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Abstract

Article Info

Acetone and Acrolein, lung cancer-related volatile organic compounds (VOCs), adsorbtion on
Pristine and Al/Ga doped B,,N;, nanocage were employed using Density Functional Theory (DFT).
The calculated interaction energies between pristine B;,N;, and the molecules indicate strong
interactions, suggesting that this material can effectively capture Acetone and Acrolein molecules.
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applications in molecular detection using electronic devices. The study then focused on
investigating the effects of doping B;,N;, with aluminum (Al) and gallium (Ga) atoms to explore
the impact of doping on the nanocage's interactions with molecules and its electronic properties.

Keywords Calculations revealed that doped B;,N;, exhibits significantly enhanced interactions with
molecules, accompanied by unique changes in its electronic structure. These results, further

Nanocage supported by the results of the dipole moment analysis, highlight the potential for developing

Density Functional Theory materials that exhibit high efficiency in VOCs detection and capture.
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1. Introduction

Lung cancer remains one of the leading causes of
cancer-related mortality worldwide, necessitating the
development of effective early detection methods [1].
Traditional diagnostic techniques, such as imaging and
invasive biopsies, often fall short in terms of patient
comfort and timely diagnosis [2-4]. In recent years, the
analysis of volatile organic compounds (VOCs) in exhaled
breath has emerged as a promising non-invasive approach
for lung cancer detection [5-6]. VOCs are small organic
molecules that are produced as metabolic byproducts and
can be indicative of various physiological and pathological
conditions, including cancer. The unique profile of VOCs
in the breath of lung cancer patients has been shown to
differ significantly from that of healthy individuals,
providing a potential biomarker for early diagnosis [5-7].

The application of advanced analytical techniques,
such as gas chromatography-mass spectrometry (GC-MS),
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has facilitated the identification of specific VOCs
associated with lung cancer. For instance, studies have
reported that certain compounds, including ethanol,
toluene, and 2-butanone, are present in elevated
concentrations in the breath of lung cancer patients [8-9].
These findings underscore the potential of breath analysis
as a diagnostic tool, as the detection of these VOCs may
allow for the identification of lung cancer at an earlier
stage than conventional methods [10]. Furthermore, the
integration of electronic noses (E-noses) and nanosensor
technologies has further enhanced the sensitivity and
of VOC detection, enabling
monitoring of breath samples [11-12].

Density functional theory (DFT) has emerged as a
powerful computational tool to complement experimental
approaches in the study of VOCs and their interactions
with potential biosensing materials. DFT allows for the
exploration of the electronic properties and adsorption
behaviors of VOCs on various nanomaterials, providing
insights into their sensing mechanisms [13-14]. For
example, recent studies have demonstrated that doping
materials such as MoSe; and SnS; with specific elements
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can significantly enhance their sensitivity to lung cancer-
related VOCs [13]. By simulating the interactions between
VOCs and sensor surfaces at the atomic level, DFT can
guide the design of more effective biosensors for lung
cancer detection.

The B;,N;, nanocage, a boron nitride analogue of
carbon fullerenes, has garnered significant attention in the
field of materials science due to its unique structural and
electronic properties [15-16]. This nanostructure exhibits a
variety of potential applications, including gas storage,
catalysis, and drug delivery, which can be effectively
explored through DFT calculations [15-16].

Recent studies have employed DFT to investigate the
stability and electronic characteristics of B;,N;, nanocages
under various conditions [17-18]. For instance, Baei et al.
conducted full-geometry optimizations and natural bond
orbital analyses to explore the interactions of B;,N;, with
N>O molecules, revealing insights into its potential as an
adsorbent for environmental applications [17]. Similarly,
the stability of hydrogen-doped B;,N;, nanocages was
assessed using different DFT functionals, highlighting the
importance of selecting appropriate computational methods
for accurately predicting the behavior of these systems
[18].

Existing
nanostructures

literature  demonstrates  that
enhance their properties,
improved performance in molecular detection and capture
[19-26]. For instance, the incorporation of metals such as
Aluminum (Al) and Gallium (Ga) has been shown to
significantly improve the interaction strength between the
nanocage and various pollutants, as evidenced by increased
adsorption energies and altered electronic properties [21-
22] The natural bond orbital (NBO) analysis further
elucidates the nature of these interactions, highlighting the
charge transfer and electron delocalization that occur upon
adsorption [23-24]. This is crucial for understanding how

doping
leading to

these nanostructures can be utilized in environmental
remediation and gas-sensing applications.

In this study, Acetone adsorption on Pristine and Al/Ga
doped B;,N;, nanocage has been utilized using DFT for
the first time. Also, Ga-doped B;,N;, + Acreloin is new to
the literature.

2. Methods

This investigation utilized the SIESTA-5.0.2 open-
source package to conduct DFT calculations [27]. The
Generalized Gradient Approximation (GGA) functional
developed by Perdew, Burke, and Ernzerhof (PBE) was
employed to compute exchange-correlation energies [28-
30]. Brillouin zone integrations were executed utilizing a
Gamma-centered Monkhorst-Pack  k-point ~ mesh

configuration of 1x1x1 [31], for Density of States (DOS)
calculations, it has been taken as 10x10x10. This singular
k-point was considered adequate for elucidating the
interaction.  Valence electron wavefunctions were
represented through double-zeta polarized (DZP) basis sets
as provided by the conventional SIESTA basis libraries.
Norm-conserving Troullier-Martins pseudopotentials were
utilized for all elements under investigation [32]. The
Grimme-D2 dispersion correction was incorporated to
precisely address van der Waals interactions [33]. A plane-
wave cutoff energy of 300 Ry was implemented. An
electronic temperature of 300 K was established for all
simulations. The minimization of total energy was
accomplished through the application of the conjugate
gradient (CG) algorithm. VESTA software served as a tool
for visualizing the geometric structures of the molecules
involved in the adsorption process [34]. The calculation of
the adsorption (interaction) energy, an essential parameter
in elucidating the binding strength between the molecule
and the nanocage, was executed employing the following
formula (X=B, Al or Ga);

E; = Er[XBy1Ny; + Mol] — E7[XBy;Nyp] — Er[Mol] (1)
where E; represents the energy required for the

adsorption of the (Interaction  Energy).
E1[XB;1N;, + Mol] represents the total energy of the doped

systems

or pristine By,N;, + molecules, while E¢[XB;;Ny,]
represents the total energy of the doped or pristine B;,Ny,.
E;[Mol] is the total energy of the bare molecule.

3. Results and Discussion

3.1. The Structural and Electronic Properties
of Pristine B;, N4, and molecules

The initial step involved relaxing the B;,Ny,
nanocage to identify its most stable atomic arrangement.
The nanocage consists of two distinct types of rings:
tetragonal rings (four atoms) and hexagonal rings (six
atoms), forming an aesthetically pleasing three-
dimensional nanocage. The structure of B;,N;, is given in
Figure 1-a. Varying the size of the rings reveals two
distinct bond lengths for the B-N connection. The results
of our analysis indicate the presence of two distinct bond
lengths, 1.45 A and 1.50 A, which are in good agreement
with previous studies [19-26].

Next, the interaction between the molecules and the
nanocage has been performed. To find out the most stable
configuration, the interaction between the nanocage and
the molecules has been investigated through various

configurations. Figure 2 depicts the most energetically
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favorable configuration for B;;N;,+Acrolein and
B;,N;,+Acetone. The most stable configuration for both
scenarios was driven by the close interaction between the
O (Oxygen) atom in the molecule(s) and the B atom in the
nanocage. This stability is primarily governed by the
charge distribution of the O atom and the B atom.

After the relaxation, the calculated minimum distance
between the nanocage and the molecules was determined
to be 159 A for both B;,N;,+Acetone and
B, N;,+Acrolein. Furthermore, the interaction energy was
computed as -1.42 eV for B;,N;,+Acetone and -1.22 eV
for B;,N;,+Acrolein. The results are given in Table 1.
These findings exhibit a reasonable concordance with the
outcomes of investigations focused on a nanocage and a
biomolecule interaction as reported in the existing
literature [19-26]. The relaxed structures are also given in
Figure 2.

Figure 1. Schematic illustration of a) Acrolein, b) Acetone
and c) B,,N;,. Green, blue, red, brown and pink balls
stand for B, N, O, C and H atoms, respectively.

The obtained results indicate a strong interaction.
Selectivity becomes the major bottleneck when it comes to
molecule-nanocage interactions It is well-established in the
literature that selective adsorption is often governed by
differences in binding affinities of target molecules on the
sensor surface. For example, studies on CO2 and N2
adsorption demonstrate that selectivity arises due to the
disparity in their interaction energies with the adsorbent
surface [35-36]. Similarly, in our case, the observed
differences in binding energies suggest that Al/Ga-doped
B12N12 nanocages may show a degree of selectivity for
certain VOCs. Also, it is known that charge transfer plays
a significant role in these interactions. In this study, the
charge changes on the atoms were examined with the
Voronoi charge distribution method [37]. For pristine
B;,N;, nanocage, since N atoms are more electronegative
than B atoms, B atoms transfer approximately 0.25 |e|
electrons to N atoms. When B;,N;, were involved in
interaction with Acetone or Acrolein, the electron-deficient

B atom exhibited an attraction towards the electron-rich O
atom in the molecule. When B;,N;, has interacted with the
molecules, the Acetone (Acrolein) loses approximately
0.43 (0.40) |e| to B;,N;,. This also can be seen in Figure 3
for B;,N;, + Acetone example.

Table 1. The adsorption energy of the systems (in eV).

Molecules B12N12 AlB11N12 GaB11N12
Acetone -1.42 -2.54 -1.96
Acrolein -1.22 -2.35 -1.79

Here, the O atom plays an important role in these
interactions. The O atom is responsible for approximately
50% of the observed electron transfer for both systems. In
both molecules, the O atom makes a double bond with the
C (carbon) atom. It is known that the O atom in the
molecules is sp? hybridized. So, it should be noted that the
presence of a sp?> hybridized O atom in those types of
molecules can be effective in forming strong interactions
with nanocages like B{;N; 5.

Figure 2. Minimum energy configuration of a)
B;,N;,+Acrolein and b) B,,N,;,+Acetone. Green, blue,
red, brown and pink balls stand for B, N, O, C and H
atoms, respectively.

Figure 3. Charge density plot for B;,N;,+Acetone. The
blue color indicates charge depletion while the yellow
color means charge accumulation. Green, blue, red, brown
and pink balls stand for B, N, O, C and H atoms,
respectively. (isosurface value: 0.003 electrons per A3)

Further, the dipole moment variation of the
complexes has been investigated and the values are
summarized in Table 2. The dipole moment can serve as a
measure of a compound's reactivity [20]. For instance,
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molecules with higher dipole moments tend to exhibit
greater solubility in water. Pristine B;,N;, exhibits zero
dipole moment due to its symmetrical structure, similar to
the literature [15].

The close interaction between the molecules and
B,N;, leads to a dipole moment due to the redistribution
of charge. The dipole moments for Acetone+B,,N;, and
AcroleintB;,N;, are calculated as 9.54 Debye and 9.51
Debye, respectively, which means that the reactivity of
B;,Nyp is interaction with these
molecules.

The dipole moments of the complexes formed by
acetone and acrolein interacting with B;,N;, show a

increased by the

remarkable resemblance to previously reported values in
the literature [19-26]. Furthermore, the dipole moment
values are remarkably similar between mentioned systems
in this study. This similarity likely arises from the
comparable charge transfer mechanisms and interaction
orientations of the molecules.

Table 2. The dipole moment of the systems (in Debye)

the HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital), bands,
plays a significant role in understanding the conductivity
of a material. The DOS of pristine B;;N;,,
B;,N;,+Acetone and B;,N;,+Acrolein have been given in
Figure 4. The band gap value of pristine B;,N;, was
calculated as 4.94 eV, which is in accordance with previous
studies [19-25].

Table 3. The electronic band gap value of the nanocluster
(ineV)

Cases Acetone | Acrolein | Non-molecule
B2N;» 2.08 1.20 4,94
Bi2N;, No data 1.20 4.99
[14]
GaB;;N;, 1.78 0.77 2.43
AlB{;N;, 0.00 0.40 2.81
AlB;;N;, No data 0.30 2.82
[14]

However, upon interaction with molecules, the band

Cases Acetone Acrolein

Bi,Ny, 9.54 9.51
GaB;;N;, 10.88 11.23
AlB;{N;, 11.93 12.36

Analysing the DOS of the compounds can give us
important information about electronic properties. Here,
the band gap, representing the energy difference between

gap of pristine B;,N;, undergoes a change, as given in
Table 3. For instance, the band gap of B,,N;, + Acetone is
calculated to be 2.08 eV, while the band gap of B;,N;,+
Acrolein is 1.20 eV. These results demonstrate a notable
alteration in the conductivity of the system, highlighting
the potential for developing electrochemical sensors for the
detection of these molecules.
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Figure 4. The density of states (DOS) for (a) B;,Ny,, (b) AlB;;N;, and (c) GaB,;N;,. The Fermi level is indicated as

dotted line.

3.2. The Structural and Electronic Properties
of Al and Ga doped B4, Ny, and molecules

Doping nanostructures with different atoms or atomic
groups have been extensively studied, resulting in
substantial changes to their structural and electronic
properties. These modifications have been shown to
improve the performance of these nanostructures in
molecular detection and capture [20-24]. This section

focuses on investigating the effects of doping the B{,N;,
nanocage with Al and Ga atoms on its interactions with
acetone and acrolein molecules.

As Ga and Al atoms reside in the same group of the
periodic table as B, they were chosen as dopants to
substitute a B atom within the nanocage. Also, it is more
favorable than the substation of the N atom. After
structural relaxation, significant changes were observed. In
the case of Ga doping (GaB;;N;;), the Ga-N bond
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distances were determined to be 1.86 A and 1.93 A, which
are in good agreement with previous works [21-22]. These
bond lengths are approximately 28% longer than the B-N
bond lengths in pristine B;,N;,. This increase in bond
length can be attributed to the considerably larger atomic
radius of Ga compared to B. In the case of Al doping
(AlB11N;y,), the Al-N bond distances were obtained to be
1.81 A and 1.85 A, consistent with previous theoretical
studies [25-26]. These values are shorter than those
observed for GaB;;N;,, which is consistent with the
smaller atomic radius of Al compared to Ga.

Doping of B;,N;, also significantly alters its charge
distribution, leading to substantial modifications in various
properties of the nanocage. Al and Ga atoms are less
electronegative than B atoms. Therefore, when an Al or Ga
atom is substituted for one of the B atoms in BN
nanocage, Al or Ga atoms tend to donate their electrons
more strongly than B atom. Charge analysis provides
compelling evidence for this observation. When the Ga
atom is doped as indicated, it donates electrons to the
surrounding N atoms by approximately 0.60 |e|, which can
be observed the same as for the Al atom. This represents a
140% increase compared to the 0.25 |e| charge transfer
observed for the B atom in pristine B;,N;,. This
substantial change in charge distribution directly influences
several properties, including the dipole moment, electronic
band structure, and molecular interactions.

The dipole moments for AlB;;N;, and GaB;;Nj,
were calculated to be 3.70 and 3.39 Debye, respectively.
The results are in good accordance with previous studies
[19-25]. These values also indicate a significant increase in
reactivity compared to pristine B;,N;,. This observation
highlights the potential for doping as a strategy to
modulate the reactivity of nanocages, opening avenues for
designing nanomaterials with specific functionalities.

It is important to note that doping nonmagnetic
B,N;, with different atoms may introduce magnetic
properties, which necessitates the use of spin-polarized
calculations in this investigation. Results indicated that
doping Al and Ga atoms with B;,N;, did not generate any
magnetic moment.

Next, DOS for AlB;;N;, and GaB;{N;, have been
considered in this section. The calculated results are given
in Figure 4-b and Figure 4-c. The obtained band gap values
for AlB;,N;, and GaB;,N;, are 2.81 eV and 2.43 eV,
respectively, demonstrating a reduction in the band gap
compared to the pristine B;,N;, structure. This reduction
is 43% for AIB;,N;, and 51% for GaB,,N;,. This change
in the electronic properties of B;,N;, due to doping has
important implications for applications in electronic
sensing.

Now, it is time to consider the interactions between

doped B;,;N;, and the molecules. As an example, the
minimum energy configuration AlB;;N;,+Acetone and
GaB;;N;,tAcrolein are given in Figure 5.

Also, interaction energies are displayed in Table 1 for
all configurations. Table 1 reveals a significant
enhancement in the interaction energies when molecules
interact with doped B;,N;, compared to pristine B;,Nj,.
For instance, the interaction energies of Acetone and
Acrolein with AlB;;N;, are increased by 79% and 108%,
respectively, compared to pristine B;,N;,. This significant
enhancement in interaction energy suggests that doped
B;,N;, exhibits enhanced capabilities for capturing VOCs
like Acetone and Acrolein.

Figure 5. Schematic illustration of a) AlIB,;N;,+Acetone
and b) GaB;;N;,+Acrolein. The green, blue, red, brown,
yellow, orange and pink balls stand for B, N, O, C, Al,
Ga and H atoms, respectively.

Considering the bond length is also important to
understand interaction mechanism. The shortest distances
between AlB;;N;, and Acetone were determined to be 1.89
A while for the case of GaB;;N;, - Acrolein it is about
2.02 A. These distances are greater than those observed for
the interaction of pristine B;,N;, with the same molecules.
This variation in bond lengths is consistent with the larger
atomic radii of Al and Ga compared to B, following the
order Ga > Al > B. This demonstrates a direct correlation
between the atomic radii of the dopant atoms and the
resulting bond lengths.

Next, DOS for AlB;;N;, and GaBy;N;, with
molecules have been taken into account in this section.
Initially, the magnetic properties of the doped structures
were investigated. A zero magnetic moment was observed.
So, it is not considered spin polarized case for all
interactions. Figure 6 shows remarkable results. In the
figure, the molecules play a significant role in determining
an electronic characteristic of the doped B;,N;,. For
example, the AlB;;N;,+Acetone case given in Figure 6-a
reveals a unique situation where the Fermi level intersects
with the molecular orbital, indicating a conductive state.
This orbital is primarily localized on the C atom of the
molecule. In the case of AlB;;N;,+Acrolein, the band gap
value is about 0.40 eV, which is quite small compared to
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others. However, the band gaps in the Ga-doped systems
are more pronounced. So, the unique electronic signatures
observed for each doped system wupon molecular
interaction suggest significant potential for selective
molecular detection.

Lastly, the dipole moment of doped B;,N;, +
molecules has been realized. The dipole moments of
complexes formed by the interaction of molecules with
doped B;,N;, are significantly greater than those observed
for complexes of pristine B;,N;, with the same molecules,
as shown in Table 2. The dipole moment increases by an

average of 24% for Acrolein and 20% for Acetone
complexes in this case. This increase can be attributed to
the influence of the Ga or Al dopant atoms on the charge
distribution. In the interaction of AlB;;N;, with molecules,
the Al atom gains approximately 0.18 |e|, whereas for
GaB,;N;,, the Ga atom gains 0.12 |e| for both molecular
interactions. This difference in charge transfer significantly
influences the interaction energy and dipole moment,
leading to stronger interactions and higher dipole moments
for doped B,,N;, + molecule complexes.
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Figure 6. The density of states (DOS) for (a) AlB;,N;,+Acetone, (b) AlB,,N;,+Acreloin, (c) GaB,;N;,+Acetone and (d)
GaB;;N;,+Acrolein. The Fermi level is indicated as dotted line.

4. Conclusions

In conclusion, this study provides a comprehensive
analysis of the structural, electronic, and interaction
properties of pristine and doped B;,N;, nanocages with
Acetone and Acrolein molecules. Upon interaction with
Acetone and Acrolein, significant charge transfer occurs,
reducing the band gap and enhancing the reactivity of the
system, as evidenced by the calculated dipole moments and
interaction energies.

Doping the nanocage with Al and Ga atoms
substantially modifies its structural and electronic
properties. The substitution of B atoms with Al or Ga
introduces larger bond lengths and significant changes in
charge distribution, resulting in increased interaction
energies and enhanced reactivity. The interaction energies

of doped with molecules show marked
improvements over the pristine nanocage, with AIB;;N;,
and GaB,;N;, exhibiting interaction energy increases of
up to 108%. The reduction in band gaps upon doping
further highlights the potential of these materials in
electronic sensing applications.

Additionally, the DOS analysis reveals unique
conductive states and molecular orbital contributions,
especially in doped systems, suggesting
potential for selective molecular detection. The observed
increases in dipole moments for doped nanocage-molecule

complexes underscore the role of charge redistribution in

systems

significant

enhancing molecular interactions.

These findings demonstrate the versatility of B;,N;,
nanocages and their doped derivatives as promising
candidates for applications in molecular detection and
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electronic sensing. The results provide valuable insights
into tailoring nanostructures through doping and molecular
interactions to achieve desired functionalities in advanced
nanomaterials.

This study also reveals that Al/Ga-doped B;,N;,
nanocages exhibit promising potential for selective VOC
adsorption, demonstrating that this selectivity stems
primarily from the significant disparities in interaction
energies between target molecules and the nanocage
surface. These findings not only open new horizons for the
development of sensitive and selective VOC sensors but
also highlight the potential of nanocage-based materials to
achieve enhanced functionality through molecular-level
manipulation.
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