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3.1 Introduction

Promising nanomaterials which have been emerged from the recent past by many
experimental and theoretical groups are boron nitride nanostructures (BNNs) which include
nanotube, nanoribbon and nanosheet [1-4]. They are one of the most reliable materials for the
utilization in medical applications, bio sensing, nano electronics and drug delivery because of
its exceptional properties like oxidation resistance, high temperature stability, large thermal
conductivity and low dielectric constant [5-10]. Boron nitride exists in cubic BN (c-BN),
trigonal BN, wurtzite BN (w-BN) and hexagonal BN (h-BN) isomers. However, h-BN

received maximum attention [11-12].

The polar character of BNNs provides an advantage over its carbon counterpart [13].
The nontoxicity and large intrinsic bandgap which are attributed due to its ionic bonding
nature makes these nanomaterials more suitable for bio applications than its carbon counterpart
[14]. The tuning of the band gap is easily achieved with boron nitride nanoribbon (BNNR),
which is not the case with graphene nanoribbon (GNR) [15-16]. The BNNR has similar
classified configuration as GNR: (a) zigzag BNNR (ZBNNR) and (b) armchair BNNR
(ABNNR) [17-19]. Many studies exist in the literature about the diverse properties of both
ribbons [18-20], like monotonous decrement in the bandgap for ZBNNR with increase in
width while in case of ABNNR there is an oscillatory bandgap with increasing in ribbon width
[21]. The non-cytotoxicity of BNNs resulted in many experimental and theoretical studies on

their interaction with several biomolecules [22-25]. There exist many studies which report
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modulation in the biocompatibility of these BNNs useful for biological and medical

applications [26-29].

Two of the important members in alkaloid family are caffeine and nicotine which are
used as therapeutic molecules in medical purposes [30-31] mainly obtained from coffee and
tobacco. These molecules serve as stimulants for central nervous system in human body.
Caffeine is a methylxanthine and has the most notable pharmacological effect in human body
like central nervous system stimulation, increasing alertness and producing agitation. The
modulation of intracellular calcium handling is one of the most important uses of caffeine. The
nicotine mainly obtained from tobacco plant have tendency to acts as an agonist at the
nicotinic receptors at neuromuscular junctions in the adrenal medulla and the brain. As both of
them are therapeutic drugs, they show positive effect if consumed in proper quantity on human
but can be calamitous for heavy consumption. High consumption can cause severe side effects
like insomnia, high heart rate and high blood pressure [32]. Due to addictive nature of these
drugs, many country bans on the sale and or production of many products which uses these
molecules as a major ingredient mainly in energy drinks. Therefore, high sensitive sensors for
them, based on nanostructures to sense and filter these biomolecules need to be improved.
Recently, nanomaterials made up of carboxylate carbon nanotube (CNT) have been utilized as

an addition in the filter tip of cigarettes to increase nicotine and tar sorption [33].

There are some reports bringing light on the interaction of nicotine molecule with CNT
by using density functional theory (DFT) [34-35]. However different binding geometries and
binding energies are reported in literature [34-35]. BNNT shows better chemical stability than

its carbon counterpart CNT due to its resistance towards oxidation [36-38]. There exist many
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studies on the interaction of caffeine and nicotine with boron nitride nanocage Bi2Ni> and
B1sN1e [39] where a chemical interaction is observed between the molecules and nanocage
with superior adsorption energy over Bi12Ni> cage for both caffeine and nicotine molecules.
Over the interaction of HCN and methanol molecules with BN nanocage, modification in
electrical conductance, binding energies and binding geometries is observed [40-41]. For
understanding the nature of interaction and effect on the electronic transport by biomolecule
like nucleobases and amino acids on BN nanostructures few studies are reported in literature
[42-43]. However, in these studies authors have ignored the most important contribution of
dispersion which is due to the weak vdW interactions. Adsorptions as well as electronic
properties in boron nitrides nanostructures are highly dependent on arrangement of atoms,
length and dimension. In the present work, we carried out a systematic study on the interaction
of biomolecules; alkaloids with BN nanoribbons (BNNR) and BN nanotube (BNNT) and
identify the factors influencing the interaction. Furthermore, we want to check the contribution
of vdW in adsorption energy of alkaloids over boron nitride nanostructures by first principles

based dispersion corrected density functional theory calculation.
3.2 Computational Methods

All first-principle calculations in the present work were carried out using Quantum
espresso code [44] which uses plane wave pseudopotential approach within the generalized
gradient approximation (GGA) [45] exchange correlation functional. For the convergence of
lattice parameters and total energy, the single particle function are developed in plane wave

basis set with the kinetic energy cut off 80 Ry and charge density 800 Ry. The Brillouin zone
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is sampled using 1x1x8 and 1x16x1 Monkhorst-Pack [46] for BNNT and BNNR respectively,
after performing the convergence corresponding to Kk-point grids. For the structural
optimization, all the considered systems are fully relaxed with the residual forces less than
0.001eV/A. Through the study of full structural optimization, adsorption mechanism,
electronic properties and density of states (DOS), a comparative analysis has been carried out
with two alkaloids namely caffeine and nicotine interaction with BNNT and BNNR. The
average bond length of B-N in pristine BNNT and BNNR after the optimization was found to
be 1.48 A. For the weakly bound systems, a dispersion force is required in order to attain an
accurate quantum mechanical description between interactions of molecules with nano-surface
[47]. Therefore, it is significant to select an appropriate computational method which gives
correct description of long-range electron correlation. To include the long distance van der
Waals in the interaction between the molecules and BNNs, present work includes Grimme’s
dispersion correction [48]. To analyze the adsorption mechanism, adsorption energies (Eaq) are

found through the equation:

Eqa = Epnn+aikaioia — (Esny + Eaikatoia) (3.1)

Where Egnn-alkaioid IS the total energy of BNNs (BNNT and BNNR) adsorbed by alkaloid
(caffeine or nicotine), Esnn is the total energy of the BNNT or BNNR nanostructure, Eaikaloid IS
the total energy of alkaloid (caffeine or nicotine) acquired from their fully optimized
geometries. Moreover, Eag < 0 shows the exergonic character of the adsorption. We have also
calculated the quantum conductance at zero bias using the Landauer formalism [49], through

maximally localized Wannier functions (MLWF) basis in the Wannier90 code [50].
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3.3 Results and Discussion
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Figure 3.1: Optimized structure 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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At first, we have performed full structural optimization of BNNT, BNNR, caffeine and
nicotine for proper understanding of the interaction between alkaloids (caffeine and nicotine)
and two boron nitride nanostructures (BNNs). All optimized structures are presented in Figs.
3.1(a-d). The optimized diameter of (8,0) BNNT and width of BNNR is found 6.40 A and

10.03 A respectively.
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Figure 3.2: Equilibrium geometry of physisorbed caffeine and nicotine molecules on (a-b)
BNNT and (c-d) BNNR. The figure also shows the side view of optimized structures of
functionalized BN nanostructures with alkaloids.
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Table 3.1: Calculated HOMO energies, LUMO energies, energy band gap (Eg), adsorption energy
(Eaq), Fermi level energies (Eg) and distance of the molecules over BNNT (d).

HOMO LUMO = Ead = d
System
(eV) (eV) (eV) (eV) (eV) A
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 -
ithot BNNT+ 3.6309 0.5969 3.034 0.030 2.113 3.6
Dispersion Caffeine -~ e ' e - '
BNNT+
.. -3.2974 -0.6331 2.664 -0.025 -1.965 2.99
Nicotine
BNNT -4.4310 -0.8671 3.5634 - -2.649 -
Caffeine -5.2273 -1.7122 3.515 - -3.469 -
Nicotine -4.9027 -1.5005 3.402 - -3.201 -
BNNT+
) -3.6185 -0.6199 2.999 -0.76 -2.119 2.69
Caffeine
LAl BNNT+
. . .. -3.3442 -0.6264 2.718 -0.35 -1.985 2.98
Dispersion Nicotine
BNNR -4.5328 0.0234 4,556 - -3.726 -
BNNR+
. -3.8187 -0.3484 3.470 -0.91 -2.401 2.68
Caffeine
BNNR+
L. -3.5103 -0.1156 3.395 -0.48 -3.385 2.45
Nicotine

Before concluding the best orientation and optimized distance of molecules over both

BNNs, we have tried different orientations (perpendicular and parallel) of molecules and
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distances between molecules and nanostructures for best optimized geometries. The optimized
structures of molecules adsorb over BNNs are presented in Figs. 3.2(a-d). The calculated
adsorption energy of molecule with BNNSs in perpendicular orientation is found very weak; the
reason behind this low adsorption is less number of atoms in molecule facing the BNNs. The
maximum adsorption energy of caffeine and nicotine over BNNT are found at distance 2.69 A
and 2.98 A respectively which start decreasing with increasing distance and become zero
around 6 A while it shows repulsive behavior when the distance is decreased beyond 2.69 A

and 2.98 A.
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Figure 3.3: HOMO (red) and LUMO (blue) of (a) caffeine molecule and (b) nicotine
molecule.

Page 48



Sensing Properties of Boron Nitride Nanostructures CHAPTER 3
Towards Alkaloids

3.6185 ¢y _HOMO LUMO  -0.6199 ¢V

(@ 4 «—>
AF = 2999 eV’

(O 38187cv HOMO e — -0.3484 eV

HOMO LUMO,  oiissev

-3.5103 eV

(M)
AE =3.305 eV

[N N . N ) BB

Figure 3.4: HOMO (red) and LUMO (blue) of functionalized BNNT (a-b) and
BNNR (c-d) with caffeine molecule and nicotine molecule.

The most favorable orientation of caffeine and nicotine over BNNT and BNNR is
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heteroatoms facing orientation for adsorption as can be clearly seen in the Fig. 3.2(b) that the
nicotine molecule interact with its six member ring with BNNT rather than its five member
ring similar to CNT [35]. In case of BNNR both rings of nicotine equally interact with the
surface as large surface is available for interaction (Figs. 3.2(c-d)). All calculated values of
energy gap (Eg), HOMO and LUMO energies, adsorption energy (Ead), Fermi energy (Esf) and
distance (d) between alkaloid molecules and BNNT/BNNR without and with dispersion
corrections are presented in Table 3.1. Our calculated value of HOMO-LUMO gap for caffeine
and nicotine molecules are in very good agreement with previously reported studies i.e. 3.515

eV and 3.402 eV respectively [35-39].

The HOMO and LUMO plots are presented in Figs. 3.3(a-b) of caffeine and nicotine
and it can be seen from these figures that the wave functions are distributed over whole
molecule in case of caffeine while in nicotine HOMO is dominating at five member ring and in
LUMO electron density is high at the phenyl group. The adsorbed alkaloids over BNNs
significantly changes the HOMO and LUMO energy of BNNs as shown in Table 3.1, the
calculated HOMO and LUMO are presented in Figs. 3.4(a-b) and Figs. 3.4(c-d)
alkaloids/BNNT and alkaloids/BNNR systems respectively. The change in HOMO and LUMO
energies is in the range of 0.71 to 1.0 eV and 0.35 to 0.48 eV after the adsorption of caffeine
and nicotine over both BNNs respectively. The calculated charge density plots for caffeine and
nicotine adsorbed BNNT and BNNR systems are presented in Figs. 3.5(a-b). We found that
there is no significant charge transfer between alkaloids and BNNs as charges before and after

adsorption of alkaloids on BNNSs are less than 0.02e.
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In both cases of alkaloids adsorption over BNNs, physisorption is observed as there is
considerably large distance between the molecules and the surface (Table 3.1). After the
inclusion of dispersion correction given by Grimme, which accounts the vdW interaction more
precisely, significantly improves the adsorption energy of alkaloids over BNNs. Here we are
presenting the results for BNNT with and without dispersion correction and not for BNNR as
the results obtained for BNNT reveals the improvement in the adsorption energy with
dispersion correction, therefore to save time we have done the calculation directly with the
inclusion of dispersion in case of BNNR. As from the calculated values for adsorption energy
presented in Table 3.1 we can see that the without dispersion correction we get quite low
adsorption energy for alkaloids over BNNT. However, after the incorporation of dispersion
corrections in DFT it properly accounts long range van der Waals interactions and correctly
depict the adsorption energy. The adsorption energy calculation shows that the caffeine is
strongly physisorbed over BNNT compared to nicotine because of lower adsorption energy.
The caffeine and nicotine adsorption energies over BNNT are different due to = interaction of

caffeine, which is almost double compared to nicotine similar to CNT [34-35].

The physical adsorption of nicotine is similar to previous study with CNT only until
the CNT is defect free otherwise it gets covalently interacted at defected site [34]. From the
results of adsorption energy calculation it is clear that BNNR has higher adsorption of
alkaloids (caffeine and nicotine) showing dominance over BNNT. The calculated adsorption
energies of alkaloids (caffeine and nicotine) over BNNR is -0.91 eV and -0.48eV respectively
which are higher than BNNT which can be attributed to the fact that BNNRs are sensitive

semiconducting in nature [11].
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Figure 3.5: 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 bohr3.

There can be seen significant effect on the adsorption distance of molecules over BNNs
after the inclusion of vdW correction. The change is more in case of caffeine than nicotine
which can be attributed to the fact of its planer structure providing large area for interaction
[51-52]. There are some studies depicting the importance of inclusion of dispersion correction
for calculating the adsorption energy of molecules over nanosurface. Study done by Dabbichi
et al. [53] to understand the interaction of anthracene molecule over CNT after the inclusion of

dispersion correction is found to have adsorption energy of 1 eV.
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Figure 3.6: 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 caffeine) conjugated BNNR.

Furthermore, study by Mukhopadhyay et al. [54] to check the interaction of five

nucleobases with BNNT done with local density approximation (LDA) calculations pointed
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out that the calculations done with LDA take care vdW forces and gives equivalent results as
GGA + vdW level of theory gives. The difference in adsorption energy of these two alkaloids
with the BNNT as well as BNNR is due to the van der Waals forces which are directly
proportional to the size and mass of the interacting molecules [55]. All these observed results
accentuate the role of van der Waals interactions in adsorption process. Any possibility of
covalent bond between caffeine and nicotine molecules physisorbed over BNNT and BNNR
are eliminated due to the large nearest atom distance (d ~ 2.6 A). The major advantage of
physical adsorption on nanostructure is that it provides easy removal and reusability of
nanostructure and also it does not affect structural or electronic properties of both adsorbate as
well as adsorbent. Significantly better stable geometries are observed after optimization with
the incorporation of dispersion correction. It was also seen that without the incorporation of
dispersion correction, the calculated adsorption energy shows endergonic process, which

means the interaction is not favorable electronically.

The BNNT and BNNR are more important in contrast to other BNNs for sensing
purpose. For example our study reveals that the alkaloid molecules physisorbed over both
BNNR/BNNT, which is key factor for any good as well as sensitive sensor because it reduces
recovery time and increases response time [56]. But on the other hand, BN cage has
chemisorption with the adsorbed molecule due to the ionic and covalent bonds between the
molecule and the cage. The chemisorption process is normally irreversible and need external
energy which causes increment in the recovery as well as response time, which is a major
drawback for any sensor. To clearly understand the effect of alkaloids over BNNT/BNNR, we

have done systematic calculation of total density of states (DOS) of caffeine, nicotine, BNNT,
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BNNR and functionalized BNNT and BNNR with caffeine and nicotine in Figs. 3.6(a-d). For
the better understanding of the orbital contribution in the electronic properties of
BNNT/BNNR by alkaloid molecules we also calculated the projected DOS (PDOS) for both
pristine BNNT and BNNR and the alkaloids (caffeine and nicotine) adsorbed BNNT and

BNNR systems which are presented in Figs. 3.7(a-f).

(d) BNNR

(a) BNNT

Energy (eV)

(¢) BNNT+Nicotine (f) BNNR+Nicotine

Energy (eV)

Energy (eV)

Figure 3.7 : PDOS of (a) pristine BNNT, (b) conjugated BNNT with caffeine, (c)
conjugated BNNT with nicotine, (d) pristine BNNR, (e) conjugated BNNR with
caffeine, (f) conjuagated BNNR with nicotine.
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From the figures it is clear that the alkaloid molecules significantly modulate the
electronic properties of both BNNT and BNNR. The analysis shows that the major
contributions of both molecule caffeine and nicotine are present in top of the valance band.
The PDOS reveals that B(2p) and N(2p) orbitals have major contribution in the conduction
and valance bands of both BNNT and BNNR (Figs. 3.7(a-f)) while N(2s) and B(2s) do not
contribute significantly. The contribution of H(1s) can also be seen in the PDOS plots which is
arising due to the edge passivation of BNNR. In pristine BNNT, HOMO states contribute

mainly to the Fermi level compared to LUMO [54].

A significant feature resembling the molecule like spectra (sharp peaks) can be seen
from DOS of both caffeine and nicotine molecules which arises due to the flat bands. In both
molecules the value of the band gap is nearly equal. In case of BNNT adsorbed by alkaloids
(Fig. 3.6(c)) conduction band region moves towards Fermi level while the valence band region
shows a peculiar behavior. For BNNR adsorbed with caffeine and nicotine a large shift is
observed away from Fermi level in the HOMO. There is a reduction in the band gap of both
BNNs after the adsorption of caffeine and nicotine. Comparatively larger change in band gap
is observed for BNNR than BNNT after adsorption of alkaloids. Hence, alkaloids act as an
active unit which affects the mobility of electrons after adsorption on to the BNNs. Our
adsorption energy calculations confirm physical adsorption for both caffeine and nicotine
molecules over BNNT as well as BNNR. BNNR shows dominant adsorption of alkaloids than
BNNT. Our results clearly depict that the BNNs are good candidate for biomedical
applications because of its inert behavior as they do not affect the properties of carrier

molecules.
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Figure 3.8: Quantum conductance plot of BNNT and BNNR (a) conjugated
with Nicotine and (b) conjugated with Caffeine.

To judge the modification in the electronic conductance of a host adsorbate after
adsorption of a molecule, we have calculated the quantum conductance to study the quantum

transport of charge. Furthermore, the quantum conductance confirms the behavior of electronic
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DOS and helps in understanding the possible charge transfer. The calculated quantum
conductance for pristine and alkaloids adsorbed BNNT and BNNR is shown in Fig. 3.8. The
sharp Van — Hove singularity in the density of states can be clearly seen in the calculated
quantum conductance which has a typical step by step like behavior. The significant change in
the conductance of BNNs after adsorption is attributed to the different electronic DOS at the
Fermi level for BNNs, caffeine and nicotine. The conductance plot of alkaloids adsorbed
BNNs are close to the superposition of that of a considered pristine BNNs conductance which
can be seen from Figs. 3.8 (a-b). Thus it supports the conclusion which is drawn from DOS of
adsorbed molecule system, that there is no significant charge transfer between BNNs and
alkaloids. However, a significant shift in peaks is observed in comparison to pristine BNNT
and BNNR. The shift is more prominent in case of nicotine which suggests that the BNNs can
sense nicotine better compared to caffeine and also clearly distinguish each other. Similar
conclusion is drawn for the sulphur chain encapsulated inside CNT [56-57]. Thus, our
conductance calculations suggest that the caffeine and nicotine molecules modify the
electronic conductance of BNNT and BNNR which provide solid support for new conduction

channels in the adsorbed biomolecule BN system.

3.4 Conclusions

Caffeine and nicotine being stimulants for central nervous system are highly addictive
drugs that will lead to high blood pressure, insomnia etc. in humans if not consumed in proper
dosage. Accordingly, the manufacturing of nanostructure sensors and filters to capture these

alkaloids are in development. Present study shows the interaction mechanism of boron nitride
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nanostructures, namely BNNT and BNNR with two different alkaloids caffeine and nicotine
for their sensing application using dispersion-corrected density functional theory. Our results
on the geometric properties, adsorption energy, electronic structure, charge transfer and
quantum conductance indicate that the caffeine and nicotine molecules strongly bind to BNNR
and BNNT. However, the binding is strong for BNNR than BNNT. The incorporation of
dispersion correction enhances the adsorption strength of these molecules with BNNR and
BNNT. Negligible charge transfer is observed between the considered alkaloids and
BNNT/BNNR. The caffeine molecule shows the strong binding with both nanostructures but
binds more strongly with BNNR compared to nicotine. We observed that the adsorption of
charge donor molecules modulates the electronic DOS. The investigation of DOS and PDOS
clearly shows the localization at top of valence band that further depicts the contribution of
alkaloids, caffeine and nicotine. We found that the electronic properties of BNNR are more
sensitive to the presence of caffeine and nicotine, which indicates that BNNR is a promising
candidate for the detection of these alkaloid molecules. Our results clearly reveal that the
BNNR is an effective substrate for the non-covalently binding of alkaloid molecules. The
conclusion of this study may motivate experimentalists to study these nanostructures for the

applicability as sensors, carriers and filters.
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