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4.1 Introduction

Over the past decades, carbon-based materials were widely studied and used in various
technological fields because of unique properties of all carbon allotropes like fullerene, carbon
nanotube and graphene [1-4]. Out of all carbon allotropes, graphene has enticed substantial
research concern since its successful fabrication in 2004 [4]. The symmetrical hexagonal
honeycomb structure of graphene leads us to its remarkable physical properties [5-10].
Thorough analysis of graphene proves it to be the promising material for nanoelectronics and
spintronics [11-12]. The research of two dimensional (2D) materials which became popular
with the discovery of graphene further lead the synthesis and prediction of monolayer of
hexagonal boron nitride (h-BN), silicon, transition metal sulfides, phosphorous, arsenic,
antimonite and many more [13-23]. Due to the unique and useful electronic, optical and
mechanical properties of these 2D materials, evolution in nanodevices and nanoelectronics has
been established [5-12]. 2D materials with conventional hexagonal structure have collected
recognition due to the structural effect on properties of materials. This is because the formation
of electronic structure in any material is typically associated with the position of atoms in the
structure. Boron nitride (BN) nanostructures, which are analogous to carbon, are broadly
studied due to their enormous chemical and thermal stability as a result of their exceptional
properties [24-25]. The h-BN consists of large bandgap contrary to graphene which is the
semimetal, acquire umpteen excellent properties analogous to graphene like strong mechanical
properties, high thermal conductivity and thermal stability. This can be attributed to their
geometrical similarity [26-27]. The carbon-carbon bonding in graphene is non-polar while

boron-nitrogen bonding in h-BN is highly polar [28-29]. On account of these unique
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properties, h-BN found its utilization in lubricants, dielectric materials, insulators in electronic
devices, etc. [30-31].

The presence of another novel structures in 2D materials was determined by the
existence of square-octagonal pair in monolayer of BN developed on Cu(111) surface [32] as
defect mode of h-BN. This existence of these square-octagonal pair in h-BN was also reported
by Liu et al. [33]. Consequently, similar structures of GaN [34] and ZnO [35] were predicted
and studied. Nonetheless, to the best of our knowledge the feasibility of identical periodic
structures with square-octagonal pairs of boron and nitrogen is yet to be explored despite of its
experimental existence. Therefore, motivated through the work of Liu et al. [33] and prediction
of GaN along with ZnO, we investigated haeckelite boron nitride (haeck-BN) using density
functional theory.

During past decades, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) have
received a great attention as they are the fundamental elements of genome and center of all
biological systems. With purine as the base compound of DNA, the fundamental building
blocks of nucleotides are nucleobases that contain all the information. Several studies are
reported that specify the sensing mechanism of nucleobases with nanostructures [36-43]. For
the essential DNA research, the major advantages of h-BN over graphene are their lower
hydrophobicity and thickness as compared to spacing of nucleotides in single stranded DNA
[44-45]. In comparison with graphene, because of the presence of different boron and nitrogen
atoms in BN nanostructures, Zhi et al. [38] found the strong interactions between BN
nanostructures and nucleobases. Transition metal chalcogenides like MoS; have also been

reported for the sensing of nucleobases by altering its surface with gold [46]. These entire
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studies have improved our understanding about the use of boron nitride nanostructures (BNNSs)
in bio-applications [43, 47-49].

Inspired by achievement of BNNs in sensing and detecting biomolecules, we analyzed
the newly predicted haeck-BNNs as potential biosensor. The haeckelite structure of BNNs is
expected to interact otherwise with the adsorbate (akin to porous materials) due to their distinct
distance and bond angles as a result of octagonal and square ring structure. Moreover, 2D
haeckelite structure of BN has not been investigated for bio-sensing applications. Present work
focuses on the structural, electronic and vibrational properties of haeck-BN. The possibilities
of h-BN to be used in electronic devices are realized through electronic properties, while
phonon properties present its use in understanding its thermal properties besides confirming
the dynamical stability [50-56]. Subsequently we investigate the interaction mechanism of five
nucleobases, namely, adenine (A), thymine (T), guanine (G), cytosine (C) and uracil (U) over
haeck-BN. Ab-initio calculations were carried out to reveal dispersion effect on the interaction
of considered systems. Accordingly, in present study, we uncover the nature of adsorption of
all five nucleobases with haeck-BN to acquire an atomic scale perspective for numerous

applications [57-58].

4.2 Computational Methods

All calculations in the present study were performed using density functional theory
(DFT) based on first principles calculations with a plane wave pseudopotential method as
implemented in Quantum Espresso code [59]. The ground state parameters of all the structures

were relaxed under Broyden—Fletcher—Goldfarb—Shanno algorithm (BFGS) [60]. The
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Generalized gradient approximation (GGA) was used for exchange correlation functional in
which the energy was parameterized by Perdew—Burke—Ernzerhof (PBE) [61]. The energy cut-
off values for charge density and plane wave basis set were 80 Ry and 800 Ry respectively,
were used for single particle functions, which were sufficient to fully converge the lattice
parameters and total energy. In reciprocal lattice space integral calculations, we used 16 X 16
X 1 k-point grids for the unit cell and 8 X 4 X 1 for the (2 X 3) supercell in the Monkhorst-
pack scheme [62]. The calculations of vibrational properties were performed by employing the
density functional perturbation theory (DFPT) implemented in Quantum Espresso code [63].
Dynamical matrix for 2D monolayer of haeck-BN was calculated using 10 X 10 X 1 g mesh
and by applying acoustic sum for ¢ — 0. The phonon frequencies calculation along the entire
Brillouin Zone (BZ) is an esurience of dynamical stability, which was calculated by the
perturbation method in Quantum espresso package [63]. To understand the interaction of
haeck-BN with five nucleobases, a comparative analysis was performed by structural
optimization, adsorption energy calculation and density of states (DOS). The dispersion forces
have been highlighted in the literature by a precise quantum mechanical description which
explains the interaction of a molecule with a nanosurface [64]. Therefore, the Grimme’s
dispersion correction [65] has been considered for the long range van der Waals interaction
(i.e. 3 A) between the nucleobases and haeck-BN monolayer. The adsorption energy Eaq has
been calculated according to the following equation:

Eqq = Enaeck—BN+nucteobase — (Enaeck-Bn + Enucieobase) (4.1)
where E(haeck-BN+nucleobase), E(haeck-BN) aNd Enucleobase) 1S the total energy of haeck-BN adsorbed by

nucleobase (adenine (A), thymine (T), guanine (G), cytosine (C) and uracil (U)), energy of the
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adsorbent haeck-BN monolayer, and is the total energy of the nucleobase (A, T, G, C and U)
respectively.
4.3 Results and Discussion

4.3.1 Structural and Electronic Properties

(b)

Figure 4.1: (a)bOptimized structure of haeck-BN monolayer in addition with the enlarge
view having bond length and bond angle, (b-c) Structure of bulk h-BN and 2D h-BN.
Yellow and purple ball represents boron and nitrogen respectively.

To calculate and understand the structural and electronic properties of haeck-BN, we
first optimized the geometry and related parameters of the primitive unit cell of the haeck-BN
monolayer by calculating its lattice constants and ground state energy. The optimized structure
of the haeck-BN monolayer is shown in Fig. 4.1(a). Figure 4.1(a) depicts the tetragonal

primitive cell, with space group P4/mbm (127) for haeck-BN which is different from the bulk
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and 2D h-BN (Fig. 4.1(b and c)). While bulk BN possesses P63/mmc (194), P63mc (186) and
F-43m (216) space groups for bulk h-BN, wurtzite BN and zinc blende BN [66-67]
respectively, the 2D h-BN consists hexagonal honeycomb lattice with P-62m (189) space
group. The unit cell of the haeck-BN shows an atom situated at the center but not at the corner.
The octagonal and square rings of haeck-BN give different interatomic distances and bond
angles. The B-N has a bond distance of 1.402 A and 1.475 A in square and octagonal ring
respectively. The square ring has 84.211° and 95.781° bond angles whereas in the octagonal
ring, the bond angles are 132.10° and 137.11° respectively.

Table 4.1: Calculated Lattice ‘a’ (A), Bond length (A), Bond angle (°), Energy band gap Eg (eV),
Fermi(le)vel energiegs Ep((e)\/) of haecE-Bl(\l.) i 9ap Eg (eV)

System Latticea (A)  Bond angle (°) Bond length (A) Er(eV) Eq(eV)

‘ 84.21 and 95.78 (bon dli?]OSZ Lare ‘
(for square ring) Insq
| BN 4.929 ring) -2.332 391 |
Haeckelite ’ 132.10 and 137.11 1.475 ' ’
(for octagonal (bond in octagonal
ring) ring)

The bond length of B-N in haeck-BN is significantly different in comparison with bulk
BN and 2D h-BN. In case of bulk BN and 2D h-BN, it varies from 1.45 to 1.56 A [66]. The
bond length of B-N in haeck-BN is 0.045 A lesser in square ring, whereas it is larger by 0.025
A in octagonal ring. This indicates the large structural difference in monolayers of h-BN and
haeck-BN. The optimized lattice parameters as well as calculated bond length and bond angles

are summarized in Table 4.1. The electronic band structure plays a key role to understand the
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electronic properties of any material. The band dispersion carries important information about

the mass of electron. Therefore, we have calculated the band structure of haeck-BN.
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Figure 4.2: Calculated band dispersion curve of haeck-BN. Along with total DOS and PDOS of
haeck-BN at the right panel.

The band structure of haeck-BN is calculated along the high symmetry directions of
Brillouin zone (BZ) along k path T'-M-X-T" of the BZ and is shown in Fig. 4.2. The highly
dispersive nature of conduction bands indicate the small effective mass of electron. The
calculated band dispersion of haeck-BN shows direct band gap of 3.9 eV between I'-M
directions of BZ. The band gap of 3.9 eV in the case of haeck-BN is lesser than the h-BN, z-

BN and w-BN, which have large indirect band gap of 4.47 eV, 5.72 eV and 4.50 eV
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respectively [66]. The haeck-BN is useful in optoelectronic and bio-sensing due to its lower
direct band gap [68]. Boron and nitrogen atoms contribute equally in the electronic band

structure of haeck-BN.

Scale: An(r)

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

Figure 4.3 Total charge density plot of haeck-BN. The blue colour represents the large value of
electron charge density while red colour shows relatively low charge density

For further analysis of electronic contribution, we calculated the total and partial
density of states of haeck-BN, which are shown in the right panel of Fig. 4.2. From the figure,
we can see that the boron atoms contribute more in conduction band (between 2-6 eV) with its
px orbitals, whereas, py and p; show less contributions in the valence band (ranging from -4 to -
8 eV). The contribution of nitrogen atom dominating in the valence band region with its px
orbital electron between -2 to -4 eV, whereas, lower valence band region from -4 to -8 eV

mainly formed by the py and p; orbital electrons of nitrogen atoms. However, in bulk BN, the
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B-p; orbitals contribute in conduction band while, the N-p; electrons contribute in the valence
band maxima [66].

To understand the chemical bonding and the charge transfer in haeck-BN, we
calculated the charge-density along (110) plane and presented in the Fig. 4.3. The charge
density plot indicates the covenant bonding between B and N atoms. The electronegativity
values for B and N atoms are +0.1196 and +0.4657, respectively. The density is evenly
distributed, which reveals that there is no vacancy. The charge accumulation is larger near

nitrogen atom (blue color; +0.4657), which depicts the localization of electrons around it.

4.3.2 Vibrational Properties

In order to understand the dynamical stability of any material, phonon dispersion
calculations are important as it provides an insight into the mechanical, acoustic,
spectroscopic, thermodynamic and dynamical properties at finite temperatures [50-53]. The
phonon dispersion curves (PDC) calculated by the diagonalization of dynamic matrix, is a real
test of dynamical stability [51, 69-70]. The calculated phonon dispersion curves for haeck-BN
along the major symmetry directions of the Brillouin zone (BZ) together with the
corresponding phonon density of states (PHDOS) are shown in Fig. 4.4. The N number of
atoms results into the 3N phonon branches, including three acoustic and 3N-3 optical modes
[64]. The unit cell of haeck-BN consists eight atoms which gives 24 phonon branches, while in
2D h-BN, there are six phonon branches due to two atoms per unit cell [66, 71-72]. According
to the polarization, the modes are labeled, the letters ‘L, ‘T’ and ‘Z’ stand for longitudinal,

transverse and out-of-plane vibrations, respectively. Letters ‘A’ and ‘O’ represent the acoustic
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and optical modes, respectively. The longitudinal acoustic (LA) and transverse acoustic (TA)
modes are linear as per their character around the I" point, whereas the out of plane acoustic
(ZA) mode shows quadratic nature with wave vector, which is a characteristic of 2D layered
materials [23, 72-73]. The quadratic nature of the ZA mode arises due to Den point group
symmetry, which can be attributed to the lowest-order amplitude, strain energy, induced by
this vibration, together associated with the arching of this out-of-plane bending mode induced

in the monolayer [74].

Figure 4.4: Phonon dispersion curve along with the phonon density of states (PHDOS).
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There is no imaginary frequency in PDC confirming the dynamical stability of haeck-
BN similar to other haeckelite compounds [34-35]. The quadratic ZA mode is closely
associated with bending rigidity and lattice heat capacity of the nanosheet in the long-
wavelength (small ¢) region. Furthermore, there is a softening of the transverse acoustic (TA)
and longitudinal acoustic (LA) modes which, indicates reduced group velocities. The reduced
group Vvelocities can be used to improve the thermoelectric figure of merit ZT as it reduces
thermal conductivity [75]. The ZA mode, which behaves differently from TA and LA modes,
will also have low group velocity due to a parabolic dispersion near the I" point. There is no
gap between acoustic and optical branches due to the negligible mass difference in boron and
nitrogen atoms, similar to h-BN [72]. The phonons of the haeck-BN sheet show considerable
softening as compared to the h-BN sheet, which can be attributed to the smaller elastic
constants of haeck-BN than that of h-BN. There is nine singly (A) and six doubly (E)
degenerated optical phonon modes, observed at the zone center as I'= 9A + 6E. We observed
that all 24 modes in haeck-BN are equally distributed throughout the frequency range varying
from 0 to 1600 cm™. The stability was further confirmed by calculating the PHDOS, as shown
in the right panel of Fig. 4.4.

The PHDOS calculation is a real test of any phonon calculations as it requires
calculation of phonon modes in entire BZ and helps to calculate lattice specific heat and other
thermodynamic function [50-51]. The phonon density of states (PHDOS) is an essential
dynamical property as it is requires phonon frequencies in the entire Brillouin zone (BZ) and

can be defined as [76]

9(@) = ~ [ %8 [0 — w(@]dg (4.2)

Page 74



‘“‘Haeckelite’’, a New Low Dimensional Cousin of CHAPTER 4
Boron Nitride for Biosensing

where N represents the normalization constant that [ g(w)dw=1. g(w)dw is the ratio of the
number of eigenstates in the frequency interval (w,w + dw)to the total number of eigenstates
w;(@) is the phonon frequency of the j™ phonon mode. The high frequency modes, which is
due to the ionic bonding between sp? hybridized B and N atoms in haeck-BN is quite similar to

the previously reported sp? hybrid boron nitride structures [72,77].

The dispersion of modes depends on the interaction strength; a mixing character of
modes is observed due to the repulsion. The phonon modes along I'-X directions come close
and possess the same nature along X-M but show the splitting along M-I" directions of BZ.
The flat band observed in the PDC causes the intense peaks at 600 and 900 cm™. Additionally
in the low frequency region, weak singularity is attributed to the strongly dispersed acoustical

and lower optical phonon modes.

4.3.3 Adsorption Mechanisms

To understand the adsorption mechanism between haeck-BN and five considered
nucleobases, firstly we created the 2x3 supercell of haeck-BN consisting of 48 atoms (24 B
and 24 N atoms) to give large surface for interaction of nucleobases. We individually
optimized the structural parameters of haeck-BN sheets followed by nucleobases adenine (A),
thymine (T), guanine (G), cytosine (C) and uracil (U). The optimized structure of nucleobases

A, T, G, Cand U is presented in Figs. 4.5(a-e).
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Fi%ure 4.5 Optimized structures of five nucleobases A, G, C, T and U. Red, green,

lack and purple ball corresponds to oxygen, carbon, hydrogen and nitrogen
atnme recnectivelv
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Figure 4.6 %ptimized structures of (a) pristine haeck-BN and nucleobases adsorbed haeck-BN (b)
Adenine (c) Guanine (d) Cytosine (e) Thymine (f) Uracil (top and side view).
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nucleobase-adsorbed haeck-BN sheet. We adopt parallel orientation for all adsorption study, as
previous works proposed the parallel position of the nucleobases over BN nanostructures due
to most stable structure [49, 78].

To obtain the ground state geometrical position, the calculation of structural
optimization was primarily started by placing the molecule near the surface of haeck-BN, and
followed by full structural relaxation. In the ground state configurations, the adsorbed
molecules attained a distance in the range of 2.5-2.9 A from haeck-BN. We can see that the
chemical bonds are not formed due to the large distance between nucleobases and 2D haeck-
BN which results in the physisorption of adsorbed nucleobases. Additionally, we carried out
total energy calculations for every system by varying distances in the range of 1-4 A from
haeck-BN to confirm the nature of adsorption. We observed that when molecule is in the range
between 2.5-2.9 A, the energy is minimum that supports our full geometry optimization.

Table 4.2: Calculated total energy of nucleobase adsorbed haeck-BN system. Red color represents
minimum energy.

Parallel
Perpendicular
Parallel (1) Parallel (2) Parallel (3)
A -805.67409951 -805.69333844 -805.70168216 -805.70177593
G -839.36709371 -839.37120249 -839.39640827 -839.39961217
C -787.02532204 -787.03926981 -787.04579516 -787.04842003
T -813.63395282 -813.72114341 -813.72384597 -813.72913714
U -799.35689170 -798.91355371 -798.85654916 -799.37783694
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Table 4.3: Calculated total energy of nucleobase adsorbed haeck-BN system with different orientation.

Red color represents minimum energy.

1.0 -797.14563569 -827.24450277 -778.32027206 -790.40151271 -793.01554085
1.5 -803.32734246 -835.14560366 -784.52685720 -801.55327009 -797.48784613
2.0 -805.07205702 -837.96243467 -786.28344130 -811.496918992 -798.86362140
25 -805.59573819 -839.04827443 -786.89557762 -813.26327259 -799.29076560
Optimized -805.70177593 -839.39961317 -787.04842003 -813.72913714 -799.37783694
3.0 -805.69647630 -839.38631967 -787.03703933 -813.71807435 -799.39073438
3.5 -805.69071475 -839.38548052 -787.03216000 -813.71031933 -799.36672226
4.0 -805.67720738 -839.37047296 -787.02507247 -813.65860629 -799.35612839

We have also examined different orientations (Fig. 4.6) of nucleobases for better
insight, and tabulated the total energies of these configurations together with distances and
orientations in Tables 4.2 and 4.3. As the distance between nucleobases and haeck-BN sheet is
large, i.e., ~2.8 A, the nature of adsorption is physical (physisorption), (as can be seen in Table
4.4). The elimination of any possible covalent bond is confirmed from the large distance
between nucleobases and haeck-BN. Dispersion correction was included in the present study
to take long range van der Waals interaction in consideration as the adsorption energy is
increased 8-10 times than the normal PBE calculation [43]. The new D3 [79] correction was
not included in our study as both D2 and D3 corrections bring similar results on condition with
non-covalent interactions [80]. The calculated adsorption energy (Ead) 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,
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with distances (d) in the range of 2.7 A to 2.9 A. Our calculated adsorption energy gives better
results than previously reported adsorption energies for h-BN and graphene [45, 81-83] which
is due to the different structural and electronic properties of haeck-BN. The order of adsorption
of all five nucleobases over haeck-BN is G > T > A = C > U, which is analogous to the

adsorption order of these nucleobases with other BN and carbon nanostructures [45, 81-83].

Table 4.4: Adsorption energy EadﬁgV), vertical distance d (A) of nucleobases from haeck-BN, bandgap
g (eV) and Fermi energy Er (eV).

Eq(eV) 3.913 3.109 3.199 2.869 3.309 3.340
A Eq (eV) - 0.714 0.914 1.044 0.604 0.573
Ead (eV) - -0.662 -0.742 -0.660 -0.668 -0.525
d (A) - 2.945 2.745 2.775 2.725 2.953
Er -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

Comparable outcome of adsorption energies for five considered nucleobases on various
nanomaterials is presented in Fig 4.8. This difference in the Eaq is due to the van der Waals
force [84-85]. The highest adsorption energy is due to m-m stacking as it decreases the

repulsion because of overlapping of m-orbitals limiting the nucleobases to get repelled from

the nanosurface. This results in superior Ead on nanosurface [47-48].
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Figure 4.8: Comparative adsorption energies plot of nucleobases with different
nanostructures.

The current study shows that the nucleobases are more adequately adsorbed on hacek-
BN in comparison to graphene [82-83] and other BN nanostructures, like h-BN [45], BNNR
[49] and BNNT [86]. The adsorption of nucleobases over haeck-BN sheet changes the
electronic properties by analyzing the band structure, band gap, total and partial density of
states (DOS and PDOS). Figure 4.9 shows the band dispersion curves of pristine and all five
nucleobases adsorbed haeck-BN. An important modification in the band structure and band
gap is seen in the band dispersion. After the adsorption of all five nucleobases, impure states
are produced in the band structure which can be attributed to the p-orbital electrons of carbon,

oxygen and nitrogen atoms and partial contribution of s-orbitals of hydrogen atom.
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Figure 4.9: Band structure glots of haeck-BN (a) pristine and nucleobase adsorbed (b) Adenine (c)
uanine (d) Cytosine Fe) Thymine (f) Uracil.

The presence of distinct flat bands in the conduction and valence band region in Fig.
4.9 is due to the quenching of kinetic energy of electrons [87]. Fig. 4.9(b) presents the band
structure plot of adenine on haeck-BN which depicts the generation of impure states (flat
bands) at the top of valence band. The flat bands generated in adenine molecule are due to the
presence of px orbital electrons of nitrogen and carbon atoms. From the figure we can see that

the flat bands are observed in the valence band at -1.9eV and -4 eV (attributed to px orbital of
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nitrogen), while in conduction band it is near 2eV (attributed to px orbital of carbon). Likewise
nature of bands in band structure is noticed for other nucleobases. In all considered
nucleobases apart from adenine, oxygen atom contributes in formation of flat bands. Oxygen
px orbital plays a significant role in valence bands in guanine (Fig. 4.9(c)) which is near -3 eV.
Moreover, after adsorption of cytosine over haeck-BN (Fig. 4.9(d)), a large change in the band
gap is found.

Several flat bands appear in both valence and conduction bands after thymine
adsorption. However, uracil nucleobase generates less number of flat bands only in conduction
band, which is due to its small size and number of atoms available for participation in
construction of additional electronic states (Figs. 4.9 (e and f). The reduction of band gap of
haeck-BN (3.913 eV) was observed with the values 3.199 eV, 2.999 eV, 2.869 eV, 3.309 eV
and 3.340 eV after nucleobases adsorption A, G, C, T and U, respectively.

We further investigated the Lowdin charge transport. The considerable charge transfer
between all five nucleobases and haeck-BN shows that the interaction results in structural and
electronic properties with the values 0.14e, 0.15e, 0.10e, 0.11e and 0.09e for A, G, C, T and U,
respectively. Further we studied the charge transfer through charge density presented and
HOMO-LUMO calculations. The charge density plots are presented in Fig 4.10. From the
figure we can easily predict chemical bonding and also the nature of charge transfer between
haeck-BN and considered nucleobases. The ability to donate or accept electrons of any
material is represented by the Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO). To bring light on the electronic state present near

Fermi level with chemical stability of the considered system; one should have considered the
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involvement of these orbitals situated on either side of the Fermi level those are mainly

responsible for the variation in electronic states.
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Figure 4.10: Charge density plot of (a) haeck-BN and haeck-BN adsorb b?/ nucleobases (b) Adenine,
(c) Cytosine, (d) Guanine, (e) Thymine, (f)Uracil.
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Figure 4.12 Electronic density of states (DOS) plot of pristine
aeck-BN along with nucleobase adsorbed nucleobases.

Figure 4.11 systematically displays the HOMO and LUMO orbitals for considered
systems in which we can see electronic cloud in both orbitals of pristine haeck-BN sheet which
is distributed over the entire structure. Throughout the entire structure, electron cloud in
HOMO is because of the N atom, while in LUMO it is due to B atom. The electronic states

observed near the Fermi level is due to p orbital electrons present in B and N atoms which
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can capture and lose electrons. After adsorption of nucleobases we see large differences in the

HOMO and LUMO orbital electron clouds compared to haeck-BN (Fig. 4.11). In case of

physisorbed nucleobases over haeck-BN sheet, LUMOs are more localized over N and O

atoms with the clear indication of the electron transfer between N and O atoms of the

nucleobases and for HOMO orbitals it is localized over B atoms.
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To analyze the electronic properties of the pristine as well as adsorbed molecules over
haeck-BN sheet, we have calculated density of states (DOS) and partial density of states
(PDOS), which are presented in Fig. 4.12 and Fig 4.13. For pristine haeck-BN, we observed
that the valence band has major contribution at the Fermi level (See Fig. 4.12). The small peak
appears at the -1.5 eV, -1.9 eV and -2.5 eV in the valence band region near Fermi level for the
case of C, A and G, respectively after the interaction of haeck-BN sheet. Only C contributes to
the conduction band, among the other three nucleobases. In case of U and T, electronic states

arise at 1.7 eV and 2 eV in the conduction band region, respectively.

The DOS data clearly approves the alternation in the electronic properties of haeck-BN
with major contribution in the lower valence band region between -10 eV to -15 eV, after the
adsorption of nucleobases with the appearance of impurity. The creation of extra peak from the
p-orbital electrons shows major contribution. The presence of NH. group in the molecule
attributed to the appearance of some extra electronic states, which also modulates the band gap
of pristine haeck-BN by the large amount (1.04 eV). Guanine is the strongest binding
nucleobase with the largest adsorption energy over haeck-BN because of its structural and
electronic properties; mainly due to the presence of oxygen atom which is a strong electron
donor. The larger electronegativity of N and O atoms contribute to higher adsorption energy
and extra pentagon with C, N and O attributed to the more polarization of molecule [81, 88].
To ascertain the electrical conductivity of materials the value of band gap is an important
factor; because the energy required to remove an electron from the outer most shell to become

a free movable charge carrier is equal to the bandgap.
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The relation between Eg and electrical conductivity of a material can be given by the

following relation [89]:

0 X e_Eg/ZKT (4.3)
where K is the Boltzmanns constant and T is the temperature. From the above equation, one
can say that the conductivity is inversely proportional to the bandgap, demonstrating that
lower the value of bandgap Eq4 higher the electrical conductivity at a given temperature T. So,
after the adsorption of nucleobases over the haeck-BN sheet, a significant decrement in the
band gap increases in o of the haeck-BN sheet. The trend in the increment in the o is observed
as: C >G> A>T > U after adsorption over haeck-BN. Accordingly, the strong interaction
between the molecule and haeck-BN validates by the increment in the conductivity of the
nanosheet. The adsorption of nucleobases originates an electrical signal due to the change in
Fermi level of haeck-BN and therefore it could be a promising candidate for biosensor

applications.
4.3.4 Recovery Time and Work Function

We have calculated the recovery time of haeck-BN to check its novelty as a carrier of
nucleobases and its reusability. It is the so-called known parameter to elect the superiority of
any sensor/detector/carrier with respect to such devices. Experimentally, the recovery time can
be calculated by heating the substrate. Conversely, the computational approach to estimate the

recovery time is based on transition theory. The required equation is expressed as [90]:

T = U—le_EadS/KT (4.4)
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Where v is the attempt frequency, K is the Boltzmann constant (~8.318 *10~3 kJ/mol K) and T
is the temperature. The value of attempt frequency is 10'? st [21, 90-91] and we used
temperature 298K, which have been incorporated to measure the recovery time for CNT from
NO. molecule. By using this attempt frequency ultra-fast recovery time of 292 ms
(millisecond), 130 ms, 120 ms, 160 ms and 0.6 ms is predicted for adsorbed G, A, C, T and U

over haeck-BN, respectively.

The work function of pristine along with nucleobase-adsorbed haeck-BN sheet has
been calculated to further check its sensing ability towards nucleobases. The work function
¢ (eV) is the, value of energy needed to remove an electron from the upper-most filled level in
the Fermi distribution of any material to a point in a field-free zone just outside the solid at an

absolute temperature [64].

p(eV) = Eyqe — EF (4.5)

where Evac is the energy at vacuum level and Er is Fermi level energy. By plotting the DOS
from the lowest to higher energy level which gives the total number of electrons in a unit cell,
we obtained the Fermi energy level. Evac was determined by planar-average electrostatic
potential energy along the direction of vacuum (z-direction) [64]. The work function (¢) plots
are presented in Fig. 4.14. We determined two negative peaks on the curves of electrostatic
potentials among them the strong peaks correspond to the haeck-BN nanosheet and weak
peaks to the nucleobases. The work function is the difference in the electrostatic potentials
between the Fermi and vacuum levels. After the adsorption of nucleobases over haeck-BN, a

significant decrement in the work function (¢) is observed. The calculated 5.972 eV work
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function of pristine haeck-BN is comparatively larger than that for other BN nanostructures

[49, 92].
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The change in the work function (¢) has following trend: G (3.135 eV) > A (2.076 eV)
~ U (2.058 ¢V) > C (1.517 V) = T (1.469 eV) (Table 4.4). The strong physical interaction
between adsorbed nucleobases over haeck-BN sheet verifies by the alternation in work
function. The large decrement in the work function attributed to the enhancement in the
photocatalytic activity which indicates that smaller work function leads to higher catalytic

activity.

The alternation in electronic properties after adsorption of nucleobases over haeck-BN
proposes an easy detection of considered molecules. Lastly, considering our outcomes, it is
found that nucleobase molecules are physisorbed over haeck-BN. Hence, this new boron
nitride cousin is beneficial for the utilization in targeted delivery of the considered
biomolecule and its reversibility is easy in case of physisorption compared to chemisorption.
Our study points out that the haeck-BN is a good nominee for a biomolecule carrier, and it

should be further explored for its utilization in a biomedical and photocatalytic applications.

4.4 Conclusions

In the present work, we studied the electronic properties of the newly proposed haeck-
BN consisting square and octagonal rings, using the first principles calculations based on
density functional theory. The phonon dispersion curves and phonon density of states confirm
the Kkinetic stability of this haeckelite monolayer; with the absence of a single mode having
imaginary frequency in the entire BZ. This new haeck-BN with direct band gap of 3.9 eV
illustrates its semiconducting behavior with an advantage to be utilized for chemical as well as

biosensor. To understand adsorption energetics of nucleobases over the haeck-BN surface the
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adsorption energy of all considered systems are calculated with the incorporation of dispersion
correction (DFT-D2). The comparison of adsorption mechanism of nucleobases with graphene,
BNNT and haeck-BN was discussed in detail and among them haeck-BN is found with the
superior performance. The adsorption trend of nucleobases over haeck-BN surface is: G > T >
A = C > U. After adsorption, the changes in work function of nucleobases were found in order:
G (3.135 eV) > A (2.076 eV) = U (2.058 e¢V) > C (1.517 eV) > T (1.469 eV) unlike the
graphene and BNNT. It also approves the sensitivity of haeck-BN towards the nucleobases.
We further calculated the recovery time to confirm the novelty of the haeck-BN as a biosensor.
The calculated recovery time for G (292 ms), A (130 ms), C (120 ms), T (160 ms) and U (0.6
ms) is very low, which strengthens the possibility of haeck-BN for its reusability in application
of biosensor. The significant change in electronic properties observed after the interaction
between haeck-BN and nucleobases shows the possibility of for the utilization of haeck-BN
for the detection of the considered nucleobases. Therefore, we may predict substitute to other
h-BN and graphene systems intended for sensing applications for nucleobase as well as DNA
sequencing. We believe that our outcomes will inspire experimentalist as well as theoretician

to develop/predict new layered semiconducting materials.
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