proper
quantity but can be disastrous in the case of heavy consumption.
It is a heavily addictive drug and can have side effects such as high
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heart rate, high blood pressure and insomnia [31]. The use of caf-
feine has been started in energy drinks to provide physical stimu-
lation and hence face ban on sale and or production in many
countries. Therefore the fabrication of nanostructure based sensors
and filters to absorb these chemicals are in progress. Recently,
using carboxylated carbon nanotube (CNT) as an additive in filter
tip to increase nicotine and tar sorption has been realized experi-
mentally [32].

A theoretical study using density functional theory (DFT) on the
interaction of nicotine molecule with single walled CNT is reported
by Girao et al. [33]. Lee and co-workers [34] reported a non-
covalent interaction of CNT with nicotine and caffeine through m-
staking. However, both studies report a different binding geometry
and binding energies. It is found that the BNNT which exhibits sim-
ilar mechanical properties and thermal conductivity as CNT is
more resistive towards oxidation than CNT due to better chemical
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stability in the case of former [35-37]. The strong chemisorption of
caffeine and nicotine molecules on two types of boron nitride nano
cages B12Ny; and BgNy¢ is reported [38]. B1oNy; cage is found bet-
ter for the adsorption of caffeine and nicotine molecules. The bind-
ing geometry, binding energies and electrical conductance of BN
nanocages are modified over the interaction of HCN and methanol
molecules [39,40]. In addition, to understand the nature of binding
between BNNT with nucleobases of DNA - RNA and amino acids
and effect of adsorption of these biomolecules on the transport
properties of BNNT few DFT studies are reported in literature
[41,42]. Though the authors of these studies were successful in
bringing the nature of interaction and possible use of these combi-
nations for biosensors applications but ignored the important con-
tribution of Grimme’s dispersion despite being them as weakly
bound systems of vdW interactions. The adsorption and electronic
properties of boron nitrides are highly dependent on the extent of
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Fig. 1. Optimized structures of (a) Caffeine, (b) Nicotine, (c) Pristine boron nitride nanotube and (d) Pristine boron nitride nanoribbon. The figure also shows the side view of

optimized structures.
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confinement, arrangement of atoms and length. A study on the
interaction of biomolecules, alkaloids, nucleobases, etc. is yet to
be carried out for BN nanoribbons. In the present work, our main
motivation is to identify the factors influencing the interaction of
caffeine and nicotine with BN nanotube and BN nanoribbon using
first principles based density functional theory calculation with the
incorporation of dispersion corrections to account vdW
interactions.

2. Computational methods

All calculations in the present study are performed by employ-
ing the plane wave pseudopotential approach proposed by

Perdew-Burke-Ernzerhof within the Generalized Gradient Approx-
imation (GGA) [43] for exchange correlation functional as imple-
mented in the Quantum espresso code [44]. The single particle
functions are expanded in a plane wave basis set up to kinetic
energy cut off and charge density are 80 Ry and 800 Ry respec-
tively which is sufficient to fully converge the lattice parameters
and total energy. Brillouin zone integrations are performed using
1x1x8and 1x 16 x 1 Monkhorst and Pack [45] special point
grids for BNNT and BNNR respectively. The system have been fully
relaxed to obtain the ground state structure with residual forces
less than 0.001 eV/A. The average B—N bond length in the opti-
mized configuration of the pristine BNNT and BNNR is 1.48 A. A
comparative analysis of two alkaloids i.e. caffeine and nicotine
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Fig. 2. Equilibrium geometry of physisorbed Caffeine and Nicotine molecules on (a and b) BNNT and (c and d) BNNR. The figure also shows the side view of optimized

structures of functionalized BN nanostructures with alkaloids.



B. Roondhe et al./Applied Surface Science 441 (2018) 588-598 591

interaction with both BNNT and BNNR has been carried out by full
structure optimization, adsorption energy, electronic structure and
density of states (DOS). It has been emphasized in the literature
that a precise quantum mechanical description of interaction of
molecules with nano surface requires accounting for dispersion
forces particularly for weakly bound systems [46]; therefore it is
important to choose a suitable computational method that should
consider the correct description of long-range electron correlation.
The present study shows the comparative result with and without
the employment of Grimme’s dispersion correction [47] to incor-
porate the long distance van der Waals interaction between the
adsorbent and the adsorbate. The adsorption energy E,4 has been
calculated according to the equation as follows

where Egnn+alkaloia 1S the total energy of BNNs (BNNT and BNNR)
adsorbed by alkaloid (caffeine or nicotine), Egny is the total energy
of the adsorbent nanostructure (BNNT or BNNR), E.jratoiq iS the total
energy of alkaloid (caffeine or nicotine) obtained from their fully
optimized geometries. According to the definition E,4 < 0 indicates
the exergonic nature of the adsorption. The quantum conductance
has also been calculated at zero bias using the Landauer formalism
[48], using maximally localized Wannier functions (MLWF) basis as
implemented in the Wannier90 code [49].

3. Results and discussion

To understand the interaction of alkaloids (caffeine and nico-

Ead = Epnn-alkaloid — (ENN + Eatkatoid) (1) tine) with two boron nitride nanostructures; (zigzag) BNNT and
Table 1
Calculated HOMO energies, LUMO energies, energy band gap (E;), adsorption energy (E,q), Fermi level energies (E¢) and distance of the molecule over BNNT and BNNR (d).
System HOMO (eV) LUMO (eV) E; (eV) E.q (eV) Ef (eV) d (A)
Without dispersion BNNT —4.4285 —0.8656 3.563 - —2.647 -
Caffeine —5.2272 -1.7121 3.515 - —3.469 -
Nicotine —4.9027 —1.5005 3.402 - —3.201 -
BNNT + Caffeine —3.6309 —0.5969 3.034 —0.030 -2.113 3.6
BNNT + Nicotine —3.2974 —-0.6331 2.664 —-0.025 —1.965 2.99
With dispersion BNNT —4.4310 —0.8671 3.563 - —2.649 -
Caffeine —5.2273 -1.7122 3.515 - —3.469 -
Nicotine —4.9027 —1.5005 3.402 - —3.201 -
BNNT + Caffeine —3.6185 —0.6199 2.999 -0.76 -2.119 2.69
BNNT + Nicotine —3.3442 —0.6264 2.718 -0.35 —1.985 2.98
BNNR —4.5328 0.0234 4.556 - —3.726 -
BNNR + Caffeine —3.8187 —0.3484 3.470 -0.91 —2.401 2.68
BNNR + Nicotine -3.5103 -0.1156 3395 -0.48 -3.385 245
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Fig. 3. HOMO (red) and LUMO (blue) of (a) caffeine molecule and (b) nicotine molecule. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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(armchair) BNNR, we first individually optimized the structures of
BNNT, BNNR, caffeine and nicotine which are presented in Fig. 1(a-d).
The diameter of BNNT (8,0) and width of BNNR obtained after opti-
mization is 6.40 A and 10.03 A respectively. Fig. 2(a-d) presents
the optimized geometries of caffeine and nicotine molecules
adsorbed over BNNT and BNNR. Various orientations were
explored not only by changing the orientation of molecules (paral-
lel and perpendicular) but also the distance between nanostruc-
tures and molecules before concluding the best optimized
geometries. It is found that the molecules are weakly adsorbed in
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the case of perpendicular orientation due to less number of atoms
of molecule facing the BN nanostructures and hence resulting into
the low binding of molecules. As far as distance is concerned, nat-
ure of force between BN nanostructures and molecules is repulsive
for close distance due to positive binding energy. However, the
adsorption is maximum at 2.69 A and 2.98 A for caffeine and nico-
tine respectively which again gradually decreases and finally
reduces to zero at 6 A. The BNNT and BNNR facing hetero-atoms
of caffeine and nicotine molecules show the most favourable orien-
tation for adsorption. Fig. 2(b) clearly depicts that the nicotine

LUMO -0.6199 eV
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Fig. 4. HOMO (red) and LUMO (blue) of functionalized BNNT (a and b) and BNNR (c and d) with caffeine molecule and nicotine molecule. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
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molecule prefer it’s six member ring to be in contact with BNNT
rather than its five member ring similar to the CNT [34] while in
the case of BNNR both rings interact to the surface of BNNR due
to available large surface for interaction (Fig. 2(c and d)).

Table 1 presents the calculated energy gap (Eg), adsorption
energy (E.q), Fermi energy (Ef), Highest occupied molecular orbital
(HOMO) and Lowest unoccupied molecular orbital (LUMO) ener-
gies and distance of the alkaloid molecules from BNNT/BNNR with-
out and with dispersion corrections. An effect of dispersion on the
listed properties is clearly seen. The HOMO-LUMO gap for caffeine
and nicotine molecules is 3.515eV and 3.402 eV respectively
which are in good agreement with the previous studies [34-38].
In caffeine the HOMO and LUMO wave functions are distributed
over whole molecule as can be seen from Fig. 3(a). Fig. 3(b) shows
that the HOMO of nicotine is dominating at its five member ring
but the electron density is high at the phenyl group in LUMO.
Fig. 4(a-d) shows HOMO and LUMO of alkaloids non-covalently
adsorbed over BNNT and BNNR respectively. As shown in Table 1
the change in HOMO and LUMO energies due to adsorption of caf-
feine and nicotine over both BN nanostructures are in range of
0.71-1.0 eV and 0.35-0.48 eV respectively.

The total charge density of the caffeine and nicotine adsorbed
on BNNT and BNNR is also calculated and presented in Fig. 5(a
and b). Difference of individual atomic charges before and after
adsorption of caffeine/nicotine on BNNs is less than 0.02e indicat-
ing no significant charge transfer between BNNs and alkaloids after
adsorption.

The adsorption of both the alkaloid molecules are physical
(physisorption) in nature as the distance between the molecules
and considered BN nanostructures is large (Table 1). The inclusion
of Grimme’s dispersion significantly affects the binding energy of
alkaloids with BN nanostructures. We do not present the parame-
ters for pristine BNNR and adsorbed BNNR without dispersion. The
binding energy without dispersion correction is quite low for alka-
loids over BNNT suggesting endergonic adsorption. However, the
inclusion of long range van der Waals interactions via dispersion
corrected DFT operations turns adsorption into the physical

adsorption. The calculated binding energy shows strong physisorp-
tion for caffeine over BNNT while comparatively a weak physisorp-
tion for nicotine even after the incorporation of the dispersion
correction. The value of adsorption energy via 1 stacking for BNNT
is almost half for nicotine adsorbed BNNT than caffeine adsorption.
This means that the caffeine interact strongly to BNNT similar to
the CNT [34]. This is quite consistent with the earlier study on
the nicotine adsorption over CNT [33] which confirmed that the
nicotine binds through physisorption until the CNT is defected
and nicotine is covalently bounded to defected site [33].

Our calculations depict a dominance of BNNR over BNNT in the
adsorption of alkaloids (caffeine and nicotine). The calculated bind-
ing energies over BNNR for caffeine and nicotine are —0.91 eV and
—0.48 eV respectively which are more than the BNNT. This can be
attributed to the higher sensitive semiconductive nature of BNNR
[11]. Furthermore, the distance between caffeine and BNNT is d
~ 2.6 A. The distance is 2.45 A and 2.68 A respectively for nicotine
and caffeine over BNNR. It is noteworthy that the inclusion of vdW
interaction changes this distance more for caffeine than nicotine
which can be attributed to the planer structure and aromatic rings
of caffeine which allow large area for interaction between BN
nanostructures and molecules [50,51]. It is noteworthy that the
Dabbichi et al. [52] found binding energy for anthracene over
CNT as 1eV with the inclusion of dispersion. Furthermore, the
adsorption energy is obtained in the range of 0.29-0.42 eV for five
nucleobases with local density approximation (LDA) calculations
by Mukhopadhyay et al. [53]. They have pointed out that their
LDA calculations take care of dispersion and is equivalent to the
GGA + vdW level of theory. The difference in the nature of interac-
tion and binding energy of these alkaloids with the BNNT and
BNNR can be explained on the basis of fundamentals of van der
Waals forces that are directly proportional to the size and mass
of the interacting molecules [54]. After the inclusion of an explicit
dispersion correction term, it is evident that the adsorption is
accompanied by the release of a large amount of energy and is
driven by long range interactions. This observation emphasizes
the role of van der Waals interactions in the adsorption process.

Fig. 5. Total charge density plot of BNNT and BNNR conjugated with Caffeine and Nicotine (a) BNNT and (b) BNNR. Isosurface levels were set at 0.09 bohr—3.
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The caffeine and nicotine molecules are physisorbed over BNNT
and BNNR due to the large nearest atom distance (d ~ 2.6 A) which
make sure the elimination of any possibility of covalent bond
formation. The physical nature of adsorption offers advantages in
terms of easy removal and reusability of nanostructure, with no
structural or electronic change in the adsorbate and adsorbent.
The dispersion correction does not directly alter the wave function
as it is considered herein as add-on term. However, significantly
better stabilized geometries are obtained after optimization with
the inclusion of dispersion correction. Furthermore, the adsorption
energy calculated without dispersion correction deemed the pro-
cess to be endergonic; it implied that the interaction is not favour-
able electronically.

It is also important to comment on the importance of BNNT/
BNNR over another BN nanostructure systems. BN nanocages for

biomolecular adsorption applications as the adsorption energies
in both cases are comparable. Our study suggests the physisorption
of alkaloid molecules over both BNNR/BNNT, which is good for a
sensitive sensor as due to the physisorption the recovery as well
as response time is much faster [55]. But in case of BN cage the
chemisorption is occurring due to covalent and ionic bonds gener-
ated between the molecule and the cage. As we know chemisorp-
tion need some external energy due to which it increases the
response as well as recovery time, which is big drawback for mak-
ing sensor. In addition chemisorption process is normally
irreversible.

To further understand the effect of alkaloids adsorption over the
BNNT and BNNR, we present total electronic density of states
(DOS) of caffeine, nicotine, BNNT, BNNR and functionalized BNNT
and BNNR with caffeine and nicotine in Fig. 6(a-d). The projected
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Fig. 6. Total DOS of (a) caffeine molecule, (b) nicotine molecule, (c) pristine and alkaloid (nicotine and caffeine) conjugated BNNT and (d) pristine and alkaloid (nicotine and
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DOS (PDOS) for the pristine BNNT and BNNR and the caffeine and
nicotine adsorbed over BNNT and BNNR are shown in Fig. 7(a-f).
These figures clearly show that the alkaloid molecules modulate
electronic properties of BNNT and BNNR. The analysis of DOS
together with the PDOS indicates that the contributions of caffeine
and nicotine molecules are localized around the top of the valance
band. The DOS plots and the bandgap in the pristine boron nitride
nanostructures clearly resemble the corresponding electronic band
structures (not shown here). The PDOS plots of BNNT and BNNR

(a) BNNT

Energy (eV)

(b) BNNT+Caffeine

PDOS

-6 4 2 0 2 4
Energy (eV)
| 0.05

(¢) BNNT+Nicotine

-6 4 2 0 2 4
Energy (eV)

presented in Fig. 7(a-f) shows that the B(2p) and N(2p) orbitals
have major contribution in the conduction and valance bands
respectively while the low lying electronic N(2s) and B(2s) orbitals
do not contribute significantly. The PDOS due to H(1s) orbital
arises due to passivation of the dangling bonds in BNNR. In pristine
BNNT the valance band or HOMO states are closer to the Fermi
level compared to LUMO which makes easy contribution for HOMO
states to the Fermi level [53]. The density of states of caffeine and
nicotine clearly shows the molecule like spectra with sharp peaks
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Fig. 7. PDOS of (a) pristine BNNT, (b) conjugated BNNT with caffeine, (c) conjugated BNNT with nicotine, (d) pristine BNNR, (e) conjugated BNNR with caffeine, (f) conjugated

BNNR with nicotine,
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mainly arising due to flat bands in band structures. The bandgap is
almost same in both molecules. Now we turn our attention to the
alkaloid adsorbed BNNT and BNNR. Fig. 6(c and d) shows that the
adsorbed alkaloid molecule modifies the DOS of pristine BNNT and
BNNR. The conduction band region corresponding to the LUMO
moves towards Fermi level for both alkaloids. However, the
valence band region corresponding to HOMO behaves differently
in the case of both alkaloids. There is a large shift for HOMO away
from Fermi level in caffeine and nicotine adsorbed BNNR. It is note-
worthy that the adsorption of both caffeine and nicotine reduces
the bandgap of considered BN nanostructures. The alkaloids
adsorbed BNNR has wider bandgap than BNNT which is quite obvi-
ous due to larger bandgap of BNNR than BNNT. Comparatively lar-
ger change in band gap is observed after adsorption of alkaloids
over BNNR than BNNT. Further, the DOS plots depict the presence
of impurity states in the conduction band regions within HOMO-
LUMO of pristine BNNT and BNNR arising due to the caffeine and
nicotine molecules. Hence, alkaloids seem to be an active unit
which affects electron mobility upon adsorption on to the BNNs.
The present result confirms the binding energy analysis that the
nicotine and caffeine molecules get physically adsorbed on the
BN nanotube as well as nanoribbon. However, BNNR is found more
dominant than BNNT for the adsorption of alkaloids; by these
results and the previous study it is clear that BN nanostructures
shows inert behaviour which does not affect the carrier molecules
properties and hence it is good candidate for biomedical applica-
tions. Therefore BNNR is a good candidate for molecule carrier
and should be explored more for its bio medical applications.

The quantum conductance which is calculated to study the
quantum transport of charge and judge the modification in the
electronic conductance of host adsorbate on interaction. This also
help to understands or confirm the electronic DOS and possible
charge transfer. Fig. 8 displays the calculated quantum conduc-
tance (G/Gp) using Wannier function [48,49] for pristine and alka-
loids adsorbed boron nitride nanostructures BNNT and BNNR. The
calculated quantum conductance shows the typical step by step
like behaviour with each step corresponding to the sharp
Van - Hove singularity of the density of states. The change in
conductance can be attributed to the different electronic DOS at
the Fermi level for caffeine, nicotine and BN nanostructures.
Fig. 8(a and b) shows that the conductance of functionalized BNNT
and BNNR is close to the superposition of that of a considered pris-
tine BN nanostructures and alkaloids. This supports the conclusion
drawn from adsorption and DOS that there is no significant charge
transfer between BN nanostructures and alkaloids. However, a
shift in peaks in comparison to pristine BNNT and BNNR is
observed. The shift is prominent for nicotine indicating that the
BN nanostructures can sense nicotine better than caffeine as well
as distinguish each other. This suggests an interaction between
the alkaloids and BN nanostructures despite no significant bonding
or charge transfer between them.

For the calculation of quantum conductance we have used the
same system to describe the leads and the scattering region. We
find that the quantum conductance of the adsorbed BN nanos-
tructure systems differs from pristine BN nanostructure. The
quantum conductance of the alkaloid adsorbed BN nanostructures
lies very close to the superposition of the pristine BN nanostruc-
tures even at other injection energies. Of course there exist char-
acteristic features of the biomolecule (caffeine and nicotine)
interaction with BN nanostructures in the form of dips in conduc-
tion curve. The similar conclusion is drawn from the sulphur
chain encapsulated inside CNT [56]. Thus, our calculations pro-
vide solid support for the conclusion that both the nicotine and
caffeine molecule modify the electronic conductance of BNNT
and BNNR and introduces new conduction channels in the
adsorbed biomolecule BN system.
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Fig. 8. Quantum conductance plot of (a) conjugated BNNT with Nicotine and
Caffeine; (b) conjugated BNNR with Nicotine and Caffeine.

4. Conclusion

The interaction mechanism of two alkaloids caffeine and nicotine
molecules with BNNT and BNNR is studied for the application of
sensing of molecules using first principles calculations within dis-
persion corrected density functional theory. A detailed and system-
atic investigation is performed to obtain the stable geometrical
properties, adsorption energy, electronic structure, charge transfer
and quantum conductance for two alkaloids. It is shown that the caf-
feine and nicotine molecules are strongly adsorbed over BNNR than
BNNT. The binding strength of these molecules is found to be stron-
ger with the incorporation of dispersion correction and hence rein-
forces that the dispersion correction is essential for an accurate
description of the adsorption process. No noticeable charge transfer
is observed between the molecules and BNNT/BNNR. The caffeine
presents stronger physisorption with both nanostructure but more
with BNNR as compared to nicotine. The change in the DOS is due
to adsorption of charge donor molecules. More sensitivity of the
electronic properties of BNNR in the presence of caffeine and nico-
tine indicates that the BNNR as promising nanostructures for detec-
tion of these molecules. The present study emphasizes that the
BNNR is an effective substrate to non-covalently binding alkaloid
molecules. The reliable conclusions drawn in this study will encour-
age experimentalists to explore and use these nanostructures as
alkaloid carriers, filters and sensors.
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We performed state-of-the-art first principles calculations under the framework of dispersion corrected
density functional theory to investigate the electronic and vibrational properties of a recently found
allotrope of BN, with octagonal and square ring forming planar haeckelite structures (haeck-BN). We
further investigated the adsorption mechanism of five nucleobases adenine (A), guanine (G), cytosine (C),
thymine (T) and uracil (U) over haeck-BN to explore its applicability in biosensing. The dispersion
correction (DFT-D2) is included to appropriately consider van der Waals interactions. The order of
adsorption energy of nucleobases over haeck-BN has the following order: G > T > A ~ C > U.
Significant variation in electronic properties, density of states and work function confirm the adsorption

Received 22nd June 2018, of nucleobases. To check the reusability of haeck-BN as a biosensor toward nucleobases, we calculated

Accepted 25th September 2018 the recovery time. Ultrafast recovery times (in millisecond) of 292 ms, 130 ms, 120 ms, 160 ms and
0.6 ms were predicted for G, A, C, T and U, respectively. Our finding suggests that haeck-BN can be

utilized as a biosensor for the detection of nucleobases due to its superiority to graphene, h-BN and
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1. Introduction

The last decades were extensively dedicated to the study
of a wide range of carbon-based materials. Due to the remark-
able properties of new carbon forms, such as fullerenes,
carbon nanotubes and graphene, considerable interest has
been developed among the scientific community for their use
in several technological areas."™ Among all carbon forms,
graphene has attracted considerable research interest since
its successful fabrication in 2004.* Graphene has a symmetrical
hexagonal honeycomb atomic structure, resulting in its extra-
ordinary and excellent physical properties.”'° Through extensive
investigation of this outstanding material, it has been demon-
strated as a promising material for spin and nanoelectronics.'**>
The discovery of graphene, which confirmed the existence of
2D materials, motivated the researchers to explore other 2D
materials. Thus so far, monolayers of h-boron nitride (h-BN),
silicon, transition metal sulfides, phosphorous and many other
materials have been synthesized or predicted."®™" A significant
impact for the development of nanodevices and nanoelectronics
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i Electronic supplementary information (ESI) available: Charge density plots,
HOMO-LUMO, partial density of states (PDOS) and work function plots of
nucleobases adsorbed haeck-BN system. See DOI: 10.1039/c8tb01649f
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boron nitride nanotubes, and can be further explored for photocatalysis.

has been demonstrated by these 2D materials due to their
astonishing electrical, optical, and mechanical properties.>™*
2D materials, which have the typical hexagonal structure, have
gathered attention because of the impact of such a structure on
various properties of the material. This is because in any
material, the properties are associated with the position of the
atoms in the structure and can influence the formation of
electronic structures in the materials. BN nanostructures, which
are isomorphic to carbon, have been extensively explored for
their immense chemical and thermal stability by virtue of their
exceptional properties.”>** Owing to the geometrical similarity,
h-BN sheet, which is an insulator with large bandgap in contrast
to the semimetal graphene, possesses many excellent properties
similar to graphene, such as good thermal conductivity, strong
mechanical properties and high thermal stability.***> Graphene
has non-polar C-C bonding, whereas B-N bond is highly polar in
h-BN sheet.>®*” Due to these unique properties, h-BN sheets
have found applications in lubricants, dielectric materials, as
insulators in electronic devices, etc.>**°

The existence of new structures in 2D materials was demon-
strated by the presence of the square-octagonal pair in BN
monolayer grown on Cu(111) surface®® as defect states of h-BN.
This formation of square-octagonal pair in h-BN was also pre-
dicted by Liu et al.*' Following these studies, periodic structures
consisting square-octagonal pairs of GaN*> and ZnO** were
theoretically predicted and studied. However, the possibility of

This journal is © The Royal Society of Chemistry 2018
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similar periodic structures with repeating square-octagonal
pairs of boron and nitrogen was not yet considered to the best
of our knowledge, even though the existence of square-octagonal
units in h-BN were proven experimentally. Thus, motivated by
the experimental work of Li et al. and the theoretical studies of
haeckelite GaN and ZnO, we performed the first principles
calculations of haeck-BN.

Deoxyribonucleic acid (DNA) and Ribonucleic acid (RNA)
have been the main focus of researchers from the past few
decades as they are the key components of genome and the
centre of biological systems. The basic building blocks of
nucleotides are nucleobases that carry all the information of
DNA, with purine as its base compound. Many studies have
been reported that provide a brief description of sensing
phenomena of nanostructures with nucleobases.**™° There
are few advantages of h-BN over graphene, such as lower
hydrophobicity (which minimizes its hydrophobic interaction
with DNA to avoid its translocation), lower thickness compared
with the nucleotide spacing in single stranded DNA*!' and
unchanged fundamental properties of both h-BN and DNA,
which are important for DNA research.”” Zhi et al>® have
reported stronger interactions between BN nanostructures and
nucleobases compared with graphene due to the presence of
dissimilar atoms. The cytocompatibility of boron nitride nano-
structure (BNNs) with living cell has also been reported.*”
Liu et al.*® and Zhang and Wang"® have reported genome and
DNA sequencing using BN nanopores. Jin et al.** explored MoS,
as a biosensor and reported improvement in the sensing of
nucleobases by modifying its surface with Au. All these studies
have enhanced our understanding about the utilization of BNNs
in nano-biomedical applications.***’

Motivated with the success of BNNs in sensing and detecting
biomolecules, we explored this new haeck-BNNs, i.e., haeckelite
boron nitride nanostructure, as a possible biosensor. Due to
the different interatomic distances and bond angles in two
dimensional haeckelite structures compared with other usual
two dimensional structures arising due to an octagonal and
square ring structure, these haeckelite structures are expected
to interact differently with the adsorbates similar to the porous
material. Furthermore, a different type of interaction between
adsorbate and haeck-BN is foreseen because of the presence of
all the atoms present in haeck-BN unit cells. To the best of our
knowledge, 2D haeckelite monolayer structure of BN has not
been explored theoretically for biosensing applications. In the
present study, we aim to investigate the structural, electronic
and phonon properties of haeck-BN. While electronic proper-
ties of haeck-BN show the possibility of its use in electronic
devices, the phonon properties will be of use in understanding
its thermal properties apart from its prominent dynamical
stability. Finally, we studied the adsorption mechanism of
nucleobases over its surface. The study of structural geometries,
electronic properties, phonon dispersion of haeck-BN, adsorption
and charge transfer of haeck-BN functionalized by adenine (A),
thymine (T), guanine (G), cytosine (C) and uracil (U) nucleobases
was conducted. State-of-the-art ab initio calculations were per-
formed to uncover the dispersion effect on the interaction of
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nucleobases with haeck-BN. Thus, in this study, we reveal the
nature of interaction of nucleobases with haeck-BN to obtain an
atomic level understanding about these hybrid systems for
various applications.*®*”

The paper is organized as follows. The computational details
are given in Section 2. Structural and electronic properties of
the haeck-BN monolayer are described in Section 3.1. The phonon
dispersion of haeck-BN monolayer is discussed in Section 3.2.
The adsorption mechanisms are described in Section 3.3.
Finally, the conclusion is provided in Section 4.

2. Computational methods

All calculations were performed using first principles calcula-
tion under the framework of density functional theory (DFT)
implemented in Quantum Espresso code,*® which uses
plane-wave basis sets to expand the Kohn-Sham orbital. The
Broyden-Fletcher-Goldfarb-Shanno (BFGS)*® method was used
for ground state optimization of all the structures. Generalized
gradient approximation (GGA) proposed by Perdew-Burke-
Ernzerhof (PBE) was employed to treat the exchange-correlation
functional in ultrasoft pseudo potential.>® The plane wave basis
set with 80 Ry and 800 Ry cut off energy and charge density,
respectively, was used for single particle functions, which were
sufficient to fully converge the lattice parameters and total
energy. Brillouin zone (BZ) integration was performed within
the Monkhorst-Pack® scheme with k-mesh 16 x 16 x 1 for
the unit cell and 8 x 4 x 1 for the (2 x 3) supercell (the
convergence plots of kinetic energy cutoff and number of
k-points are provided in ESIf Fig. S1). These k-points mesh
guarantee a violation of charge neutrality less than 0.009e,
indicating adequate convergence of the calculations. Iterative
Davidson type diagonalization method was used to solve
the Kohn-Sham equation with energy convergence threshold
of 1 x 10 % Ry. Density functional perturbation theory (DFPT)
implemented in Quantum Espresso code®® was used to com-
pute the phonon properties, which allows the calculation
of phonons at any wave vector in the unit cell. A ¢ mesh of
10 x 10 x 1 was used to calculate dynamical matrix for
2D monolayer of haeck-BN by applying acoustic sum rule for
q — 0. Dynamic stability was also ensured by the phonon
frequencies calculation along the entire Brillouin Zone (BZ),
which was computed by the forces obtained after the perturba-
tion method in quantum espresso package. Comparative ana-
lysis was performed to understand the interaction of haeck-BN
with five nucleobases by structural optimization, adsorption
energy calculation and density of states (DOS) plots. Accounting
of the dispersion forces has been emphasized in the literature
by a precise quantum mechanical description that explains
the interaction of a molecule with a nanosurface.>® Therefore,
for the description of long-range electron correlation, it is
important to choose a suitable computational method. The
present study employed Grimme’s dispersion correction®® to
consider the long range van der Waals interaction (i.e. ~3 A)
between the nucleobases and the haeck-BN monolayer.
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The adsorption energy E,q has been calculated according to the
following equation:

Eaa = E(haeck-BN+necleobase) - {E(haeck-BN) + E(nucleobase)}' (1)

where E(pacck-BN+nucleobase) 18 the total energy of haeck-BN
adsorbed by nucleobase (adenine (A), thymine (T), guanine (G),
cytosine (C) and uracil (U)), Emacck-nny iS the total energy of
the adsorbent haeck-BN monolayer, and Eycieobase) iS the total
energy of the nucleobase (A, T, G, C and U) obtained from their
fully optimized geometries.

3. Results and discussion
3.1 Structural and electronic properties

To understand the structural and electronic properties of
any system, the system should be fully relaxed and optimized.
We first optimized the geometry and related parameters of the
primitive cell of the haeck-BN monolayer structure by calculating
its lattice constant and ground state energy. The optimized
structure of the haeck-BN monolayer is shown in Fig. 1(a). From
the figure, it is clear that the primitive cell, which has tetra-
gonal PA/mbm (127) space group, is different from bulk h-BN as
well as from 2D h-BN, as shown in Fig. 1(b and c). While bulk
BN has P6s/mmc (194), P6smc (186) and F43m (216) space
groups for bulk h-BN, wurtzite BN and zinc blende BN,”*°°
respectively, 2D h-BN has hexagonal honeycomb lattice with
Pb62m (189) space group. The haeck-BN unit cell has an entire
atom situated at the center but not at the corner. The haeck-BN
structure has octagonal and square rings, which give different
interatomic distances and bond angles. The bond distance d of
B-N is 1.402 A in square ring and 1.475 A in octagonal ring.
The calculated bond angles in the square ring are 84.21° and
95.78°, while in the octagonal ring, the bond angles are 132.10°
and 137.11°. The bond length of B-N in haeck-BN monolayer is
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Fig. 1 (a) Optimized structure of haeck-BN monolayer and enlarged view

having bond lengths and bond angles, (b and c) structure of bulk h-BN and
2D h-BN. Yellow and purple balls represents boron and nitrogen, respectively.

(b)
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significantly different from the bulk BN as well as 2D h-BN as
the bond length between B-N varies from 1.45 to 1.568 A.*>° The
bond length of B-N in haeck-BN is 0.045 A less in square ring as
compared with that in h-BN, while the bond length between
B-N at octagonal ring is larger by 0.025 A. This is the major
structural difference between the two monolayers h-BN and
haeck-BN. The optimized lattice parameter along with calculated
bond angles and bond length are presented in Table 1.

As known that the electronic band structure is key to under-
standing the electronic properties of any material, we further
calculated the band structure of haeck-BN. An important
information about the mass of the electron can also be found
from the band dispersion. The calculated band structure for
haeck-BN along k path I'-M-X-TI" of the Brillouin Zone (BZ) is
shown in Fig. 2, along with the density of states and orbital
contribution as PDOS. Highly dispersive bands in the conduc-
tion band region suggest small effective mass for electron.
A direct band gap of 3.9 eV is observed between I'-M, which is
lower than that of bulk h-BN, z-BN and w-BN, which have large
indirect band gap of 4.47 eV, 5.72 eV and 4.50 eV respectively.’®
The significantly lower and direct bandgap in haeck-BN makes
it an interesting material to be explored for optoelectronics and
biosensors.>” Boron and nitrogen atoms contribute equally to
form the electronic band structure of haeck-BN. The right
panel of Fig. 2 presents the total and partial density of states
of haeck-BN for proper understanding of the electronic con-
tribution. From the figure, we can see that the boron atoms
have a dominating contribution in the conduction band
(between 2-6 eV) with its p, orbitals, while p, and p, have minor
contributions in the valence band (between —4 to —8 eV). The
nitrogen atom contributed majorly in the valence band region
with its p, orbital electron between —2 to —4 eV, while p, and
p. contributed in the lower valence band region between —4
to —8 eV. However, in case of bulk BN, the valence band
maxima mainly comprises of N-p, and the conduction band
has contributions from the B-p, orbitals.”®

In order to predict the chemical bonding and the charge
transfer in haeck-BN, the charge-density behaviors were calcu-
lated in the (110) plane for this compound and are depicted
in Fig. 3. Electronegativity values for B and N are +0.1196 and
+0.4657, respectively. The plot shows covalent bonding between
B and N atoms in haeck-BN. The iso-density plot shows no
vacancy as density is evenly distributed throughout. The charge
between B and N is shared by the covalent bond between them.
The maximum charge accumulation sight is near nitrogen
atom (blue color; +0.4657), which shows the localization of
electron around it.

3.2 Vibrational properties

Phonon dispersion calculations are crucial in understanding
the dynamical stability of any materials, as it provides an insight
into the mechanical, acoustic, spectroscopic, thermodynamic
and dynamical properties at finite temperatures. Diagonalization
of dynamic matrix was used to calculate the phonon dispersion
curves (PDC), which provides insight on the stability, as it is a
reliable test that checks the dynamical stability. The calculated
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Table 1 Calculated lattice a (A), bond length (A), bond angle (°), energy band gap E4 (eV), and Fermi level energies Er (eV) of haeck-BN

System Lattice a (A) Bond angle (°)

Bond length (A) Ep (eV) E, (eV)

Haeck-BN

4.929

gy (eV)

Ener
tre

X I PDOS(states/eV)  DOS(states/eV)

Fig. 2 Calculated band dispersion curve of haeck-BN, along with total
DOS and PDOS of haeck-BN (right panel).

Scale: A n(r)|

+0.0042
+0.1196
+0.2349
+0.3503
+0.4657
+0.5810

EEOETOMN

Fig. 3 Total charge density plot of haeck-BN. Blue colour represents
larger value of electron charge density while red colour shows relatively
low charge density.

PDC for haeck-BN along with the phonon density of states
(PHDOS) are presented in Fig. 4. The number of branches in
the dispersion curve depends upon the number of atoms in the
unit cell. Presence of N atoms in the unit cell, results into 3N
phonon branches, with 3 acoustical and 3N-3 optical modes.>?
There are eight atoms in the unit cell of haeck-BN, for which
there are 24 phonon branches, whereas in 2D h-BN, two atoms
per unit cell result in six phonon branches.”>**°° Each mode is
labeled according to its polarization, and the letters ‘L’, “T” and
2’ stand for longitudinal, transverse and out-of-plane vibra-
tions, respectively. Letters ‘A’ and ‘O’ represent the acoustic and
optical modes, respectively. The longitudinal acoustic (LA) and
transverse acoustic (TA) modes show linear dispersion around
the I' point, while the out of plane acoustic (ZA) mode exhibits
quadratic dispersion, which is characteristic of 2D layered
materials.””>% This quadratic behavior of the ZA band, which
arises due to Dg, point group symmetry, can be attributed to the
fact that at the lowest-order amplitude, strain energy, which is
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Fig. 4 Phonon dispersion curve along with the phonon density of states
(PHDOS).

induced by this vibration, is altogether associated with the arching
of this out-of-plane bending mode induced in the monolayer.**

The PDC plotted in high symmetry directions of the Brillouin
Zone (BZ) does not have any phonon modes with imaginary
frequency throughout BZ, indicating dynamical stability of
haeck-BN similar to other haeckelite compounds.®*** The quad-
ratic ZA mode is closely associated with bending rigidity and
lattice heat capacity of the nanosheet in the long-wavelength
(small g) region. Moreover, softening of the transverse acoustic
(TA) and longitudinal acoustic (LA) modes is observed, indicating
reduced group velocities. It is noteworthy that these reduced
group velocities can be of use in improving the thermoelectric
figure of merit ZT as it reduces thermal conductivity.®> The ZA
mode, which behaves greatly differently from TA and LA modes,
will have even lower group velocity due to a parabolic dispersion
near the I" point. There is no gap observed in between acoustic
and optical branches due to the low mass difference between
boron and nitrogen atoms, similar to h-BN.”® The phonons of the
haeck-BN sheet show considerable softening compared with those
of the h-BN sheet, which can be attributed to the fact that the
elastic constants of haeck-BN may be smaller than those of h-BN.
In PDC of haeck-BN, at I" point, we observed nine singly (A) and
six doubly (E) degenerated optical phonon modes, i.e., I = 9A + 6E.
All 24 modes in haeck-BN are equally distributed in frequencies
ranging from 0 to ~1600 cm . The stability was further
confirmed by calculating the PHDOS, as shown in the right panel
of Fig. 4. The phonon density of states is an important dynamical
property as its computation requires phonon frequencies in the
entire Brillouin zone and can be defined as®

slo) = | Solo - w@] @)
J
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where N is the normalization constant such that [g(w)dw = 1.
g(w)dw is the ratio of number of eigenstates in the frequency
interval (o, » + dw) to the total number of eigenstates. w;(g) is
the phonon frequency of jth phonon modes. The PHDOS
calculation is a real test that helps us calculate not only lattice
specific heat but also other thermodynamic functions in the
entire BZ.**** The ionic bonding between the sp” hybridized B
and N atoms in haeck-BN is predominant in the high-frequency
modes, which is quite similar to the phonon modes in pre-
viously reported sp> hybrid boron nitride structures.’>®®°

In the lower frequency region, the modes show dispersive
behavior. This convergence can be attributed to the close sharing
of potential energy in various modes. Since the dispersion
of modes depends on the strength of interaction, a mixing
character of modes due to repulsion gives different variations.
Whole phonon modes from I'-X come close and retain the same
nature from X-M but split from M-I" direction of BZ. The intense
peaks at ~600 and 900 cm ™' are attributed to the flat bands
in dispersion curves. The additional weak singularity in the low

(a) : I (b) )
) : )

Fig. 5 Optimized structures of five nucleobases A, G, C, T and U. Red,
green, black and purple balls correspond to oxygen, carbon, hydrogen and
nitrogen atoms, respectively.
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frequency region is due to some of the strongly dispersed
acoustical and low frequency optical phonon modes.

3.3 Adsorption mechanisms

To understand the mechanism of the interactions between
haeck-BN and nucleobases, we first constructed a supercell
(2 x 3) of haeck-BN with 48 atoms (24 B and 24 N atoms) to
provide a large surface for nucleobases to interact. The full
structural optimization of haeck-BN sheet and all considered
nucleobases, i.e., adenine (A), thymine (T), guanine (G), cytosine (C)
and uracil (U), was conducted individually. The optimized
structure of nucleobases adenine, thymine, guanine, cytosine
and uracil are presented in Fig. 5(a-e).

Fig. 6(a-f) show the optimized geometries of pristine
haeck-BN sheet and nucleobase-adsorbed haeck-BN sheet. We
chose parallel orientation for all nucleobases over haeck-BN as
previous works suggest the parallel position of the nucleobases
over BN nanostructures due to its most stable configuration.®”*®
Our calculations of structural relaxation was initially started
by placing the molecule near the surface of haeck-BN, and
followed by full structural relaxation to obtain the ground state
geometrical configuration. In the energetically stable config-
urations of all the considered systems, the adsorbed molecules
attained a distance in the range of 2.5-2.9 A from haeck-BN.
This large distance of molecules from the haeck-BN monolayer
prevents the formation of chemical bonds, leading to physi-
sorption of the adsorbed molecules. Furthermore, to confirm
the nature of absorption and distance of nucleobases from
haeck-BN, we performed total energy calculations of each sys-
tem, with molecules at distances varying in the range of 1-4 A
from haeck-BN. We found that the minimum energy configu-
ration is obtained when all adsorbed molecules are placed at a
distance of 2.5-2.9 A from haeck-BN surface, which supports
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Fig. 6 Optimized structures of (a) pristine haeck-BN and nucleobases adsorbed haeck-BN for (b) adenine (c) guanine (d) cytosine (e) thymine and (f)

uracil (top and side view).

6800 | J Mater. Chem. B, 2018, 6, 6796-6807

This journal is © The Royal Society of Chemistry 2018



Paper

our full structural relaxation calculations. We have also con-
sidered various orientations of nucleobases for better clarifica-
tion, and tabulated the total energies of these configurations at
different distances and orientations in Tables S1 and S2 of
ESL.¥ The nature of adsorption is physical (physisorption) as
the distance between nucleobases and haeck-BN sheet is large,
ie.,, ~2.8 A (as can be seen in Table 1). This large distance
between nucleobases and haeck-BN sheet ensures the elimina-
tion of the possibility of any covalent bond formation. Long
range van der Waals interactions were taken into account with
the incorporation of dispersion correction in the present DFT
(DFT-D2) calculations, as it increases binding/adsorption by
about 8 to 10 times the normal PBE calculation.®” We have not
used new D37° correction as both D2 and D3 provide similar
results in case of non-covalent interactions.”! The adsorption
energy (E,q) calculated for A, G, C, T and U over haeck-BN are
—0.662 eV, —0.742 eV, —0.660 eV, —0.668 eV and —0.525 eV,
respectively, with binding distances (d) between 2.7 A to 2.9 A.
Our adsorption energy results are better than the previously
reported values of adsorption energy for h-BN as well as
for graphene,””>7* which can be attributed to the unique
structural and electronic properties of haeck-BN. However,
the sequence of adsorption of the nucleobases over haeck-BN
(G>T > A~ C > U)is similar to the adsorption trend of
nucleobases with other BN and carbon nanostructures.**”>"*
Comparative results regarding adsorption energy of all five
nucleobases on different nanomaterials are shown in Fig. 7.
The van der Waals forces together with the stacking of the
molecules on the surface are the reasons behind this difference
in the adsorption energy.”>’® The n-n stacking configuration
has higher adsorption energy as it minimizes the repulsion due
to m-orbital overlapping to prevent the molecules to get repelled
from the nanosurface. This leads to the superior adsorption
energy on nanosurface.***>

The present results depict that the nucleobases are more
effectively adsorbed on hacek-BN compared with graphene,”*”* and
other boron nitride nanostructures, such as h-BN,*> BNNR®® and
BNNT.”” The adsorption of molecules over haeck-BN sheet alters
the electronic properties, which were inspected by calculating

raphene (ref.72)
graphene (ref.73)
[ 1 A-BNNR (ref.67)
[ Z-BNNR (ref.67)

A G C T U
Nucleobases

Fig. 7 Comparative adsorption energy plot of nucleobases with different
nanostructures.
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the band dispersion, band gap, density of states (DOS) and
partial DOS (PDOS). The band dispersion curves of pristine and
nucleobases-adsorbed haeck-BN sheet are presented in Fig. 8.
A significant change in the band structure as well as band
gap can be seen from the band dispersion. There are some
impurity states generated within the band structure of pristine
haeck-BN after the adsorption of nucleobases, which is mainly
due to the p-orbital electrons of C, O and N atoms and a partial
contribution from the s orbital of H atoms present in the
nucleobases. Appearance of peculiar flat bands in the conduc-
tion as well as valence band region in the band structure is also
observed after the adsorption of nucleobases. This is an inter-
esting feature that can be attributed to the quenching of kinetic
energy of the electrons.”® The band structure after the adsorp-
tion of adenine on the surface of haeck-BN is depicted in
Fig. 8(b), which shows the appearance of impurity states
as flat bands at the top of the valence band region after
adenine adsorption. These flat bands are created due to the
participation of p, orbital electron of nitrogen and carbon
atoms present in the adenine molecule. In the valence band
region near —1.9 eV and —4 eV (due to p, orbital of N) and in
the conduction band region near 2 eV (due to p, orbital of C),
such flat bands are observed. Similar behavior of bands in the
band dispersion is observed for all the other nucleobases. In all
nucleobases other than adenine, oxygen atom also takes part in
the formation of flat bands. In guanine (Fig. 8(c)), oxygen p,
orbital plays a key role in the valence band region near —3 eV.
However, after the adsorption of cytosine on the haeck-BN
surface, a large modulation in the band gap is observed
(Fig. 8(d)). Many flat bands in the band structure are generated
in valence as well as conduction bands. This is a similar
modification in the bands after thymine adsorption. However,
uracil creates fewer number of flat bands only in the conduc-
tion band, which can be attributed to its size and number of
atoms available for participation in the formation of extra
electronic states (Fig. 8(e and f)). The band gap of haeck-BN
reduces from 3.913 eV to 3.199 eV, 2.999 eV, 2.869 eV, 3.309 eV
and 3.340 eV after adsorption of nucleobases A, G, C, T and U,
respectively. We further analyzed the electron transport by
calculating the Lowdin charge transfer. The significant charge
transfer between the nucleobase and haeck-BN in the adsorp-
tion process indicates that the interaction of nucleobase can
lead to modifications in structural and electronic properties of
haeck-BN. A significant charge transfer of 0.14e, 0.15¢, 0.10¢,
0.11e and 0.09e for A, G, C, T and U, respectively, may be
the reason for the bandgap modulation. The charge transfer
can also be understood by charge density and HOMO-LUMO
calculations.

The effect of these molecules on the charge density
of pristine haeck-BN is understood by charge density calcula-
tions as it helps to predict the chemical bonding and also the
charge transfer behavior between haeck-BN and nucleobases.
The calculated charge density contours are presented in Fig S3
of the ESL.{

The Highest Occupied Molecular Orbital (HOMO) and the
Lowest Unoccupied Molecular Orbital (LUMO) are the
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Fig. 8 Band structure plots of (a) pristine and nucleobase-adsorbed haeck-BN, (b) adenine (c) guanine (d) cytosine (e) thymine and (f) uracil.

representatives of any system’s ability to donate or accept
electron. In the collective form, they are known as frontier
molecular orbitals. These orbitals are considered as the main
orbitals involved in the chemical stability, and are situated on
either side of the Fermi level, which also bring light to under-
standing the electronic state present near Fermi level and the
transfer of electrons. The systematics of HOMO and LUMO
orbitals for all considered systems are shown in Fig. S4 of the
ESI.{ From the figure, we can see that the electronic cloud in
both orbitals of pristine haeck-BN is distributed over the entire
structure. Electron cloud in HOMO is mainly due to the N atom,
while that in LUMO is due to B atom throughout the structure.
This indicates that the electron states near the Fermi level are
due to p orbital of B and N atoms. These orbitals can capture or
lose electrons. We see large differences in the HOMO and
LUMO orbital electron clouds of pristine haeck-BN after the
adsorption of nucleobases (Fig. S4, ESIT). In all nucleobase-
adsorbed haeck-BN systems, the LUMOs are more localized on
N and O atoms, which clearly indicates that the electron
transfer mainly occurs between N and O atoms of the nucleo-
bases and the HOMO orbitals of haeck-BN that are localized
over B atoms.

To understand the molecular contribution in electronic
properties, we calculated the density of states (DOS) and partial
density of states (PDOS) of pristine and nucleobase-adsorbed
haeck-BN, which are presented in Fig. 9 and Fig S1 (in the ESI¥).
The major advantage of DOS as well as PDOS calculation is that
we can easily analyze the contribution of electronic states by the
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adsorbed molecule. Fig. 9 clearly shows that the valance band
of pristine haeck-BN has the major contribution to the Fermi
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Fig. 9 Electronic density of states (DOS) plots of pristine haeck-BN along
with nucleobase-adsorbed haeck-BN.
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level. The interaction of haeck-BN with the nucleobases results
in small peaks in the valence band region near Fermi level at
—1.5eV, —1.9 eV and —2.5 eV in case of C, A and G, respectively.
However, among these three nucleobases, only C contributes to
the conduction band. Some states are generated at 1.7 eV and
2 eV in the conduction band region in case of U and T,
respectively. From the DOS data, it is clear that all the nucleo-
bases alter the electronic properties of haeck-BN significantly
with major contribution in the lower valence band region
between —10 eV to —15 eV, where the impurity states have
been generated from the interaction of molecules and
haeck-BN. Major contribution arises from the p orbit electrons,
which create the extra peak. Cytosine modulates the band gap
of pristine haeck-BN by a large amount (1.04 eV) due to the
appearance of some extra electronic states from the presence
of NH, group in the molecule. Among all five nucleobases,
guanine has the largest adsorption energy over haeck-BN due to
its specific structural and electronic properties. The presence of
oxygen atom in guanine, which is a strong electron donor,
binds it strongly to the haeck-BN surface. The extra pentagon
with C, N and O atoms induces the molecule to exhibit more
polarization. The higher electronegativity of N and O atoms
induces greater binding.”*”°

The value of energy gap (Eg) is an important factor in
ascertaining the electrical conductivity (o) of materials because
the energy required to remove an electron from the outer shell
to become a free portable charge carrier is equivalent to the
bandgap.

The classical relation between E; and electrical conductivity
of a material can be expressed by the following relation:*°

L
0 X e2%UT (3)

where k and T are the Boltzmann’s constant and the tempera-
ture respectively. According to eqn (3), conductivity is inversely
proportional to the bandgap, indicating that smaller the value
of bandgap E, higher the electrical conductivity at a given
temperature 7. Thus, after the adsorption of nucleobases
over the haeck-BN surface, a significant decrease in the
band gap indicates an increase in ¢ of the haeck-BN sheet.
o increases in the order C - G - A —» T — U-adsorbed
haeck-BN. Therefore, after adsorption of nucleobases, the
energy gap changes and becomes narrower. Consequently,
conductivity of the nanosheet increases, confirming the strong
interaction between the molecule and haeck-BN. The change in
the Fermi level of haeck-BN due to the nucleobases causes an
electrical signal, and therefore, it could be potentially used in
biosensor applications.

In order to check the novelty of haeck-BN as a carrier of
nucleobases and its reusability, we calculated the recovery time.
The recovery time is a known parameter to decide the super-
iority of any sensor or detector or carrier with respect to other
such devices. Generally, experimentalists find the recovery time
by heating the substrate. However, the theoretical approach to
estimate the recovery time is based on transition theory. The

This journal is © The Royal Society of Chemistry 2018
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required equation can be expressed as®'

1 —Eads
T=v ekl (4)

where v is the attempt frequency, k is the Boltzmann constant
(~8.318 x 1072 kJ] mol™* K ") and T is the temperature.
We used the value of attempt frequency as 10™* s~ 3178 and
temperature as 298 K, which has been employed to measure the
recovery time for CNT from NO, molecule. Ultra-fast recovery
time of 292 ms (millisecond), 130 ms, 120 ms, 160 ms and
0.6 ms was predicted for haeck-BN by using this attempt
frequency for G, A, C, T and U, respectively.

We have also calculated the work function of pristine as well
as nucleobase-adsorbed haeck-BN sheet to further check the
sensing capability of nucleobases. The work function (¢ (eV))
is the amount of energy required to remove an electron from
the highest filled level in the Fermi distribution of any material
to a point in a field-free zone just outside the solid at absolute
zero temperature.*’

¢ (eV) = Eyac — Er (5)

where E,,. is the energy at vacuum level and Er is Fermi level
energy. By integrating the density of states from the lowest
energy level to an energy level that gives the total number of
electrons in a unit cell, we determined the Fermi energy level
(Eg). Evac was obtained by planar-average electrostatic potential
energy along the z-direction, which is the direction of vacuum.?
¢ plots are shown in Fig. S2 of ESL{ There are two negative peaks
on the curves of electrostatic potentials, and the strong and weak
peaks correspond to the positions of haeck-BN nanosheet and
the nucleobases, respectively. The difference in the electrostatic
potentials between the Fermi and vacuum levels is the work
function. ¢ for haeck-BN shows a significant decrease after the
adsorption of nucleobases. ¢ of pristine haeck-BN was calculated
as 5.972 eV, which was comparatively higher than that for other
BN nanostructures.®®®* A Large decrease in ¢ of haeck-BN was
observed after the adsorption of nucleobase on its surface.
The modulation of ¢ has the following trend: G (3.135 eV) >
A (2.076 eV) ~ U (2.058 eV) > C (1.517 eV) =~ T (1.469 eV).
The calculated work functions are shown in Table 2. The
change in work function verifies that the physical adsorption
of nucleobases on the surface of haeck-BN occurs due to strong
nucleobase-haeck-BN interactions. The large decrease in the
work function enhances photocatalysis since lower the work
function leads to greater the catalytic activity. The modulation
of electronic properties after adsorption of nucleobases on

Table 2 Adsorption energy E.q4 (eV), vertical distance d (A) of nucleobases
from haeck-BN, bandgap Eq (V) and Fermi energy E¢ (eV)

System haeck-BN A G C T U

Eg (eV) 3.913 3109  3.199  2.869  3.309  3.340
AEg (eV) — 0.714  0.914  1.044  0.604  0.573
Eaa (6V) — —0.662 —0.742 —0.660 —0.668 —0.525
d (A) — 2.945  2.745 2775  2.725  2.953
Ep —4.199 —1.617 —0.424 -2.322 —2.344 —1.798
@ (ev) 5.972 3.896  2.837  4.455  4.503  3.914
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haeck-BN is clearly evident in our results, which further suggest
an easy detection of nucleobases by haeck-BN.

Finally, from the all abovementioned results, we can say
that the nucleobase molecules get physically adsorbed on the
haeck-BN surface. Thus, it is beneficial to utilize this new boron
nitride cousin for targeted delivery of these biomolecule as
reversibility is easy in case of physisorption than in chemi-
sorption. Our results indicate that haeck-BN is a good candi-
date as a biomolecule carrier, and should be explored further
for its biomedical and photocatalytic applications.

4. Conclusions

Using the state-of-the-art first principles calculations based
on density functional theory, we investigated the electronic
properties of the relatively newly proposed haeck-BN compris-
ing square and octagonal rings. The kinetic stability of this
haeckelite monolayer was confirmed by phonon dispersion
curves and phonon density of states. There is not a single mode
with imaginary frequency in the entire BZ. The calculated
electronic properties of this new haeck-BN form illustrate its
direct bang gap semiconducting behavior, which is the main
advantage of any material utilized as a chemical as well as a
biosensor. To understand the adsorption behavior of nucleo-
bases on haeck-BN surface, we employed van der Waals correc-
tions (DFT-D2) to the density functional theory. The comparative
analysis of adsorption mechanism of nucleobases with those on
graphene, BNNT and haeck-BN was discussed in detail, and
haeck-BN was proven to show superior performance. Our results
depict the physisorption of nucleobases on the surface of haeck-
BN with the order G > T > A & C > U. The change in work
function after the adsorption of nucleobases was also calculated
and changes were found in order G (3.135 €V) > A (2.076 eV) ~
U (2.058 eV) > C (1.517 eV) ~ T (1.469 eV), which is different
from both graphene and BNNT. This further confirms the
sensitivity of haeck-BN towards the nucleobases. For further
confirmation of the novelty of the haeck-BN as a biosensor, we
calculated the recovery time. Very low recovery times of 292 ms,
130 ms, 120 ms, 160 ms and 0.6 ms were predicted for G, A, C, T
and U, respectively, which reinforced the possibility of haeck-BN
as a reusable biosensor. The large change in the electronic
properties confirms the interactions between haeck-BN and the
nucleobases and hence, it is possible to use haeck-BN for the
detection of these bio molecules. Thus, based on our results, we
may conclude that haeck-BN may act as an alternative candidate
to other h-BN and graphene systems for sensing application for
nucleobases as well as DNA sequencing. We hope that our
results will motivate more experimental and theoretical studies
on new layered III-V semiconducting materials.
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ABSTRACT: The structural and electronic properties of boron
nitride nanoribbons (BNNRs) adsorbed with two neurotransmitters,
dopamine (DA) and adrenaline (AD), have been systematically
investigated using electronic structure calculations based on density
functional theory to test the feasibility of using BNNRs as a carrier for
neurotransmitter (NRT). In order to check the adsorption mechanism
of AD and DA on BNNRs, a comparative study onto armchair BNNR
(ABNNR) and zigzag BNNR (ZBNNR) was assessed using dispersion
corrected density functional theory. Our study reveals that the
adsorption of both NRTs effectively modulates the electronic
structure of ABNNR and ZBNNR. There is a strong interaction
of DA and AD with both BNNRs. However, the AD and DA binds
more strongly to ABNNR with the values of —1.013 and —1.144 eV,
respectively. DA and AD adsorption on BNNRs significantly
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modulates the work function of pristine BNNRs. The results of our systematic study aims to understand the impact of
BNNRs on NRTs in bio-nano interface and can be used as carrier for neurological medicines, which will further open new
perspectives to design new sequencing by undertaking human health as well as live cells.

KEYWORDS: neurotransmitters, BNNRs, adsorption mechanism, work function, density functional theory

B INTRODUCTION

An objective of nanotechnology is to gather information on
materials at the molecular level using nanoscopic sized
electronic devices. Researchers from all over the world are
fabricating devices to detect molecules at ultralow concen-
tration. A major breakthrough in the development of
nanodetectors was realized with the discovery of the two-
dimensional material graphene.' ™ With its sp*> C—C bonding,*
it consists of extraordinary electronic and transport properties,
an extremely high surface-to-volume ratio which inspires
researchers to consider other two-dimensional materials with
the same hybridization as graphene. Till now, monolayers of
hexagonal boron nitride (h-BN), transition metal sulfides,
phosphorus, silicon, and many other materials have been
synthesized or predicted.”™” The closest structural analogue to
carbon allotrope is boron nitride (BN).” Boron (group III) and
nitrogen (group V) contribute equally in boron nitride
structures. The three different isomers of BN similar to carbon
are 3D cubic boron nitride (c-BN), 2D hexagonal boron
nitride sheet (h-BN), 1D boron nitride nanotube (BNNT),
and boron nitride nanoribbon (BNNR).'” The major
advantage of BN nanostructures (BNNs) over graphene is
their wide band gap semiconducting nature which is absent in
graphene and makes BNNs more suitable for sensors and
nanoelectronics.' "'

Among all BNNs, boron nitride nanoribbon has gathered
much attention due to its exceptional magnetic, electronic and
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optical properties along with good thermal stability gifted by its
edge structure and is better than its carbon counterpart
graphene nanoribbon GNR." Although the structure is similar,
the properties of BNNR are tremendously different from GNR
due to B—N bonding nature. BNNR comprises hexagonal rings
having every N atom bonded to three B atoms and vice versa
in the planar form with strong directional bonding. The
electron density in the 7-orbital is localized closer to N atom
than B atom, as each B atom has one to two electrons which is
further shared with its three neighboring N atoms.'* The
hurdle in the path of its fabrication was succeeded by Zeng and
co-workers through the well-established arc plasma etching
method previously used to make GNR from CNT."® The lack
of high aspect ratio ribbons, a major drawback of above
method, was overcome by Erickson et al.'® who developed an
efficient process to fabricate BNNRs from BNNT. The
structure of BNNR has different armchair (A), zigzag (Z),
and chiral (C) edges like morphology which are similar to
GNR but with remarkable electronic and magnetic properties,
depending on edge atom and hydrogen passivation in
BNNR.'”"® Several reports suggest tuning of electronic
properties of BNNRs for their potential applications in
electronic, piezoelectric, photovoltaic, and optoelectronic
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devices and their different behavior compared to GNRs.'”~>*

Additionally, the effect of strain on electronic properties of
BNNRs was studied widely.'””****” The dominance of
BNNRs over GNRs arising from their capability to tune the
properties makes them yearn for nanomaterial in biosensing
applications. There are various reports on noncytotoxicity of
BNNs.”*7*! The use of several coatings and surface treatments
makes it difficult to compare the studies and identify equivocal
threshold for time of exposure and maximum doses. Most
recently, a study by Mateti et al.>* shows contradictory results
which can be attributed to the fact that the coatings/
surfactants that are used together with BN cannot be expected
to deliver the same results on all cell lines. The pristine forms
of BN without coatings or surfactants are biocompatible in
vitro and in vivo thereby representing BN as a base 2D
material for bioapplications.”®*” Once the clinical guidelines
get defined for the most relevant biocompatibility parameters,
different strategies can be adopted to engineer the BN
nanostructures for specific applications like imaging, drug
delivery, and stimulation.’”*'

In recent times many health issues have arisen due to the
neurological imbalance of NRTs. NRTs are the main chemicals
responsible for the transmittance of signals between neuron
cells.”” Tt acts as a chemical messenger in our nervous system
which passes the information by relaying it across synapses by
mean of excitation of near neuron or the targeted tissue.”* One
type is monoamines, which consist of AD, DA, histamine,
melatonin, noradrenaline, and serotonin.>® It contains one
amino group of aromatic ring connected with two carbon chain
(—CH,—CH,—) and has the ability of NRT as well as
neuromodulators. The main component in all monoamine
based NRTs is its aromatic amino acids. Among all NRTs
dopamine (DA) and adrenalin (AD) have a significant
importance.

DA belongs to the families of phenethylamine and
catecholamine which plays a significant role in several brain
and body functions. L-DOPA is a chemical precursor from
which, by removing a carboxyl group, DA is synthesized in the
kidneys and brain. The DA is released in the brain and highly
linked with reward mechanism which helps to motivated
behavior. There are many ways to increase the formation of
DA in brain, but the worst comes with the addiction of drugs.
The abnormality in the amount of DA production causes much
serious neurological disorder. Lack of DA production in brain
can cause illness like Parkinson’s disease, attention deficit
hyperactive disorder, HIV infections, restless leg syndrome,
and schizophrenia.**™* Another important NRT is AD or
epinephrine which belongs to the catecholamine family and
plays an important role in the nervous system of all mammals.
Its major role is to control a wide variety of behavior as well as
physiological process with the help of different receptors. Both
NRTSs are essential, and their imbalance level in the body
embraces many diseases. During the past decade numerous
researchers have attempted to make an improved and eflicient
sensor to monitor and measure these molecules.'”**~*

The determination or detection of NRTSs is done by very
expensive methods and in a controlled environment.**~>* This
makes it difficult to detect and to monitor; for this reason a
simple and highly sensitive method is needed which can be
achieved by electrochemical sensor.’® There are many
experimental as well as theoretical studies performed for the
development of electrochemical sensor based on nanomaterial
for NRTs.”>~>® The information on molecular level is the main
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aim to utilize the nanotechnology in the development of
nanoscopic electronic devices. A recent study by Ortiz-Medina
et al.>> reported on a low dimensional DA sensor based on
graphene (doped and defected) and analyzed the effects of
electric field on the sensing of DA over graphene. Feng et al>®
constructed a DA biosensor based on 3D N-doped graphene
porous foam while Rossi Fernandez et al.”” described the
noncovalent interaction of DA with pristine and defected
graphene. The sensing ability of 2D h-BN toward DA with
different surfactant to improve the sensing mechanism was
systematically studied by Khan.’® There are several studies
focusing on DA detection, but to the best of our knowledge
there does not exist any report on AD sensor. There has not
been a focused study on the utilization of boron nitride
nanostructures especially BNNR for electrochemical sensor for
NRTs (DA and AD). The lack of molecular level under-
standing involved in the interaction on DA as well as AD
sensors motivates us to explore BNNRs as a NRT sensor. The
main aim of the present work is to investigate the sensing
ability of BNNR toward DA and AD by adsorption energy
calculation and also to understand the effect of the geometry of
BNNR (ABNNR and ZBNNR) on the adsorption.

B COMPUTATIONAL METHODOLOGY

The present study is done under the framework of first-
principle calculations based on density functional theory
(DFT). DFT solves the Schrodinger’s equation for any
particular system like molecules, nanostructures, solids,
surfaces, and interfaces to determine the energy functional
and its associated potential, which involves a greater effort than
a direct solution for the energy. Excellent approximations are
required to determine exact properties of the universal
functionals for using it in unbiased and thus predictive studies,
properties associated with an ab initio theory which further do
not include fitting the model to experimental data. The ground
state optimization is done using Quantum Espresso (QE)
simulation package.”” The Broyden—Fletcher—Goldfarb—
Shanno (BFGS)® method is used with ultrasoft (US)
Rappe—Rabe—Kaxiras—Joannopoulos (RRK]J) pseudopotential
combined with suitable generalized gradient approximation
(GGA) as exchange—correlation functional.®" The interactions
of molecule over the surface of BNNRs are studied by
calculating the adsorption energy. The GGA functional
predicts more accurately the interaction (adsorption) energy
than LDA functional®*®® Since GGA depends on the local
density as well as on the spatial variation of the density, it has
been widely used for binding energy calculations. Hence, we
have used GGA in our binding energy calculations, being the
sensitive part of our study. The plane wave basis set with
kinetic energy and charge density cutoffs of 60 and 600 Ry,
respectively, are used for single particle functions, sufficient to
obtain a good convergence. Uniform Monkhorst and Pack®* k-
point grids of size 1 X 1 X 16 are taken in Brillouin zone (BZ)
for the better evaluation of adsorption and electronic
properties. The violation of charge neutrality less than 0.009¢
for the adequate convergence of the calculations is guaranteed
by this k-point mesh. The ground state configuration of
pristine BNNR has 1.45 A average bond lengths between
boron and nitrogen. A comparative analysis of the interactions
of both NRTs (AD and DA) with BNNR having zigzag and
armchair chirality is carried out first by full structural
optimization, electronic band structure and adsorption energy
calculations, density of states (DOS) plots along with partial
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Figure 1. Optimized structure of (a) adrenaline, (b) dopamine, (c) ABNNR, and (d) ZBNNR. Oxygen, carbon, hydrogen, boron, and nitrogen are
represented as pink, black, blue, yellow, and orange balls, respectively. W is the width of both nanoribbons.

density of states (PDOS), and work function calculations.
Previous works on the adsorption of molecules on the
nanosurface proved that accounting for the dispersion forces
is necessary.””%" For this reason we have chosen a
computational method which considers the correct description
of long-range electron correlation. In the present study, we
have employed Grimme’s dispersion correction (DFT-D2)%
which simply adds pairwise term of long-range behavior Cg;/
R,-]-6 in DFT energy, where Cg; is the dispersion coefficient and
the term Rl-]-6 is the distance between the atoms. DFT-D2 can
explain the noncovalent, long distance van der Waals
interaction (i.e, ~2.7 A) between the adsorbent and the
adsorbate. We have not adopted DFT-D3 in our calculation, as
results obtained by DFT-D3 for noncovalent interaction
between the adsorbent and the adsorbate are comparable
with results obtained from DFT-D2.%” The adsorption energy
E,.q for NRTs over BNNRs has been calculated according to
the following equation:

E.q = EBNNRs+NRT) — {E(BNNRS) + E(NRT)} (1)

where E(gynrenr) 18 the total energy of BNNRs adsorbed by
NRT (AD and DA), Egynge) is the total energy of the
adsorbent nanoribbon, Egr) is the total energy of NRT (AD
and DA) obtained from their full optimized geometries.
Adsorption is defined as exergonic if E,4 < 0. We performed
two independent calculations corresponding to periodic system
and for molecules. The calculation of periodic system has been
done using plane wave basis set with inclusion of DFT-D2, and
the HOMO—-LUMO energies of molecules are calculated
using all-electron basis set with HSE06 functional making
correct combination of a modeled system and functional used.
The molecule adsorbed on supercell of BNNR brings the
overall system in the domain of periodic systems; hence for

accurate results calculations of molecules adsorbed over BNNR
are performed using plane wave basis. However, for
calculations involving only molecules we have used all-electron
basis set for calculations as no periodic systems are involved.
Hence the results obtained for periodic systems and individual
molecules are reliable owing to the usage of appropriate
functionals. Further, in order to examine the highest occupied
molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO), DA and AD are fully optimized at the
HSEO06 level using 6-31+G(D) basis set in Gaussian 09 suite of
package.”””" For the accuracy of HOMO and LUMO levels
single point calculations are also performed at the same level of
theory. Optimized geometries for both molecules are
confirmed to be in true minima by no imaginary frequencies.

B RESULTS AND DISCUSSION

To understand the interaction between NRT and boron nitride
nanoribbons (ABNNR and ZBNNR), we first performed full
structural optimization of DA, AD, ABNNR, and ZBNNR
individually and presented them in Figure 1. In our previous
work, we have checked the dynamical stability of both types of
BNNRs* and found no imaginary vibrational mode in the
entire Brillouin zone, and hence the systems are in local
minima. The phonon calculations for the whole boron nitride
nanoribbon systems and neurotransmitter molecule are
computationally quite costly as well as time consuming.
Hence, not having phonon calculations for entire system is not
a serious drawback as the main concern of this study is to have
a system with local minima over which adsorption is to be
done. Both BNNRs are multiplied in z-direction as it is
periodic in z-axis; we have considered 1 X 1 X 4 supercell of
ABNNR with 88 atoms and 1 X 1 X 7 supercell for ZBNNR
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Figure 2. Optimized structure of ABNNR adsorbed with (a) adrenaline and (b) dopamine. The distance between the molecules and BNNRs is
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Figure 3. Optimized structure of ZBNNR adsorbed with (a) adrenaline and (b) dopamine. The distance between the molecules and BNNRs is

represented by d.

with 84 atoms for providing large surface to interact with
molecules.

After optimization, the width of ABNNR and ZBNNR is 12
and 11.5 A, respectively. Both neurotransmitters consist of an
aromatic ring having two oxygen atoms attached to it. The only
difference in their structure is the presence of an extra oxygen
atom and a methyl group in AD molecule. The optimized
geometries of DA and AD adsorbed BNNRs are presented in
Figure 2 and Figure 3, respectively. After the adsorption of AD
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on ABNNR and ZBNNR, the distance between them is 2.38
and 2.42 A, respectively. In the case of DA on ABNNR and
ZBNNR, the distance is 2.52 and 2.78 A, respectively, as
shown in Figures 2 and 3 and Table 1.

We have chosen parallel orientation for both NRTs to be
adsorbed over BNNRs because planar molecules prefer parallel
position due to most stable configuration.®®”>”* In some cases,
reverse of this can also be possible when there is a covalent
interaction between the molecule and the surface. However,
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Table 1. Calculated Energy Gap (E,), Difference in Band Gap (AE,), Adsorption Energy (E,q), Distance between Molecules

and BNNRs, Fermi Energy (Ep), and Work Function (D)~

ABNNR ZBNNR

system pristine DA AD pristine DA AD
E, (eV) 4.163 3.171 3.028 3.842 3.073 2.9
AE, (eV) 0.992 1.135 0.769 0.942
E,q (eV) —1.013 —1.144 —0.701 —0.824
d (A) 2.52 2.38 2.78 2.42
Eg (eV) —3.061 —1.807 —1.826 -3.902 —2.083 —2.355
D (eV) 4.152 3.057 3.111 4.97 3.35 3.661

“All values are in eV.

from our previous study we know that the molecules
containing aromatic ring align themselves parallel with the
adsorbate, resulting higher binding energy.””®” In parallel
position, there are more atoms to interact with the surface and
also there is a chance for n—7x interaction between the
molecule and the surface which helps to reduce the steric
repulsion.’”®””® There is a significant change in the bond
length between the boron and nitrogen atom after the
adsorption of molecules due to the generation of bow
(curve) on the surface of both BNNRs. The changes in the
bond length along with the bond angle are presented in Table
S1 of the Supporting Information. This modification in the
structure of BNNRs confirms the interaction between
molecules and BNNRs. Both NRTs physisorbed on BNNRs,
as there is a large distance between BNNRs and molecule after
the optimization which further confirms the absence of any
covalent bond (chemisorption). An adsorption energy
calculation is important, as it tells about the magnitude and
nature of interaction between adsorbate and adsorbent
(surface). Furthermore, it brings out whether the molecule is
interacting with the surface or not. Using eq 1, we have
calculated the adsorption energy for DA and AD over both
ABNNR and ZBNNR.

The calculated adsorption energies are E g = —1.144 eV and
E.4 = —1.013 eV for AD and DA, respectively, over ABNNR
with the adsorption distance of 2.38 A for AD and 2.52 A for
DA. Over ZBNNR the calculated adsorption energies for AD
and DA are E 4 = —0.824 eV and E 4 = —0.701 eV, respectively,
with the adsorption distance of 2.42 A for AD and 2.78 A for
DA. The calculated adsorption energies reveal that the AD is
strongly physisorbed over both BNNRs compared to DA
which shows comparatively weak physisorption. This differ-
ence in the adsorption energy arises due to the presence of an
extra oxygen atom in the AD, making it more electronegative
compared to DA. A dominance of ABNNR over ZBNNR in
the adsorption of NRT (DA and AD) can be attributed to the
higher sensitive semiconducting nature of ABNNR toward the
flow of any external charge.”*”>

The fundamentals of binding/adsorption energy difference
can be understood by van der Waals forces which depend on
the size and mass of any molecule and chirality of ribbons.”®
The noncovalent adsorption energy is significantly larger
compared to graphene.”” Fernandez et al.>” have checked the
adsorption of DA over graphene with different functionals and
found binding energy in the range of +0.20 to —0.94 eV which
is comparatively lower than our results. However, in the case of
defect created graphene the adsorption energy of DA is
comparable with our results. In contrast to our results
Urdaneta et al.”” found that the DA binds covalently and
chemisorbed over the TiO, surface. For a great drug delivery
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system, the molecule which is adsorbed over surface should be
of physisorption type because chemisorption needs more
energy to release the drug compared to physisorbed molecule
which is a big drawback. This indicates that the BNNRs are
good for drug release and delivery due to noncovalent
The physical nature of
adsorption offers advantages in terms of easy removal and
reusability of nanostructure, with no structural or electronic
change in the adsorbate and adsorbent.

The main mechanism on which sensors work is the charge
transfer between adsorbate and adsorbent. The significant
charge transfer between the NRTs and BNNRs in the
adsorption process shows that the interaction of NRTs can
lead in modification of structure and electronic properties of
BNNRs suitable for biosensing applications. It was found that
the BNNRs adsorb NRT through physisorption to basal plane
mainly driven by electromagnetic interactions (e.g, electro-
static and van der Waals).”%””

Figure 4 presents the molecular orbitals of both NRTs AD
and DA. The HOMO—-LUMO gap for AD and DA molecules

interaction of both molecules.

ErLumo=-0.453 eV
(Flrst excited state)

E,=5.05eV

C Y

> 8

(b) 8‘:‘“5

Figure 4. Molecular orbitals of (a) adrenaline and (b) dopamine.

EH()M() =-5.503 eV
(Ground state)

o ELUMO— -0.593 eV

(Flrst excited state)

EHOMO =-5.657 eV
(Ground state)
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is 5.05 and 5.064 eV, respectively. In both AD and DA, the
HOMO wave functions are distributed over whole molecule as
can be seen from Figure 4. The HOMO of DA shows the
existence of p-orbitals on catechol ring and two hydroxyl
groups making the amine group of DA less reactive. The
unsaturated six-carbon ring with two hydroxyl group attached
to it is termed as catechol.”” The carbon atom consists of four
valence electrons: two in 2s subshell and another two in 2p
subshell. There are two unpaired electrons in 2p subshell of
carbon. Molecular orbital theory describes the distribution of
electrons in molecules. These p orbitals in catechol ring of DA
give rise to 7 bonding and antibonding molecular orbitals. The
side by side overlap of each two p orbitals results in the
formation of two 7 molecular orbitals. DA shows in-phase
orbitals which further results in bonding orbitals.

These significant p-orbitals can be the reason for the
attraction of both ABNNR and ZBNNR resulting in the
slightly bow structures. The LUMO of DA contains strong p-
orbitals, as can be seen from Figure 4b that the hydroxyl
groups are not so distinguishable. Similarly for the AD, the
HOMO exists almost all over the catechol ring and also the
nitrogen atom (Figure 4a). Conversely, the LUMO is also
spread over the carbon chain. We have also calculated the total
density of states (DOS) and partial density of states (PDOS)
of pristine BNNRs (ABNNR and ZBNNR) and presented
them in Figure S and Figure S1 (Supporting Information).
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Figure 5. Total and partial DOS of (a) ABNNR and (b) ZBNNR.

These figures clearly depict wide bandgap semiconducting
nature of both BNNRs. ABNNR and ZBNNR have a band gap
of 4.163 and 3.842 eV, respectively.

Table 1 presents the calculated energy gap (E,), adsorption
energy (E,q), Fermi energy (E), and distance of the adsorbed
molecules from BNNRs. In ABNNR the major contribution of
density in the valence band region is due to the 2p orbital
participation of nitrogen atom, which falls between —2 and
—10 eV while a little contribution of hydrogen atom’s 1s and
boron atom’s 2p orbital can be seen in this area. The boron 2p
orbital dominantly contributes in the conduction band region
from 2 to 6 eV and in the lower valence band region near —16
to —20 eV. The trend of the contribution of orbitals in the
density by nitrogen and boron is similar in ZBNNR. To further
understand the effect of NRT adsorption over BNNRs system
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on the electronic properties of pristine BNNRs, we have
calculated DOS of these systems and presented them in Figure
6 and Figure S2 (Supporting Information). Figures clearly
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Figure 6. Density of states of (a) ABNNR adsorbed neurotransmitter
and (b) ZBNNR adsorbed neurotransmitter.

depict the generation of some impurity states which are
responsible for the changes in the electronic properties due to
the adsorption of DA and AD molecules over both BNNR:s.
The adsorption of NRT reduces the band gap of both BNNRs.
The decrease in the band gap by AD adsoption is more
prominent than DA adsorption for both BNNRs. The extra
oxygen atom in the configuration of AD may be the reason
behind this large reduction compared to DA.

To have a systematic insight of the alteration of the
electronic properties of BNNRs by NRT, we have calculated
the PDOS for all systems and presented these in Figures 7 and
8 and Figures S3 and S4 (Supporting Information). From these
figures it is clear that the contributions of both AD and DA
molecules are localized at top and middle of the valence band.
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Figure 7. Partial density of states of ABNNR adsorbed with (a)
adrenaline and (b) dopamine.
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Figure 8. Partial density of states of ZBNNR adsorbed with (a)
adrenaline and (b) dopamine.

For ABNNR, the states generated near the Fermi level in the
valence band region are due to the p-orbital of carbon and
nitrogen atoms present in AD, whereas in the case of DA,
states generated are due to carbon, nitrogen, and oxygen. The
lower valence band impurity states are dominated by carbon
and nitrogen in AD/ABNNR, but in DA/ABNNR system
lower conduction band is made by the carbon and oxygen
atom’s p orbital. From the PDOS plot of AD/ZBNNR and
DA/ZBNNR it is clearly seen in both cases that the impurity
states generated after the adsorption are due to carbon,
nitrogen, and oxygen 2p states. Hence, NRTs seem to be an
active unit that significantly affects electronic structure as well
as electron mobility upon adsorption over BNNRs. The band
gap of ABNNR reduces significantly after AD (1.13S5 eV) and
DA (0.992 eV) adsorption. Similarly in ZBNNR, the reduction
in the band gap by AD is 0.942 eV and by DA is 0.769 eV.

The large band gap modulation of ABNNR due to AD is
because of the presence of extra OH group which is absent in
DA. An extra oxygen atom in the AD makes it more
electronegative as compared to DA resulting in the dominant
adsorption of AD than DA in both cases of BNNR and is also
responsible for the large modulation in the band gap. These
results reinforce the fact that the molecules get physically
adsorbed on the nanosurface of both BNNRs indicating their
suitability for the targeted delivery of the molecule as
reversibility of the nanoribbon can be easily achieved by the
desorption. We further analyzed the electron transport by
calculating the Lowdin charge transfer. The significant charge
transfer between the NRT (AD and DA) and both BNNRs is
observed after the adsorption process which can be the reason
for the modification in structural and electronic properties of
BNNRs. There is a charge transfer of 0.15¢ and 0.10e,
respectively, in the cases of AD and DA adsorbed over
ABNNR and 0.12e and 0.10e, respectively, for AD and DA
adsorbed over ZBNNR. Figure S5 (Supporting Information)
shows the calculated charge density counter.

The effect on the electronic properties of any surface after
adsorption further can be confirmed from the electrical
conductivity (6) which can be evaluated using energy gap
E, an important electronic parameter for a material. The
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electrical conductivity ¢ can be evaluated by the following
classic expression®’

—E,/(2KT)

oxe ()
where K and T are the Boltzmann’s constant and temperature,
respectively. According to eq 2, conductivity is inversely
proportional to the bandgap, which means the smaller the
value of bandgap E, higher is the electrical conductivity at
given temperature T. Thus, adsorption of NRTs over both
BNNRs surface which significantly decreases the band gap
increases the electrical conductivity ¢ of the BNNRs. For both
ABNNR and ZBNNR the trend of ¢ enhancement is more for
AD than DA (AD > DA), which means AD adsorption
enhances conductivity more than the DA adsorption. The
change in the Fermi level of BNNRs due to the adsorption
of NRT molecules causes an electrical signal, and therefore it
could potentially be used in biosensor applications.

The change in the electronic properties of BNNRs by the
adsorption of NRT (AD and DA) can be further understood
from the value of the work function (WF).”®" We have
calculated the WF using first-principles calculations. The work
function is the amount of energy required by an electron to get
free from Fermi level of any material to vacuum level which
can be expressed by the following equation:®'

WF(q)) = Evac - EF (3)

where E,,. denotes the energy of vacuum level and E; denotes
the energy of Fermi level. The calculated work functions are
shown in Figure 9. The distance of the molecule from the
surface can be understood by the position of the peak in the

graph.
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Figure 9. Work function of BNNR and neurotransmitter adsorbed (a)
ABNNR and (b) ZBNNR.
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After the adsorption of NRT on both BNNRs a dramatic
change in the work function is observed. The work function
reduces by 26% and 32% after the adsorption of AD and DA
over ZBNNR while same reduces by 25% and 26% after the
adsorption of AD and DA over ABNNR. The significant
change in the work function of ZBNNR is due to its structural
asymmetry and hydrogen passivation which possesses a
permanent transverse dipole moment,'’ and further both
dipole moment and work function are related to each other.*”
The distinct alteration of work function WE(®) after the
adsorption of AD and DA NRTs (through strong phys-
isorption) indicates a strong influence of these molecules on
the BNNRs surface.

B CONCLUSION

Stressful lifestyle leads to many cerebral diseases in the society,
caused by the imbalance in the neurotransmitters present in
the brain. Neurotransmitters being the most essential chemical
of brain have ability to maintain the cognitive as well as
synaptic functions in all mammals including humans. The
detection and maintenance of the neurotransmitter level in
human body are of utmost importance. However, the
requirement of controlled environment and expensive method
creates challenges in monitoring the neurotransmitter level. A
simple and highly sensitive electrochemical sensor can ease the
detection and monitoring process. Boron nitride nanoribbons
(BNNRs) are emerging noncytotoxic materials suitable for
biomolecule’s detection and their transport. In our work, we
have performed a detailed investigation on the interaction of
two important neurotransmitters, namely, DA and AD
adsorbed over armchair and zigzag BNNR with the help of
density functional theory based abinitio calculations. Our
results suggest that BNNRs are capable of detecting and
carrying the neurotransmitter. According to the calculated
adsorption energies and structural analysis, both DA and AD
were physisorbed on ABNNR and ZBNNR. The functionaliza-
tion of planar BNNRs with NRTs results in the formation of
slightly arched (curved) structure of BNNR. Through the
comparative study of NRTs over BNNRs, our study reveals
that the ABNNR shows strong noncovalent interaction with
DA and AD compared to another study which can be
attributed to its semiconducting behavior. To the best of our
knowledge, BNNR as NRT carrier is yet to be developed
experimentally. We hope that the efforts will be directed
toward developing and accessing the viability of BNNR based
biosensor and drug delivery system for neurotransmitter
carrier. We believe that the present study will help the
experimentalists to develop neurotransmitter carrier based on
BNNR.
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