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 “Haeckelite” a new low dimensional cousin of boron nitride for 
Biosensing with ultra-fast recovery time: A first principles 
investigation  

Basant Roondhe a and Prafulla K Jha*a 

We performed state of art first principles calculations under the frame work of dispersion corrected density functional 

theory to investigate the electronic and vibrational properties of 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 

biosensor. The dispersion correction (DFT-D2) is included to consider the proper account of van der Waals interaction. The 

order of the adsorption energy of nucleobases over haeck-BN has the following order: G > T > A ≈ C > U. Significant 

variation in the electronic properties, density of states and work function confirm the adsorption of nucleobases. To check 

the reusability of haeck-BN as a biosensor toward nucleobases, we have calculated the recovery time. Ultrafast recovery 

time (in millisecond) viz., 292 ms, 130ms, 120ms, 160ms and 0.6ms is 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 from 

graphene, h-BN and boron nitride nanotubes and can be further explore for photocatalyst.   

1. Introduction 
The last decades were totally dedicated to study the wide 

range of carbon-based materials. Due to the remarkable 

properties of new carbon forms such as fullerenes, carbon 

nanotubes and graphene, much interest has been developed 

among the scientific community for their use in several 

technological areas.1–4 Among all carbon forms, graphene has 

attracted great research interest since its successful 

fabrication in 2004.4 Graphene has a symmetrical hexagonal 

honeycomb atomic structure resulting into its extraordinary 

and excellent physical properties.5–10 From the wide 

investigation of this outstanding material it has been explored 

as a promising material for spin and nano electronics.11,12 The 

discovery of graphene motivated the researchers to explore 

other 2D materials as graphene confirmed the existence of 2D 

material. So far, monolayers of h-boron nitride (h-BN), silicon, 

transition metal sulfide, phosphorous and many others have 

been synthesized or predicted.13–21 A significant impact for the 

development of nanodevices and nanoelectronics has been 

gathered by these 2D materials due to their astonishing 

electrical, optical, and mechanical properties.5–12 As 2D 

materials which are having traditionally hexagonal structure 

has gathered attention because of the impact of the structure 

on various properties of material. This is because in any 

material the properties are associated with the position of the 

atoms in the structure and can answer the formation of 

electronic structure in the material. BN nanostructures being 

isomorphic to carbon have been extensively explored for their 

immense chemical and thermal stability by virtue of their 

exceptional properties.22,23 Owing to the geometrical 

similarity, h-BN sheet which is an insulator with large bandgap 

in contrast to semimetal graphene possesses many excellent 

properties similar to graphene like good thermal conductivity, 

strong mechanical properties and high thermal stability.24,25 

Graphene has a non-polar C-C bonding whereas B-N bond is 

highly polar in h-BN sheet.26,27 Due to the unique properties, h-

BN sheet has applications in lubricants, dielectric material, as 

insulator in electronic devices etc.. 28,29  

The existence of new form of structure in 2D material was 

demonstrated based on the presence of square-octagonal pair 

in BN monolayer grown on Cu (111) surface30 as defect states 

of h-BN. This formation of square-octagonal pair in h-BN was 

also predicted by Liu et al.. 31 Following these studies, a 

periodic structure consisting of square-octagonal pairs of 

GaN32 and ZnO33 were theoretically predicted and studied. 

However, the possibility of similar periodic structure with 

repeating square-octagonal pairs of Boron and Nitrogen were 

not considered yet to the best of our knowledge even though 

the existence of square-octagonal units of h-BN was proven 

experimentally. Thus, motivated by the experimental work of 
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Li et al. and theoretical studies of haeckelite GaN and ZnO, we 

performed the first principles calculation of haeckelite-BN 

Deoxyribonucleic acid (DNA) and Ribonucleic acid (RNA) are in 

the main focus of researchers from the past few decades as 

they are the key component of genome and the centre of 

biological system.  The basic building block of nucleotide is 

nucleobase which carries all the information of the DNA, 

having purine as its base compound. Many studies have been 

reported which provide a brief description of sensing 

phenomena of nanostructures with nucleobases.34–40 There 

are few advantages of h-BN over graphene such as h-BN is less 

hydrophobic which minimizes its hydrophobic interaction with 

DNA to avoid its translocation, thickness compared to the 

nucleotide spacing in single strand DNA41 and unchanged 

fundamental properties of both h-BN and DNA are important 

parameter for DNA research.42 Zhi et al.36 have reported a 

strong interaction between the BN nanostructures and the 

nucleobases compared to graphene, due to the presence of 

dissimilar atoms. The cytocompatibility of boron nitride 

nanostructure (BNNs) with living cell has also been 

reported.37,38 Liu et al.39and Zhang and Wang40 have reported 

the genome and DNA sequencing using BN nanopores.  Jin et 

al.43 explored MoS2 as bio sensor 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 application.44,45  

Motivated with the success of BNNs in sensing and detecting 

the biomolecules, we contemplated to explore this new form 

haeck-BNNs i.e. haeckelite boron nitride nanostructure as a 

possible biosensor. The different interatomic distance and 

bond angles in haeckelite two dimensional structures 

compared to usual two dimensional structures arising due to 

an octagonal and square ring is expected to interact differently 

with the adsorbates similar to the porous material. 

Furthermore, a different kind of interaction between 

adsorbate and haeck-BN is foreseen because of the presence 

of all atoms in haeck-BN unit cell. To the best of our 

knowledge, 2D haeckelite monolayer structure of BN has not 

been explored theoretically for biosensing applications. In the 

present work we aim to investigate the structural, electronic 

and phonon properties of haeck-BN. While electronic 

properties of haeck-BN show possibility of its use in electronic 

devices, the phonon properties will be of use to understand its 

thermal properties apart from its prominent dynamical 

stability. Finally, we understand the adsorption mechanism of 

the 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 are done. The state-of-the-art ab-initio 

calculations are used to uncover the dispersion effect on the 

interaction of nucleobases with haeck-BN. Thus, this study will 

be unrevealing the nature of interaction of nucleobases with 

haeck-BN to get atomic level understanding about these 

hybrid systems for various applications.46,47 

The paper is organized as follows: The computational details 

are given in Section 2. The 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 in the last Section 4. 

2. Computational Methods 
All calculations were performed using first principle calculation 

under the frame work of density functional theory (DFT) 

implemented in Quantum Espresso code48 which uses plane-

wave basis sets to expand Kohn-Sham orbital. The Broyden-

Fletcher-Goldfarb-Shanno (BFGS)49 method was used for the 

ground state optimization of all structures. The generalized 

gradient approximation (GGA) proposed by Perdew-Burke-

Ernzerhof (PBE) was employed to treat exchange-correlation 

functional in ultrasoft pseudo potential.50 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 parameter 

and total energy. The Brillouin zone (BZ) integration was 

performed within Monkhorst-Pack51 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 the supplementary Figure S1). These k–

points mesh guarantee a violation of charge neutrality less 

than 0.009e indicating adequate convergence of the 

calculations. The iterative Davidson type diagonalization 

method was used to solve the Kohn – Sham equation with 

energy convergence threshold of 1 x 10-8 Ry. The density 

functional perturbation theory (DFPT) implemented in 

Quantum Espresso code52 was used to compute the phonon 

properties which allows the calculation of phonons at any 

wave vector in the unit cell. The q mesh of 10 x 10 x 1 is used 

to calculate dynamical matrix for 2D monolayer of haeck-BN by 

applying acoustic sum rule for q → 0. The dynamical stability 

was also ensure by the phonon frequencies calculation along 

the whole Brillouin Zone (BZ) which is computed by the forces 

obtained after the perturbation method in quantum espresso 

package. Comparative analysis has been carried out 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 which is a precise 

quantum mechanical description which explains the 

interaction of molecule with nano-surface53, therefore for the 

description of long-range electron correlation it is important to 

choose a suitable computational method. The present study 

employed the Grimme's dispersion correction54 to consider the 

long range van der Waals interaction (i.e. ~ 3 Å) between the 

nucleobases and the haeck-BN monolayer. The adsorption 

energy Ead has been calculated according to the following 

equation 

��� = ������	
��
����������� − �������	
��� + ��������������           (1) 

where, E(haeck-BN + nucleobase) is the total energy of haeck-BN 

adsorbed by nucleobase (Adenine (A), Thymine (T), Guanine 

(G), Cytosine (C) and Uracil (U)), E(haeck-BN) is the total energy of 

the adsorbent haeck-BN monolayer, E(nucleobase) is the total 
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energy of nucleobase (A, T, G, C and U) obtained from their full 

optimized geometries. 

3. Result 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 
have first optimized the geometry and related parameters of 
the primitive cell of the haeck-BN monolayer structure by 
calculating the lattice constant and ground state energy. The  

Table 1 Table 1 Calculated Lattice a (Å), Bond length (Å), Bond angle (°), Energy band 

gap Eg (eV), Fermi level energies EF(eV). 

 

optimized structure of the haeck-BN monolayer is shown in 
Fig.1 (a). From figure it is clear that the primitive cell which has 
tetragonal P4/mbm (127) space group is different from bulk h-
BN as well as 2D h-BN shown in Fig.1 (b-c). While the bulk BN 
has P63/mmc (194), P63mc (186) and F43�m (216) space groups 
respectively for bulk h-BN, wurtzite BN and zinc blende BN55,56, 
the 2D h-BN have hexagonal honeycomb lattice with P-62m 
(189) space group. The haeck-BN unit cell has entire atom 
situated in the center part but not at the corner. The 
Haeckelite structure has octagonal and square ring which give 
different interatomic distances and bond angles. The bond 
distance d of B-N is 1.402 Å for bond in square ring and 1.475 

Å for bond 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 is 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 Å.55 The bond length of B-N in haeck-BN is 0.045 
Å less in square ring as compared to h-BN and the bond length 
between B-N at octagonal ring is 0.025 Å large. This is the 
major structural difference between both 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 the key to 
understand the electronic properties of any material, we have 
further calculated the band structure of haeck-BN. One of the 
important information about the masses of the electron can 
also be found from the band dispersion. The calculated band 
structure for haeck-BN along k path Γ−Μ−X−Γ of the Brillouin 
Zone (BZ) is shown in Fig. 2 along with the density of state and 
orbital contribution as PDOS. The highly dispersive bands in 
the conduction band region suggest small effective mass for 
electron. A direct band gap of 3.9 eV is observed between Γ-M 
which is lower than the bulk h-BN, z-BN and w-BN which have 
large indirect band gap of 4.47 eV, 5.72 eV and 4.50eV 
respectively.55 The significantly lower and direct bandgap in h-
BN makes it an interesting material to be explored for 
optoelectronics and biosensors.57  The boron and nitrogen 
atoms take equal part to form the electronic band structure of 
haeck-BN. The right panel of Fig. 2 presents the total and 
partial density of state of haeck-BN for proper understanding 
of electronic contribution. From the figure we can see that the 
boron atoms have a dominating contribution in the conduction 

band (between 2 - 6 eV) with its px orbitals while py and pz have 
little contribution in the valence band (between -4 to -8 eV). 
The nitrogen  atom contributed majorly in  the valence band 
region  with its px orbital electron between -2 to -4 eV and py 

and pz contributed in the lower valence band region between -
4 to -8 eV.  But in case of  bulk BN the valence band maxima 
mainly comprise of N-pz and conduction band has B-pz orbitals 
contribution.55  

In order to predict the chemical bonding and the charge 
transfer in haeck-BN, the charge-density behaviors are 

System 
Lattice 
a (Å) 

Bond 
angle (°) 

Bond 
length (Å) 

EF(eV) Eg(eV) 

BN-
Haeckelite 

 
 

4.929 

84.21 and 

95.78 
(for square 

ring) 

1.402 
(bond in 
square 
ring) 

-2.332 3.91 132.10 
and 

137.11 
(for 

octagonal 
ring) 

1.475 
(bond in 

octagonal 
ring) 

Fig. 1 (a) Optimized 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.

Fig. 2 Calculated band dispersion curve of haeck-BN. Along with total DOS and PDOS of 

haeck-BN at the right panel.
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calculated in the (110) plane for this compound and is 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 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 the key to understand the 
dynamical stability of any material as it provides an insight to 
the mechanical, acoustic, spectroscopic, thermodynamic and 
dynamical properties at finite temperature. The 
diagonalization of dynamic matrix is used to calculate the 
phonon dispersion curves (PDC) which provides the insight on 
the stability as it is the ironclad test which is used to check the 
dynamical stability. The calculated PDC for the 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, if there are N atoms in the unit 
cell, there are 3N branches to the dispersion relation having 3 
acoustical and 3N–3 optical modes.53 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 results in 
to six phonon branches.55,58,59 Each mode is labeled according 
to its polarization, the letter ‘L’, ‘T’ and ‘Z’ stands for 
longitudinal, transverse and out-of-plane vibrations, 

respectively. The letter ‘A’ and ‘O’ represent the acoustic and 
optical modes respectively. The longitudinal acoustic (LA) and 
transverse acoustic (TA) modes show linear dispersion around 
the Γ point, while the out of plane acoustic (ZA) mode exhibits 
quadratic dispersion, which is the characteristic feature of 2D 
layered materials.21,59,60 This  quadratic behavior of the ZA 
band which arises due to D6h point group symmetry, can be 
attributed to the fact that, at lowest  order  amplitude, strain 
energy  which is induced by this vibration is altogether 
associated with the arching of this out-of-plane bending mode 
which is induced in the monolayer.61  

 

 The PDC plotted in high symmetry directions of the BZ does 
not have any phonon modes with imaginary frequency 
throughout BZ indicating dynamical stability of haeckelite BN 
like other haeckelite compounds.32,33 The in-plane longitudinal 
and transverse modes have linear dispersion near the zone 
center (Γ- point), whereas the out-of-plane (ZA) mode has 
quadratic dispersion when q approaches to zero. The quadratic 
ZA mode is closely associated with the bending rigidity and 
lattice heat capacity of the nanosheet for the long-wavelength 
(small ��) region. On the other hand, a 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 
the thermal conductivity. 62 The ZA mode which behaves 
greatly different from TA and LA modes will have further lower 
group velocity due to a parabolic dispersion near the Γpoint. 
There is no gap observed in between acoustic and optical 
branches due to less mass difference between boron and 
nitrogen atoms similar to h-BN.59

 The phonons of the haeck-BN 
sheet shows a considerable softening compared to h-BN sheet 
which can be attributed to the fact that the elastic constants of 
haeck-BN may be smaller than the same of h-BN. In PDC of BN 
haeckelite at Γ point we observed nine singly (A) and six doubly 
(E) degenerated optical phonon modes i.e. Γ= 9A+6E. All 24 
modes in BN- haeckelite are equally distributed in frequencies 
from 0 to �1600 cm-1. The stability is further confirmed by 
calculating the PHDOS which is at the right panel of the Fig. 4. 
The phonon density of states is an important dynamical 
property, as its computation needs phonon frequencies in the 
entire Brillouin zone and can be defined as63 

���� = 	 !

�
" ∑ $	%� − �&����'(��&

	
�)                                 (2) 

where N being a normalization constant that " ����	(�	=1. 
����	(� is the ratio of the number of eigenstates in the 
frequency interval ��, � + (��	to the total number of 
eigenstates �&����  is the phonon frequency of the jth phonon 

modes. The PHDOS calculation is a real test which not only 
helps us to calculate lattice specific heat but also other 
thermodynamic function in the entire BZ.64,65 The ionic 
bonding between the sp2 hybridized B and N atoms in haeck-
BN are predominant in the high-frequency modes, which is 
quite similar to the phonon modes in earlier reported sp2 
hybrid boron nitride structures.59,66  

In the case of lower frequency region, the modes show 
dispersive behavior. This convergence can be attributed to 
close sharing of potential energy in the various modes. Since 
the dispersion of modes depends on the strength of 
interaction, a mixing character of modes due to repulsion gives 

Fig. 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 

Fig. 4 Phonon dispersion curve along with the phonon density of states (PHDOS) 
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different variation. Whole phonon modes from Γ-X come close 
and keep same nature from X-M but split from M-Γ direction 
of BZ.  The intense peaks at � 600 and 900 cm-1 are attributed 
to the flat bands in dispersion curves. The additional weak 
singularity in the low 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 interaction between 
haeck-BN and nucleobases, we have first constructed a 
supercell (2x3) of haeck-BN with 48 atoms (24 B and 24 N 
atoms) to provide large surface for nucleobases to interact. 
The full structural optimization of haeck-BN sheet and all 
considered nucleobases adenine (A), thymine (T), guanine (G), 
cytosine (C) and uracil (U) is done individually. The optimized 
structure of nucleobases adenine, thymine, guanine, cytosine 
and uracil are presented in Fig. 5 (a-e).  

Fig. 6 (a-f) shows the optimized geometries of pristine haeck-
BN sheet and nucleobase adsorbed haeck-BN sheet. We have 
chosen parallel orientation for all nucleobases over haeck-BN 

as previous works suggest the parallel position by the 
nucleobases over BN nanostructures due to its most stable 
configuration.67,68 Our calculations of structural relaxation 

started by placing the molecule near the surface of haeckelite-
BN initially which was followed by full structural relaxation to 
obtain the ground state geometrical configuration. In the 
energetically stable configuration of all the considered 
systems, the adsorbed molecules attained a distance in the 
range of 2.5-2.9 Å. This large distance of molecules from the 
haeckelite-BN monolayer prevents the formation of chemical 
bonds leading to the physisorption of the adsorbed molecules. 
Further, to confirm the absorption nature and distance of 
nucleobases from haeckelite-BN, we performed total energy 
calculation of each system with molecules at distances varying 
in the range 1-4 Å from the haeckelite-BN. We found that the 
minimum energy configuration is obtained all adsorbed 
molecules are placed at distance in the range of 2.5-2.9 Å from 
haeckelite-BN surface which supports our full structural 
relaxation calculation. We have also considered various 
orientations of nucleobases for better clarification we have 
tabulated the total energies of various configurations 
considered with different distance and orientation in Table S1 
and S2 of Supplementary Information. The nature of the 
adsorption is physical (physisorption) as the distance between 
the nucleobases and haeck-BN sheet is large like ~ 2.8 Å (as 
can be seen in Table 1). The large distance between 
nucleobases and haeck-BN sheet ensures the elimination of 
the possibility of any covalent bond formation. The long range 
van der Waals interactions were taken into account with the 
incorporation of dispersion corrected DFT (DFT-D2) in the 
present calculations as it increases binding/adsorption about 8 
to10 times than the normal PBE calculation.69 We have not 
used new D370 correction as both D2 and D3 gives similar 
results in case of non-covalent interaction.71 The Adsorption 
energy, Ead 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 distance d between 2.7 Å to 2.9 Å. 
Our adsorption energy results are better than the previously 

reported values of adsorption energy for h-BN as well as 
graphene 42,72–74 which can be attributed to the special and 
different structural and electronic properties of haeck-BN. 

Fig. 5 Optimized structures of five nucleobases A, G, C, T and U. Red, green, black 

and purple ball corresponds to oxygen, carbon, hydrogen and nitrogen atoms 

respectively.

Fig. 6 Optimized 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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However, the sequence of the adsorption of the nucleobases 
molecule over haeck-BN (G > T > A ≈ C > U) is similar to the 
adsorption trend of nucleobases with other BN and carbon 
nanostructures.42,72–74  A comparative results regarding 
adsorption energy of all five nucleobases on different 
nanomaterial are shown in Fig. 7. The van der Waals forces 
together with the stacking of the molecules with the surface is 
the reason behind this difference in the adsorption energy.75,76 
The π – π stacking configuration has higher adsorption energy 
as it minimizes the repulsion due to π orbital overlapping to 
prevent the molecules to get repel from the nanosurface. This 
leads to the  superior adsorption energy on nanosurface.44,45

 

The present results depict that the nucleobases are more 
effectively adsorbed on hacek-BN compared to graphene,73,74 
and other boron nitride nanostructures such as h-BN,42 BNNR68 
and BNNT.77 The adsorption of molecules over haeck-BN sheet 
alter the electronic properties which have been inspected by 
calculating the band dispersion, band gap, density of states 
(DOS) and partial DOS (PDOS). The band dispersion curve 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 electron of C, 
O and N atoms and a partial contribution of s orbital of H atom 
present in the nucleobase molecule. Appearance of peculiar 
flat bands in the conduction as well as valence band region in 
the band structure is also observed after the adsorption of 
nucleobase. This is an interesting feature which can be 
attributed to the quenching of the kinetic energy of the 
electrons 78.  The band structure after the adsorption 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 participation of px 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 px orbital of N) and in the conduction band region near 
2 eV (due to px orbital of C) flat bands are observed. A similar 
behavior of bands in the band dispersion is observed for all 
nucleobases. In all nucleobases other than adenine, oxygen 

atom also takes part in the formation of flat bands. In guanine 
(Fig. 8 (c)) oxygen px orbital plays 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 band structure are 
generated in valence as well as conduction bands. This is a 
similar modification in the bands after thymine, however uracil 
creates less number of flat bands that too only in the 

Fig. 7 Comparative adsorption energies plot of nucleobases with different 

nanostructures 

Fig. 8 Band structure plots of haeck-BN (a) pristine and nucleobase adsorbed (b) Adenine (c) Guanine (d) Cytosine (e) Thymine (f) Uracil.
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conduction band which can be attributed to its size and 
number of atoms available to participate in the formation 
extra electronic states (Fig. 8 (e-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 respectively after adsorption of nucleobases 
A, G, C, T and U. We further analyzed the electron transport by 
calculating the Lowdin charge transfer. The significant charge 
transfer between the nucleobase and haeck BN in the 
adsorption process shows that the interaction of nucleobase 
can lead to modifications of structure and electronic 
properties of haeck-BN. A significant charge transfer of 0.14e, 
0.15e, 0.10e, 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 molecule on the charge density of the 
pristine haeck-BN are understand by charge density 
calculations 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 supplementary material. 

 The Highest Occupied Molecular Orbital which is abbreviated 
as HOMO and the Lowest Unoccupied Molecular Orbital as 
LUMO are the representatives of any systems ability to donate 
or accept electron. In the collective form they both are known 
as Frontier Molecular Orbital. These orbitals are considered as 
the main orbitals which involves in the chemical stability which 
are situated to the adjacent side of Fermi level which also 
bring light to understand the electronic state present near 
Fermi level and also the transfer of electrons. The systematic 
representation of HOMO and LUMO orbitals for all considered 
systems are shown in Fig. S4 of the electronic supplementary 
material. From the figure we can see that the electronic cloud 
in both orbitals in the pristine Haeckelite-BN was distribution 
over whole structure. Electron cloud in HOMO is mainly due to 
the N atom while LUMO is due to B atom throughout the 
structure this means that the electron states near the Fermi is 
due to p orbital of B and N atoms. These orbital can capture or 
lose electrons. We see large difference in the HOMO and 
LUMO orbital electron clouds of the pristine haeckelite-BN 
after the adsorption of nucleobases (Fig.S4). In all nucleobases 
adsorbed haeck-BN system the LUMO are more localized on N 
and O atoms which clearly meant that the electron transfer is 
mainly done between the N and O atoms of nucleobases and 
the HOMO orbital of haeck-BN which is localized over B atoms. 

 To understand the molecular contribution in the electronic 
properties, we have calculated the density of states (DOS) and 
partial density of state (PDOS) of pristine and nucleobases 
adsorbed haeck-BN which are presented in Fig. 9 and Fig s1 (in 
the supplementary material). The major advantage of DOS as 
well as PDOS calculation is that one can easily analyze the 
contribution of electronic states by the adsorbed molecule. 
The Fig. 9 clearly shows that the valance band of pristine 
haeck-BN has the major contribution to the Fermi level. The 
interaction of haeck-BN with the nucleobases results in small 
peaks in the valence band region near Fermi level at -1.5 eV, -
1.9 eV and -2.5 eV in case of C, A and G respectively. However, 
among these three, only C contributes in 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 it is clear that all nucleobases alters 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 large 
amount (1.04 eV) due to the appearance of some extra 
electronic states from the presence of NH2 group in the 
molecule. Among all five nucleobases, guanine has large 
adsorption energy over haeck-BN due to its specific structural 
and electronic properties. The presence of oxygen atom which 
is a strong electron donor in guanine makes it to get strongly 
bound to 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.72,79  

The value of energy gap, Eg is an important factor to ascertain 
the electrical conductivity (σ) of materials because the energy 
required for emancipate an electron from the outer shell to 
become a free portable charge carrier is equivalent to 
bandgap.  

 

The classic relation between the Eg and electrical conductivity 
of a material can be expressed by the following relation:80 

                               σ ∝ e

./

0123                                                 (3) 

 where k and T are the Boltzmann’s constant and the 
temperature respectively. According to eqn. (3), the relation 
between the conductivity is inversely proportional to the 
bandgap means smaller the value of bandgap Eg, higher is the 
electrical conductivity at given temperature T. Thus, after the 
adsorption of nucleobases over haeck-BN surface significant 
decrement in the band gap indicates an increase in the σ of 

Fig. 9 Electronic density of states (DOS) plot of pristine haeck-BN along with 

nucleobase adsorbed nucleobases. 
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the haeck-BN sheet. The σ increases in the order of C > G > A > 
T > U adsorbed haeck-BN respectively. Therefore, after 
adsorption of nucleobase, the energy gap changes and 
becomes narrower; consequently, increases the conductivity 
of the nanosheet confirming the strong interaction between 
the molecule and the 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.  

Table 2 Adsorption energy Ead(eV), vertical distance d (Å) of nucleobases from haeck-

BN, bandgap Eg (eV) and Fermi energy EF (eV). 

 

In order to check the novelty of haeck-BN as a carrier of 
nucleobases and its reusability, we have calculated the 
recovery time. The recovery time is the renowned parameter 
to decide the superiority of any sensor or detector or carrier 
with respect to the other. Generally experimentalist find the 
recovery time by heating the substrate.  However, the 
theoretical approach to estimate the recovery time is based on 
transition theory. The required equation can be expressed 
as,81 

                                4 = 5
!6

789:

;<3                      (4) 

Where υ is the attempt frequency, K is the Boltzmann constant 
(∼8.318 ∗10−3 kJ/mol K) and T is the temperature. We use the 
value of attempt frequency as 1012 s−1 81–83  and temperature 
298K, which has been employed to measure the recovery time 
for CNT from NO2 molecule. Ultra-fast recovery time of 292 ms 
(millisecond), 130 ms, 120 ms, 160 ms and 0.6 ms is 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 φ(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.53 

?�6@� = �A�� − �B        (5) 

where Evac is the energy at vacuum level and EF 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 the unit cell is determined as the Fermi energy 

level EF, and the Evac is obtained by the planar-average 
electrostatic potential energy along the z direction which is the 
direction of vacuum.53  The φ plots are shown in Fig. S2 of 
supplementary material. There are two negative peaks on the 
curves of electrostatic potentials, and the strong and weak 
peaks corresponds the positions of the haeck-BN nanosheet 
and the nucleobases respectively. The difference of the 
electrostatic potential between Fermi and vacuum levels is the 
work function. The φ for haeck-BN shows a significant 
decrement after the adsorption of nucleobases. The φ of 
pristine haeck-BN is calculated as 5.972 eV which is 
comparatively higher than other BN nanostructures.68,84 Large 
decrement in the φ of haeck-BN is observed after the 
adsorption of nucleobase on its surface. The modulation of φ 
has following trend: G (3.135eV) > A (2.076eV) ≈ U (2.058) > C 
(1.517eV) ≈ T (1.469eV). The calculated work functions are 
shown in Table 2. The change in work function explains the 
physical adsorption of nucleobases on the surface of haeck-BN 
results due to strong nucleobases-haeck-BN interaction. The 
large decrement in the work function enhances the 
photocatalysis as we know lower the work function greater 
the catalytic activity. The modulation of electronic properties 
after adsorption of nucleobases on haeck-BN is clearly evident 
in our results which further suggest an easy detection of 
nucleobases by haeck-BN.  

Finally from the all above results we can say that the 
nucleobases molecules gets physically adsorbed on the haeck-
BN surface which is good to utilize this new boron nitride 
cousin for targeted delivery of these biomolecule as 
reversibility is easy in case of physisorption than from 
chemisorption. Results which we found indicate that the 
haeck-BN is a good candidate for biomolecule carrier and 
should be explored more for its biomedical applications and 
also in photocatalysis. 

4. Conclusions 
Using the state-of-the-art first principles calculations based on 

density functional theory, we investigated the electronic 

properties of relatively newly proposed Haeckelite BN 

comprising of square and octagonal rings. The kinetic stability 

of this haeckelite monolayer has been confirmed by phonon 

dispersion curves and the phonon density of states. There is 

not a single mode with imaginary frequency in the entire BZ. 

The calculated electronic properties of this new BN haeckelite 

form illustrate its direct bang gap semiconducting behavior 

which is the main advantage of any material to utilize in 

chemical as well as bio sensor. To understand the adsorption 

behavior of the nucleobases on haeck-BN surface, we have 

employed van der Waals corrections (DFT-D2) to the density 

functional theory. The comparative analysis of the adoption 

mechanism of nucleobases with graphene, BNNT and haeck-

BN is discussed in detail and showed superiority. Our result 

depicts the physisorption of nucleobases on the surface of 

haeck-BN with the interactions order of G > T > A ≈ C > U 

respectively. The change in work function after the adsorption 

of nucleobases was also calculated and changes were found in 

order G (3.135eV) > A (2.076eV) ≈ U (2.058) > C (1.517eV) ≈ T 

(1.469eV) respectively which is different from both graphene 

Syste
m 

haeck-
BN 

A G C T U 

Eg(eV) 3.913 3.109 3.199 2.869 3.309 3.340 

∆ Eg 
(eV) 

- 0.714 0.914 1.044 0.604 0.573 

Ead 
(eV) 

- -0.662 -0.742 -0.660 -0.668 -0.525 

d (Ǻ) - 2.945 2.745 2.775 2.725 2.953 

EF -4.199 -1.617 -0.424 -2.322 -2.344 -1.798 

Φ (eV) 5.972 3.896 2.837 4.455 4.503 3.914 
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and BNNT, and it confirms sensitivity towards the nucleobases. 

For the further confirm the novelty of the haeck-BN as bio 

sensor we have calculated the recovery time. Very less 

recovery time of 292 ms, 130ms, 120ms, 160ms and 0.6ms is 

predicted for G, A, C, T and U respectively which reinforced the 

possibility of haeck-BN for reusable biosensor. The large 

change in the electronic properties gives the idea of the 

interaction and its possible use for the detection of these bio 

molecules. Thus from our results, one may conclude that the 

haeck-BN may act as an alternative candidate for the sensing 

application of nucleobases as well as DNA sequencing other 

than h-BN and graphene systems. We hope that our results 

will motivate more experimental and theoretical studies on 

new layered III-V semiconducting materials. 
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The study suggests that new Haeckelite structure of boron nitride may act as superior material with 

ultrafast recovery time for sensing and DNA sequencing application in future. 
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