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Abstract

Density functional theory (DFT) methods are employed to investigate the capability of B, borophene nanosheets as sen-
sors for detecting the bromoacetone (BCT) molecule. An evaluation of the structural and electronic properties of both BCT
and B4 borophene is conducted. Subsequently, through computed metrics such as adsorption energy, charge density differ-
ence, and density of states, the interaction between B, and the BCT molecule is examined via dispersion-corrected density
functional theory (DFT). Employing the reduced density gradient approach for the analysis of non-covalent interactions,
we further explored the nature of these interactions. The obtained results illustrate that B, borophene nanosheets serve as
effective sensors for the BCT molecule, showcasing their ability to adsorb up to five BCT molecules through an exothermic
process. BCT molecules chemiadsorb onto B¢ borophene by forming B—O covalent bonds, engaging the oxygen atom of
the carbonyl group in BCT with the edge boron atoms of B;4 borophene. Additionally, BCT molecules physio-adsorb on
both the concave and convex sides of B;4 borophene, facilitated by van der Waals interactions. Ab-initio molecular dynamic
simulations confirm the thermal stability of the BCT @B;4 concave and convex complexes at both 300 K and 400 K.
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1 Introduction

Harmful and hazardous substances may infiltrate the envi-
ronment through various routes, including industrial emis-
sions, agricultural runoff, and the use of consumer products
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[1-3]. These compounds possess the potential to pose risks
to human health and the environment, leading to issues such
as cancer, birth defects, neurological damage, and other
health concerns [4, 5]. The removal of toxic and hazard-
ous substances from the environment involves a range of
procedures and approaches aimed at reducing or eliminat-
ing pollutants that pose threats to ecosystems and human
well-being.

Adsorption is one of the techniques used to remove poi-
sonous and dangerous chemicals from various mediums
like air and water [6—10]. This method involves the adhe-
sion of these substances (adsorbate) to the surface of a solid
material (adsorbent), which could be activated carbon [11],
zeolites [12], silica gel [13], clay minerals [14-16], acti-
vated alumina [17], molecular sieves [18], graphene and car-
bon nanotubes [19], germanene [20], or other specifically
designed materials. Nevertheless, owing to their distinctive
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characteristics at the nanoscale, 2D materials, including
borophene (frequently allocated to a graphene cousin),
have garnered attention for their potential applications as
adsorbents. The borophene B, nanosheet, a specific variant
of 2D material comprising a single layer of boron atoms,
is frequently employed as an adsorbent for toxic and haz-
ardous substances [21-29]. This preference is attributed to
its expansive surface area, high porosity, and exceptional
chemical reactivity.

Density functional theory (DFT) computations and ab-
initio molecular dynamics (MD) simulations represent
computational tools employed to investigate the adsorp-
tion behavior of small compounds on adsorbent materials.
DFT methods help analyze the electronic structure of both
the adsorbate and adsorbent molecules, as well as their
interactions (interaction between adsorbate and adsorbent)
at an atomic level [29-31]. Meanwhile, ab-initio molecu-
lar dynamic (MD) simulations provide a comprehensive
examination of the dynamic behavior of these complexes
(adsorbate—adsorbent) over time and at different tempera-
tures [32-35].

During the last decade, several researchers [21-29] have
focused their efforts on examining and understanding the
mechanisms of interaction between some extremely toxic
chemicals and B, borophene nanosheet using the density
functional theory (DFT) methods. Kootenaei et al. [21]
explored the reactivity and electronic sensitivity of Bsg
borophene toward HCOH gas. Their findings suggest that
the concentration of HCOH gas notably impacts borophene
conductance, indicating that an increase in the quantity of
HCOH molecules leads to a corresponding elevation in
conductance.

Mohsenpour and co-workers [22] employed density func-
tional theory (DFT) calculations to explore the potential of
the B;4 nanosheet as a chemical sensor for the detection of
pollutants such as formaldehyde, acetaldehyde, and propa-
nal. The results show that boron atoms on the edges of the
nanosheet are more reactive than those in the interior and
that the number of adsorbed pollutant molecules affects both
the adsorption energy and the electronic properties of the
B;¢ nanosheet.

Li and Zhao [27] investigated the interactions between
mercaptopurine and B;¢ using the DFT method. The
observations indicated that the boron atoms positioned at
the edges of B3¢ nanosheets exhibited higher reactivity
compared to the internal boron atoms when interacting
with mercaptopurine (MP). Furthermore, their conclusion
underscored the pronounced tendency of MP molecules
to be adsorbed, particularly via their nitrogen heads, onto
the edges of B

Allal and all co-workers [29] conducted a computa-
tional analysis using DFT to investigate the borophene B¢
nanosheet’s potential as a sensor for the harmful acrolein
molecule. The results corroborated previous literature
[21-29], confirming the borophene B¢ nanosheet’s suit-
ability as a highly promising candidate for detecting and
removing acrolein molecules.

On the other hand, bromoacetone CH;COCH,Br (see
Fig. 1) is an exceedingly toxic chemical recognized for
inducing severe irritation, burns, and tissue damage upon
contact with the skin, eyes, or respiratory system [36, 37].
Its strong irritating qualities are highlighted by its his-
torical employment as a lachrymatory weapon in chemical
warfare. Because of this molecule’s hazardous nature and
detrimental effects on both human health and the environ-
ment, handling and regulation of it are imperative. Expo-
sure to this compound may cause skin irritation, eye dam-
age, and respiratory difficulties.

In this study, we examined the electronic structures of
the bromoacetone (BCT) molecule and the borophene B;¢
nanosheet. Our investigation focused primarily on assess-
ing the potential of the B;; nanosheet as a chemical sen-
sor for the BCT molecule, employing ab-initio molecu-
lar dynamic (AIMD) simulations and density functional
theory (DFT) calculations.

Fig. 1 Optimized structure of
the BCT molecule
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2 Computational details
2.1 Quantum chemical calculations

All geometry optimizations in this study were carried out
using ORCA program package (version 5.0.0 and 5.0.4)
[38]. Firstly, the isolated electronic structures of BCT and
B¢ have been optimized at B3LYP-D3/def2-TZVPP [39,
40] of level theory, and then after, several configurations
of interactions between BCT and B;4 were investigated and
analyzed. Different functionals of the Head-Gordon group
[41] were also performed such as B97M, «B97X, and
®B97M [42] in combination with the D4 dispersion correc-
tion, and using the modified triple-{ basis sets def2-mTZVP
[43]. Further, in order to predict and compare behavior of
interaction between BCT and B,¢, we include the recent
r2SCAN-3c composite method [44], based on the 2SCAN
[45, 46] meta-GGA combined with the D4 dispersion cor-
rection [47] and geometrical counter poise-correction [48].

The molecular electrostatic potential (MEP) [49] was per-
formed by ORCA package and visualized using the UCSF
Chimera program (version 1.10.2) [50]. Reduced density
gradient (RDG) and density of state (DOS) analyses were
adopted by Multiwfn program [51]. However, Fukui func-
tion isosurface plots (electrophilic (f~) and nucleophilic
(f*)) were visualized by VMD program [52] based on the
cube files generated by Multiwfn software.

The conceptual DFT-based global and local reactivity
descriptors were estimated to predict the reactivity and reac-
tive sites on the BCT and B¢ molecules. The global reactiv-
ity descriptors such as highest occupied molecular orbital
(Egomo) and the lowest unoccupied molecular orbital
(ELumo)» energy gap (AE,,,), global hardness (n), global
softness (o), global electrophilicity (@), electro-donating
power (@~), electro-accepting power (@*), net electrophi-
licity (Aw*), and back-donation (AE,,_q) Were calculated
according to the following equation:

AEgap = Eruymo — Enomo (1)
Erumo — Exomo
= MO ~HOMO 2
5 @
1 2
== 3

n - Erumo — Enomo
» == (@)

I = -Eyomo (5)
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Furthermore, the local reactivity for both BCT and
B34 molecules was examined through the Fukui indices
according to the following equations [53-55]:

i =ax(N + 1) — gg(N)(Nucleophilic attack) (11)

S = ax(N) — qg(N — 1) (Electrophilic attack) (12)

where gy is the gross charge of atom k at the molecule and N
is the number of electrons. Therefore g (N), gx(N + 1), and
qx(N — 1) are charge values of atom k for neutral, cation,
and anion, respectively. Local electrophilicity (a):, w;) and
local softness (5k+, 6,:) indexes are calculated by the follow-
ing equations:

o} = wf, (Nucleophilic attack) (13)
o, = «f, (Electrophilic attack) (14)
8 = of (Nucleophilic attack) (15)
8 = of, (Electrophilic attack) (16)

The expression used to calculate the adsorption energy
is as follows [27-29]:

Eys = (E[B36@(BCT)n] - Ep, — nEBCT)/ n (r7)

E[p, e@cr),] represents the total energy of the B3@
(BCT), complex, Eg_ denotes the energy of the isolated
B3¢ nanosheet, and Egcp stands for the energy of the
isolated single BCT molecule. The thermal stability of
BCT@B;4 complex is also examined by conducting the
ab-initio molecular dynamic (AIMD) simulations at 300 K
and 400 K.
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3 Results and discussion
3.1 Structure proprieties of B;; and BCT

It has been reported in the literature [56—62] that the interac-
tion between two molecular systems, specifically between
an adsorbate and adsorbent surface, is highly dependent on
the respective donor and acceptor abilities of the molecules
involved. Molecules with high Ey;qyq values tend to donate
electrons to a low E; o of suitable acceptor molecule.
Charge transfer in molecular systems depends on the energy
gap between Eygy and E; 0, a larger AE,,; is indicative
of a lower reactivity, while a smaller AEgap values is associ-
ated with higher reactivity of a chemical species.

The calculated global reactivity descriptors such as
highest occupied molecular orbital energy (Eyopmp), lowest

Table 1 Calculated global reactivity descriptors

Descriptors BCT B
Ehomo (€V) —17.208 -5.732
E; umo (€V) -0.829 —3.851
AE,,,(eV) 6.379 1.881

TE (a.u.) —2765.997 —893.101
X 4.018 4.791

n 3.189 0.941

o 0.314 1.063

[0} 2.531 12.204

Fig.2 Optimized structures

and frontier molecule orbital
density distribution (HOMO
and LUMO) of BCT and
B;gborophene nanosheet
obtained at B3LYP/def2-TZVPP
level

Optimized Structure

@ Springer

unoccupied molecular orbital energy (E; o), energy gap
(AE,,,), global hardness (1), global softness (o), global elec-
trophilicity (@), and back-donations of electrons (AE, . 4)
are listed in Table 1. Based on the calculated reactivity
descriptors, the B;4 borophene exhibits high reactivity asso-
ciated with low energy gap (1.881 eV) and high softness val-
ues (1.063 eV). DFT calculations revealed also that the B,
borophene has the high electrophilicity index (w) compared
to BCT molecule, which means a good acceptor behavior to
interact with BCT.

The frontier molecular orbitals HOMO and LUMO were
used to explain and to understand the chemical reactivity of
the BCT and B structures. Optimized BCT and B elec-
tronic structures at B3ALYP-D3/def2-TZVPP level of theory
associated with their frontier molecular orbitals (HOMO and
LUMO) are shown in Fig. 2.

One observation that can be made is that in the BTC
structure, the lowest unoccupied molecular orbital (LUMO)
was primarily found to be localized on the carbonyl bond
(C=0), while the highest occupied molecular orbital
(HOMO) is spread out over the entire molecule but has a
particularly high concentration on the oxygen atom in the
carbonyl group and on the bromo atom. This indicates that
these atoms may be able to interact effectively with the
B;4 surface by providing electrons. In contrast, in the B,
structure, the electron densities of both the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are mainly spread across the
surface of the B;, molecule, with a significant contribution
from the boron atoms on the sides. This suggests that the

HOMO LUMO
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most reactive sites for both electrophilic and nucleophilic
attacks are located in these regions. Furthermore, the molec-
ular electrostatic potential (MEP) analysis corroborates with
the results of frontier molecular orbitals suggesting that the
most reactive site on the B, borophene are the lateral atoms
of B¢ structure indicated by negative charge (red surface
color), although the most reactive site of the BCT molecule
is the oxygen atom into the carbonyl group, as shown in
Fig. 3.

In addition, the Fukui function was used to analyze the
local reactivity of B4 and BCT molecules, in order to pro-
vide information on the preferential sites for electrophilic
and nucleophilic attacks. The calculated condensed Fukui
function, local electrophilicity, and local softness of B4 and
BCT using Hirshfeld atomic charges are summarized in sup-
plementary data Tables S1 and S2 respectively. However, the
isosurface Fukui maps of the electrophilic and nucleophilic
attacks are shown in Fig. 4, associated with the most high
values of calculated Fukui indices kar (red) and f,” (blue).
Upon examining the isosurface Fukui maps presented in
Fig. 4, it becomes apparent that in the case of BCT, the
oxygen and bromo atoms serve as favorable sites for both
nucleophilic and electrophilic attacks. Concerning the B;¢
surface, the boron atoms B21, B24, B27, B30, B33, and
B36 are identified as preferred sites for nucleophilic attacks,
while B27, B28, B29, B30, B33, and B36 atoms are deemed
suitable for electrophilic attacks, as illustrated in Fig. 4.

3.2 Adsorption of single BCT molecule on the B;
nanosheet

Based on the results of DFT calculations, we have consid-
ered and compared three most stable adsorption configura-
tions, as summarized and shown in Fig. Sa—c, the corre-
sponding frontier molecular orbitals HOMO and LUMO are
illustrated in Fig. 6.

Fig.3 Molecular electrostatic
potential (MEP) maps for

both BCT and B; borophene
nanosheet -0.01

-0.04

0.01

I 0.04

BCT

The BCT molecule can adsorb on the B;4 borophene
nanosheet with the formation of B—O bond at the edge
side of the B;4, borophene associated with an adsorption
energy of —95.08 kj/mol. The B—O bond established
between the BCT molecule and the B, nanosheet, with a
length of 1.48 Alis slightly shorter than the sum of O—B
covalent radii (r5" +ry"=0.66+0.84=1.50 10\) [63],
and considerably shorter than the van der Waals sum
(rg"+ry"=1.40+1.74=3.14 A) [64], which implies the
potential implication of a chemisorption process as a feasible
mechanism for inhibition.

On the other hand, the BCT molecule can also inter-
act with B;4 borophene without formation of any covalent
bonds between them. This interaction can occur through
two distinct stable complexes: one situated at the con-
cave side (Fig. 5b) with an interaction energy of approxi-
mately — 78.16 kj/mol and the other at the convex side with
an energy of approximately —50.07 kj/mol.

The computed distances between the atoms of BCT mol-
ecule (C, H, O, and Br atoms) and the closest boron atoms
of B3¢ borophene in BCT@B ;4 concave and BCT @B con-
vex complexes fall within the range of 3.06-3.10 A. These
interactions exhibit lengths that are notably surpassing the
sum of the covalent radii of B—O (1.50 A), B—-H((1.15 A),
B-C (1.60 10\), and B—Br (2.04 10\) [63]. Furthermore, these
lengths are comparatively longer than the van der Waals
sum of the selected atoms B—O (3.14 /0%), B—-H (2.94 10\),
B—C (3.44 A), and B-Br (3.69 A) [64]. Consequently, these
interactions involve weak attractive forces between the BCT
molecule and the B34 nanosheet.

The inspection of the frontier molecular orbital distri-
butions including the highest occupied molecular orbital
energy (HOMO) and lowest unoccupied molecular orbital
energy (LUMO) for the concave and convex BCT@B;
complexes shows that the HOMO and LUMO orbitals are
entirely localized on the B3¢ borophene. This is in contrast
to the edge configuration where the LUMO distribution is

@ Springer
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Fig. 4 Isosurface Fukui maps (electrophilic attack f~ (left) and nucleo-philic attack f* (right)), and the most high values of calculated Fukui
functions f~ and f* (center) for both BCT and B;¢b orophene nanosheet structures

(a)

EAds = -95.079 kjimol EAds = -78.157 kjimol EAds = -50.965 kj/mol

Aghe eckalahes

| {% ~ R s

BCT@B36 edge BCT@B36 concave BCT@B36 convex

Fig.5 Optimized geometries of the three most stable complexes; a BCT @B edge, b BCT@B;4 concave, and ¢ BCT@B;¢ convex

mainly localized on the BCT molecule, while the HOMO  also carried out to examine and identify the nature of inter-
orbital is localized across the entire BCT @B structure. actions responsible for its exceptional stability in the stud-

Furthermore, the non-covalent interaction analysis based ~ ied systems, including the intermolecular interactions in
on the reduced density gradient (RDG-NCI) analysis was  the BCT@B;, concave and BCT@B;4 convex complexes.
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BCT@B36 edge

(a)

LUMO

HOMO

BCT@B36 concave BCT@B36 convex
(c)

Fig.6 Frontier molecular orbital distributions (HOMO and LUMO) of the three most stable complexes; a BCT @B, edge, b BCT@B;( con-

cave, and ¢ BCT@B; convex

Figure 7 displays the RDG-NCI isosurfaces for the three
most stable complexes, namely the edge, concave, and con-
vex configurations (see Fig. 7a—c). The color spectrum var-
ies from blue to red, representing values falling within the
range of —0.05 a.u. < p*sign(412) <0.05 a.u.

Larger green isosurfaces were noticed between the BCT
molecule and the B, nanosheet in the case of the BCT@
B¢ concave and convex complexes (configurations b and c,
respectively). These isosurfaces were distinctly character-
ized by the combination of light green and dark coloration.

The light green area indicates strong interactions being
dominated by van der Waals forces. These contacts were
observed not only between the oxygen atom of the carbonyl
group and the B surface but also between the bromo atom
and the B, as well as between the bottommost hydrogen

atoms of the methyl groups and the B, surface. The 2D
RDG scatter plots further confirm the existence of these
weak interactions within the region of A2(p) from —0.002
to—0.012 atomic units (a.u.), as illustrated in Fig. 7b and c.
We can also observed a dark green area in the isosurface of
BCT@B;, concave and convex complexes between carbon
atom of BCT molecule and B4 surface, corresponding to
the ranges between 0.00 and 0.01 a.u., as shown in the 2D
scatter plot (Fig. 7b and c), due to the week interaction of
van der Waals force.

On the other hand, in the most stable configuration
BCT@B;4 edge (configuration a), we find that not only
the formation of covalent B—O bond which stabilized the
complex formed, but also a van der Waals type interaction
was formed between bromo atom of BCT molecule and the

(b) (c)

RDG (a.u.)
RDG (a.u.)

BCT@B;¢ edge BCT@B3¢ concave BCT@B3s convex

Fig.7 The non-covalent interaction-reduced density gradient analysis (NCI-RDG); a BCT@B;4 edge, b BCT@B ;¢ concave, and ¢ BCT@B;

convex
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side boron B atom of B, surface. This observation is effec-
tively depicted in Fig. 7a, where a green isosurface is vis-
ible between the bromo atom of the BCT molecule and the
boron B atom of B;,. Additionally, in the 2D RDG graph,
this interaction is evident at approximately 0.005 and 0.015
u.a., further affirming the presence of van der Waals forces.

Additionally, we explored the charge redistribution after
the interaction of the BCT molecule with the B;4 nanosheet
via the charge density difference (CDD) calculations. Fig-
ure 8§ displays the charge density difference (CDD) plots for
the most stable configurations of the interaction between
the BCT molecule and B;4 nanosheet. These plots utilize
an isosurface value of 0.002 e/;\S, where the red cardinal
regions indicate charge depletion (electron loss), while the
yellow regions show charge buildup (electron enrichment).
As can be visually observed in Fig. 8, the formation of direct
B—O0 bond is clearly shown by the most significant charge
redistributions. Furthermore, it has been observed that less
significant charge redistributions occur between the bromo
atom of the BCT molecule and the boron B atom of the B,
nanosheet, leading to an increase in binding energy.

The analysis of charge density difference (CDD) for
BCT@Bj4 concave and convex configurations (refer to
Fig. 8b and c) showed a similar behavior and indicates the
presence of an electrostatic interaction between the oxygen
atom of the carbonyl group in the BCT molecule and the B,
nanosheet. This is evident from the observed charge redistri-
bution around the C=0 group and the smaller yellow regions
indicating charge accumulation on the borophene surface, all
without the formation of covalent bonds.

Fig. 8 The charge density (@)
difference (CDD) maps of the oa®
three most stable complexes; q

a BCT@B4 edge, b BCT@
B; concave, and ¢ BCT@B5¢
convex

>

ey

Based on the calculated molecular descriptors (Table 2),
the interaction between the BCT molecule and the B¢
nanosheet leads to a shift in the HOMO energy level toward
higher energies. Specifically, for the BCT @B, edge com-
plex, it shifts to —5.17 eV, for the BCT @B, concave com-
plex, it shifts to —5.61 eV, and for the BCT@B;4 convex
complex, it shifts to —5.64 eV. However, in contrast to both
the BCT@B;4 concave and BCT @B, convex complexes,
where the energy of the LUMO shifts to higher energy
levels, the LUMO orbitals in the BCT@B;¢ edge complex
exhibit a shift toward lower energy levels, leading to a reduc-
tion in the energy gap (AE,,).

Analysis of the DOS spectral results reveals also that the
BCT@B;, edge configuration is more affected after inter-
action between BCT and B, compared to its two analogs
(BCT@B;4 concave and BCT@B;4 convex complexes),
as shown in Fig. 9. The reduction in the HOMO-LUMO
energy gap follows a descending order: BCT@B;¢ con-
vex (1.89 eV)>BCT@B;4 concave (1.83 eV)>BCT@B;¢
edge (1.17 eV). This substantial decrease in the energy gap
implies a significant alteration in the electronic conduc-
tivity of the B34 nanosheet upon interaction with the BCT
molecule. These beneficial changes have the potential to be
applied in the development of molecular sensors.

3.3 Ab-initio molecular dynamic (AIMD) simulations
of adsorption

The ab-initio molecular dynamic (AIMD) simulations were
executed using the ORCA software (version 5.0.4) [38, 65].

(b) (c)

e o
@)
o e
QS -
& P 5. & O\O
9 9 | QT ¢
@[ 9 . @)
@ & (&) & (@)
@
BCT@B;¢ edge BCT@B;¢ concave BCT@B;s convex
Table 2 Descriptors BCT@B Descriptors B BCT@B;4edge BCT @B;4concave BCT@B;4 convex
edge, BCT@B;4 concave, and ‘
BCT@B; convex Eqomo (€V) -573 -5.17 -5.61 —5.64
E| umo (€V) -3.85 —4.00 -3.78 -3.75
AE,,(eV) 1.88 1.17 1.83 1.89
u (Debye) 2.43 11.62 1.77 4.82
TE (a.u.) —893.10 —3659.13 —3659.13 —3659.12
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Fig.9 The density of state

(a)

(DOS) of the three most stable 1.20 536 1oie

complexes; a BCT@B;4 edge, 1.00 | | — Total pos

b BCT@B; concave, and ¢ —s +

BCT@B;¢ convex o.80/|—¢ _E‘
— H ~

BCT@B3g edge
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0.40 ]
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0.00 === =
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1.00
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0.80
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Total DOS
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BCT@B36 concave

(concave)

0.60

DOS

0.40

0.20

0.00]

HOMO LUmo

20.00

1.20
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(c)

1.00

C
o
Br
H

0.80

Bsg(Isolate)

Total DOS
B

BCT@B36 convex

(convex)

0.60

DOS

0.40

0.20

0.00 ]

HOMO, LUMO

...w

-20.00

For all systems, a time step of 1.0 fs was employed, and the
temperature was set at T=300 K.

We explore the thermal stability and predict the behav-
ior of both concave and convex BCT @B;4 complexes using
AIMD simulations at temperatures of 300 K and 400 K.
The computational results from AIMD simulations for both
types of complexes at the 300 K and 400 K temperatures are
depicted in Fig. 10.

As illustrated in Fig. 10, the root mean square deviation
(RMSD) curves exhibit consistent periodic fluctuations for
both concave and convex BCT @B;¢ complexes at 300 K and
400 K. The comparison between the two RMSD of BCT@
B;4 concave and BCT@B;¢ convex clearly indicates that
BCT@B;4 convex is the more thermally stable configuration

-10.00 -5.00 0.00 '

-15.00 5.00
Enerav (eV)

at 300 K. Upon comparing the two RMSD curves at 300 K
and 400 K for BCT @B;4 complexes, it becomes evident that
the higher the simulation temperature, the more significant
the geometric fluctuation attributed to thermal motion.

3.4 Adsorption of multiple BCT molecules
on the B;, nanosheet

We have investigated the impact of concentration by examin-
ing the adsorption of one to six bromoacetone (BCT) mol-
ecules on borophene B¢ nanosheet. With this aim in mind,
we chose the most stable complex featuring a singly edge-
adsorbed BCT. Subsequently, additional BCT molecules
were systematically introduced, progressing incrementally at
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Fig. 10 RMSD of the potential energy: a BCT@B;4 concave at 300 K, b BCT@B;¢ concave at 400 K, ¢ BCT@B;4 convex at 300 K, and d

BCT@B;4 convex at 400 K

the edge, concave, and convex sides, with a primary empha-
sis on edge-side adsorption.

We conducted a reoptimization procedure for each con-
figuration using the B3LYP-D3BJ-SMD/Def2-SVP level of
theory, with RIJCOSX approximation. Subsequently, for
each newly optimized complex, an exploration of various
possible configurations was compared.

Therefore, Figs. 11 and 12 depict the most stable con-
figurations, while Table 3 provides detailed information on
the adsorption energies of multiple BCT molecules on the
B3¢ nanosheet.

Based on DFT calculation results (Table 3, Figs. 11 and
12), B34 borophene nanosheet has the capacity to absorb
more than a single BCT molecule. It is worth noting that
B, has the capability to capture up to five BCT molecules
(an exothermic process), facilitated by spontaneous attach-
ment corroborated by the negative adsorption energy, as
illustrated in Table 3.

Contrarily, in the case of the adsorption of six BCT mol-
ecules on B;4 borophene, the calculation results yield a posi-
tive value for the adsorption energy (an endothermic process),
except for the configuration 4-AC-EDGE + 1AC-CON-
CAVE + 1AC-CONVEX, which exhibits a negative adsorp-
tion energy, suggesting a strong interaction between the BCT

@ Springer

and B, borophene molecules. The calculated adsorption ener-
gies at the B97-D3(BJ)/def2-SVP level (Table 3) reveal that
the most stable complexes (2-EDGE, 3-EDGE, 4-EDGE, and
5-EDGE) feature the adsorption of BCT molecules at the edge
sites of the B, nanosheet.

We also note that in configurations involving four, five, and
six molecules of BCT adsorbed on B¢ borophene, certain
BCT molecules underwent dissociation reactions into acetonyl
radicals and bromine atom fragments during the adsorption
process on B4 borophene, as illustrated in Fig. 12 (4-EDGE
(a), 5-EDGE (a—d), and 6-EDGE (b and c)).

Nevertheless, in the 5-EDGE + 1-CONCAVE configura-
tion, the BCT molecule formed a covalent B—O bond with B¢
borophene, leading to a bond length of 1.43 A. This measured
distance is marginally less than the combined covalent radii
of O-B (ry" +r5"=0.66+0.84=1.50 A) [63], suggesting the
plausibility of a chemisorption process as the mechanism for
adsorption.
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Fig. 12 Optimized geometry structures for studied complexes with four (4 BCT), five (5 BCT) and six (6 BCT) adsorbed BCT molecules

4 Conclusion can be drawn from this study are the following:
In summary, a computational study has been performed ® The B3¢ borophene nanosheets effectively senses the

on the B4¢ borophene nanosheets as sensors for detecting BCT molecule, adsorbing up to five BCT molecules
bromoacetone (BCT) molecule. The main conclusions that via an exothermic process.
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Table 3 Adsorption energies of multiple BCT molecules on the B4
nanosheet

Num. Molecules Configurations E, g

2 BCT 2-EDGE —215,178,833
1-EDGE + 1-CONCAVE —201,875,533
1-EDGE + 1-CONVEX —163,551,717

3BCT 3-EDGE — 198,956,479
2-EDGE + 1-CONCAVE — 185,218,901
2-EDGE + 1-CONVEX — 180424499

4BCT 4-EDGE —323,081,416
3-EDGE + 1-CONCAVE — 182,815,627
3-EDGE + 1-CONVEX —171,630,389
2-EDGE + 1-CONVEX + 1-CON- —181,244,258

VEX

5BCT 5-EDGE —384,138,118
4-EDGE + 1-CONCAVE —379,672,921
4-EDGE + 1-CONVEX —368,178,887
3-EDGE + I-CONVEX + 1-CON-  —370708528

VEX

6 BCT 6-EDGE 102,824,311
5-EDGE + 1-CONCAVE 103,715,347
5-EDGE + 1-CONVEX 942,436,237
4-AC-EDGE + 1AC-CON- —338,401,418

CAVE + 1AC-CONVEX

e DFT calculations revealed that the most stable configura-
tions among the complexes are BCT@B;, edge, BCT@
B;4 concave, and BCT @B;4 convex.

e The BCT molecule can adsorb through the formation of
B—O bond, involving the oxygen atom of the carbonyl
group in BCT and the edge boron atoms of B4 boro-
phene, indicating a chemisorption process.

e The BCT molecule can also physio-adsorb on both the
concave and convex sides of B;4 borophene nanosheets,
facilitated by van der Waals interactions.

e The results of ab-initio molecular dynamics (AIMDs)
validate the thermal stability of both the BCT @B;¢ con-
cave and BCT@B;, convex complexes at temperatures
of 300 K and 400 K.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10825-024-02192-3.
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