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By the importance of developing detection materials and devices, the current work was done to provide mo-
lecular insights into the exploration of amphetamine (AMP) adsorbents/sensors through the density functional
theory (DFT) assessments of carbon (g-C) and boron nitride (g-BN) graphdiyne nanosheets. Since AMP could be
very harmful in an overdose level, then its careful detection is very important for employing the appropriate
emergency cares and activities. The optimization calculations were performed to stabilize the structures of
singular models and their corresponding AMP@g-C and AMP@g-BN complex, in which a higher strength was
found for the formation AMP@g-C complex. Bothe complexes were stable enough to be recognized based on their
formations and also by monitoring the variations of frontier molecular orbital features. The results indicated that
the formation of AMP@g-BN complex could be used for an immediately detection whereas the formations of
AMP@g-C complex could be used for a timely detection. Both complexes were found reusable based on the
formation of non-covalent interactions between the substances, in which the stabilities and molecular orbitals
features proposed both of g-C and g-BN nanosheets as suitable adsorbent/sensor materials of AMP substance for
developing novel detection materials and devices.

sensor purposes [10-12]. For the case of detection, the sensor devices
are very useful to sense the existence of any toxic substance regarding

1. Introduction

Sensors are very important devices/materials for working in
different purposes including detection and removal functions of espe-
cially traceless and low-concentration substances regarding the material
science developmental issues [1-3]. On the other hand, they could also
push forward several electronic activities and energy storages for
approaching the purposes of engineering issues [4-6]. Hence, sensors
are very important to be developed more and more to supply the needs
of science and engineering in the modern life [7-9]. Indeed, the surface
of an appropriate adsorbent could manage the sensing function to work
in the specific functions and applications regarding the adsorption or
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the health and environmental issues [13-15]. In this regard, the con-
sumption of some forbidden drug substances or their overdosing should
be detected in a short time for providing required emergency cares
[16-18]. Amphetamine; or 1-phenylpropan-2-amine, is one of those
drugs with therapeutic functions but an unauthorized and abnormal
consumption could lead to the appearance of significant health risks
[19-21]. Amphetamine stimulates the central nervous system (CNS) for
treating some types of psychological disorders such as attention deficit
hyperactivity disorder (ADHD), narcolepsy, and obesity [22-24].
Additionally, an athletic performance could be enhanced under the
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consumption of amphetamine in addition to the enhancement of
cognition and recreation in a better emotional mood [25-27]. Besides
the positive impacts of low therapeutic dosages, larger dosages of
amphetamine or addiction could lead to cognition and muscle failures as
serious psychosis and abnormal physical behavior risks [28-30].
Because of very serious negative impacts of an uncontrolled consump-
tion of amphetamine, its detection should be done in an earliest time for
employing the required emergency activities to keep the human life
[31-33]. Hereby, considerable efforts have been devoted to explore
convenient sensors towards the detection of amphetamine especially by
the exhaled breathing air [34-36]. To this point, providing a precise
adsorbent/sensor material could help to approach a fast detection pro-
cess regarding the importance of subsequent activities [37-39].
Accordingly, the topic of current research work was focused on the
exploration of amphetamine adsorbents/sensors through the assess-
ments of carbon and boron nitride graphdiyne nanosheets to reveal in-
sights into the detection mechanism.

After the innovation of nanostructures, they have been the target of

Chemical Physics Impact 7 (2023) 100373

several studies to be recognized and characterized for approaching
specific purposes in different fields of functions and applications
[40-44]. Besides the firstly known carbon nanotube, several other
nanostructures were introduced in different shapes and compositions
[45-47]. For involving in the adsorption processes, the planar layer-like
architectures have been found useful for providing an appropriate sur-
face of interaction with other molecular and atomic substances [48-50].
Graphene has been the most famous layer-like nanosheets with the
carbon atom composition, in which graphdiyne has been found soon
after as another planar nanostructure [51-53]. Graphdiyne; which is a
lattice of acetylene bond-connected benzene rings, has been found stable
and its applicability for working in adsorption processes has been shown
by further investigations [54-56]. Since the adsorption is the first step of
a sensing process, graphdiyne has been found useful for working in
sensor devices regarding both of adsorption suitability and electronic
characterization [57-59]. In addition to the original carbon composi-
tion, the combination of boron and nitrogen atoms has been found
suitable for the architecture of graphdiyne [60-62]. In this regard,
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Fig. 1. Molecular representations of AMP, g-C, and g-BN Singular models and AMP@g-C and AMP@g-BN complexes; the dotted lines show the interactions.
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representative models of carbon and boron nitride graphdiynes (g-C and
g-BN) were assessed in the current work for sensing the amphetamine
(AMP) substance along with density functional theory (DFT) calcula-
tions. The model were stabilized during the optimization calculations
and their features were evaluated subsequently (Figs. 1 and 2 and
Tables 1-3). To this point, the models were recognized in singular and
bimolecular states for providing a molecular scale information for the
adsorbing mechanism and the following sensing function based on the
features structural and electronic properties. To summarize the main
goal of this work, it should be mentions that adsorbents/sensors features
of g-C and g-BN nanosheets were assessed for approaching insights into a
facile detection of AMP substance in order to a need of emergency cares
because of the serious negative impacts on human health system. This
work was done at the molecular scale to reveal details of interactions
between AMP and each of g-C and g-BN counterparts through the for-
mation of AMP@g-C and AMP@g-BN complexes, in which the required
information were obtained by comparing the DFT results of singular and
bimolecular states.

2. Materials and methods

The current research work was done under preforming DFT calcu-
lations for optimized the structures and evaluating their features at a
molecular scale study. The models were stabilized and the required
features were obtained using the wB97XD/6-31G* method and basis set
as implemented in the Gaussian program at the 0-charge and 1-multi-
plicity [63-65]. The employed level of DFT calculations was found
reasonable to show the impacts of interactions on the investigating
molecular systems [66]. Additionally, as we are trying to analyze the
investigated systems in a comparable mode, we employed a standard
basis set to approach reliable results [67]. The singular models of AMP,
g-CN, and g-BN in addition to the bimolecular models of AMP@g-CN
and AMP@g-BN complexes were exhibited in details. Two steps of op-
timizations were performed, in which the singular models were opti-
mized first and their bimolecular models were re-optimized next. In this
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Table 1

The molecular interaction features of AMP@g-C and AMP@g-BN complexs.*
Feature AMP@g-C AMP@g-BN
Eint -6.92 -6.51
BSSE 1.21 2.02
Einc+BSSE -5.71 -4.49
Interaction 1: H..C 2:H..C 3:H..C 1: H..N 2:N...N
Distance 2.98 3.31 4.29 3.05 3.51
Rho 0.0041 0.0026 0.0003 0.0038 0.0051
Del%-Rho 0.0139 0.0079 0.0015 0.0145 0.0152
H 0.0084 0.0043 0.0012 0.0077 0.0048

" Eint, BSSE, and Ei,+BSSE are in kcal/mol; Distance is in angstrom; Rho,
Del?-Rho, and H are in atomic unit.

Table 2
The frontier molecular orbital features of AMP, g-C, and g-BN singular models
and AMP@g-C and AMP@g-BN complexes.*

Feature AMP g-C g-BN AMP@g-C AMP@g-BN
HOMO -8.43 -6.97 -8.65 -7.02 -8.35
LUMO 1.97 -1.12 1.33 -1.18 1.33
Egap 10.40 5.86 9.98 5.84 9.67
Chard 5.20 2.93 4.99 2.92 4.84
Cpot -3.23 -4.05 -3.66 -4.10 -3.51

* All units are in eV.

Table 3
The impact of water solvent on the formation of AMP@g-C and AMP@g-BN
complexes.*

Water Solvent Impact AMP@g-C AMP@g-BN

AG(Water-Gas) -17.66 -18.94

* AG(Water-Gas) = AG water — AG gas. The values are in kcal/mol.
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Fig. 2. HOMO-LUMO distribution patterns included DOS diagrams representations of g-C and g-BN singular models and AMP@g-C and AMP@g-BN complexes.
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regard, the bimolecular models were found in a non-covalent interaction
mode; hence, the original atomic stoichiometries of AMP (CoNH;3) and
each of g-C (CggH1g) and g-BN (B33N33H;g) were kept unchanged in the
bimolecular models. The role of hydrogen atoms were for terminating
the edges of nanosheets avoiding the existence of any dangling effect for
keeping the planar layer-like structure [68]. Details of interactions be-
tween the counterparts of bimolecular models were recognized by per-
forming additional quantum theory of atoms in molecules (QTAIM)
analyses [69-71], in which the results were shown by dotted lines in
Fig. 1 and the corresponding quantities in Table 1. Next, the strength of
interacting models were analyzed by comparing the energies of singular
and bimolecular models within the interaction energy (Ei,;) values of
Table 1. The effects of basis set superposition error (BSSE) [72] were
considered for avoiding any overestimation Ejy; values. Subsequently,
the frontier molecular orbital (FMO) analyses [73] were performed for
charactering the electronic features of stabilized models, in which the
results were shown by graphical representations in Fig. 2 and the cor-
responding quantities in Table 2. To this aim, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) levels were investigated in their pure levels and also their
related features, in which the distribution patterns and density of states
(DOS) diagrams were visualized in Fig. 2. Besides, the values of HOMO
and LUMO energies, energy gap (Egap), chemical hardness (Cpara), and
chemical potential (Cpo) were listed in Table 2. The Multiwfn [74],
GaussSum [75], and ChemCraft [76] programs were used for extracting
the values and visualizations. The impact of water solvent on the for-
mation of complexes (Table 3) was assessed using an additional polar-
izable continuum model (PCM) based calculations [77]. To emphasize
on the importance of computational works, it could be mentioned that
several scientific problems could be successfully solved by performing
computational studies to obtain detailed results and information
[78-80].

3. Results and discussion

Exploring amphetamine (AMP) adsorbents/sensors through the DFT
assessments of carbon (g-C) and boron nitride (g-BN) graphdiyne
nanosheets was done in this work. The main purpose of the current
research work was indeed to explore an appropriate adsorbent for
working towards the sensing function of AMP substance. The repre-
sentative models of g-C and g-BN (Fig. 1) were optimized to obtain the
stabilized nanosheets for adsorbing/sensing the AMP substance during
the formations of AMP@g-C and AMP@g-BN complexes under the
performance of re-optimization calculations. Accordingly, the stabilized
models were found in the singular and bimolecular states for comparing
the features of interacting substances before and after the complexa-
tions. To this aim, different starting positions of AMP towards the
nanosheets were examined, in which the only meaningful one was found
with the amine head of AMP for involving in interactions with both of
investigated nanosheets. As a consequence, one complex was assigned as
the reference model of complexation for the interaction of AMP with g-C
and g-BN nanosheets shown by AMP@g-C and AMP@g-BN. The results
of optimization calculations yielded the stabilized structures and their
energies, in which comparing the energy values could lead to the eval-
uation of interaction energy (Ein;) between the counterparts. Using Eq.
(1), the values of Ej,; were evaluated and they were summarized in
Table 1, in which the effects of BSSE were implemented in the Ej,; values
using Eq. (2) to avoid the overestimation error. Comparing the values of
Eint and Ej,+BSSE could show a fixed order of strength levels of two
complexes, but with a smaller values after employing the correction.

Ein = EComplex — EamP — Exanoshect (1)
Eint+BSSE = Ecompiex — EaMP — Enuanosheet +BSSE (2)

As listed in Table 1, -6.92 kcal/mol was found for the E;, of AMP@g-
C complex and -6.51 kcal/mol was found for the Ej,; of AMP@g-BN
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complex, in which these values were reduced to -5.71 kcal/mol and
-4.49 kcal/mol in the Ej,++BSSE mode, respectively. Based on these
results, a higher strength of interaction was found for the formation of
AMP@g-C complex in comparison with the formation of AMP@g-BN
complex showing a general suitability of g-C for working as stronger
adsorbent of AMP substance. To learn details of this achievement, the
QTAIM analyses were performed on the complexes and the results
indicated the existence of three interactions in the AMP@g-C complex
versus two interactions in the AMP@g-BN complex. Another point was
the involvement of amine group, alkyl linker, and benzene ring of AMP
in interaction with the g-C nanosheet, but the amine group of AMP was
only involved in the interaction with the g-BN nanosheet. Additionally,
the shortest interaction distance of AMP@g-C complex was 2.98 A and
that of AMP@g-BN complex was 3.05 A. The values of Rho, Del?>-Rho,
and H, which indicate the electron density, Laplacian of electron den-
sity, and energy density, respectively, also affirmed a significant
contribution of each interaction to the complex formation. The H...C
type of interaction was found in the AMP@g-C complex and the H...N
and N...N interactions were found in the AMP@g-BN complex. The
formation of both complexes was obtained by the involvement of
physical and non-covalent interactions yielding a reusability for the
nanosheets after managing the first adsorption. On the other hand, a
higher strength of AMP@g-C complex could lead to a longer time of
recovery for the adsorbed AMP substance in comparison with a shorter
time for the AMP@g-BN complex because of a lower strength. The ob-
tained details indicated very insightful information to learn both of
mechanism of interactions between the substances and also their for-
mation strengths regarding the main goal of this study. As a conse-
quence, the first step of sensing function was successfully approached
through the meaningful adsorptions of AMP by each of g-C and g-BN
nanosheets, in which the strengths and time of recovery could be
customized by employing each of AMP@g-C and AMP@g-BN complexes
for the purpose.

Further assessments of sensing functions were done based on the
obtained features of FMO analyses Table 2 and Fig. 2), in which the
HOMO and LUMO levels were playing a dominant role of assigning these
features for the investigated models. As the HOMO and LUMO levels
stand for the donating and accepting levels, the obtained results indi-
cated a difference of these levels for the singular g-C and g-BN nano-
sheets. Comparing the models revealed that the HOMO level of g-BN was
more reachable by an energy value of -8.35 eV but the LUMO level of g-C
was more reachable by an energy value of -1.18 eV. Although the values
of HOMO and LUMO were calculated directly, but their derivatives
including energy gap (Egap), chemical hardness (Charq), and chemical
potential (C,or) were obtained using egs. ((3)-(5). By including these
FMO features, the electronic behavior of investigated g-C and g-BN
systems were assessable towards adsorbing/sensing the AMP drug sub-
stance. Additionally, comparing the quantities of different singular and
complex states could reveal insights into the impacts of complex for-
mations on the electronic features.

Egp= LUMO — HOMO 3
Chua= 1 /2(LUMO — HOMO) Q)
Cpu= 1 /2(LUMO + HOMO) (5)

The values of Eg,, were found 5.86 eV and 9.98 eV for the singular g-
C and g-BN models showing a higher rate of conductance for the g-C
nanosheet in comparison with the g-BN nanosheet. Indeed, the energy
distance of HOM and LUMO levels is dominant for recognizing the
tendency of a molecular system for involving in the electron transferring
process, in which the results indicated a higher tendency for the g-C
model with a shorter energy distance than the g-BN model. To this point,
the values of Cparq indicated a softer state for the g-C nanosheet (Charg =
2.93 eV) than the g-BN nanosheet (Cpharq = 4.99 €V) for involving in
further reactions and interactions. Remembering a higher strength of
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formation for the AMP@g-C complex than the AMP@g-BN complex
could be described by achieving a softer g-C nanosheet. In this regard,
the results were found reliable by the parallel achievements of FMO
analyses and the complex strengths. Accordingly, a more suitable value
of C,ot was obtained for the g-C nanosheet (Cpo; = -4.05 eV) than the g-
BN nanosheet (Cpo; = -3.66 eV) to affirm the results. During the complex
formations, the levels of HOMO were changed for both complexes, but
the level of LUMO was remained fixed for the g-BN nanosheet and the
corresponding AMP@g-BN complex. However, the energy distances of
HOMO and LUMO were changed in both complexes in comparison with
the singular nanosheets. To this point, a recognition process could be
obtained by monitoring the changes of Eg,p between the singular and
complex states. The flexibility of g-C nanosheet for involving in in-
teractions and reaction with other substances yielded rearrangements of
both of HOMO and LUMO levels for the AMP@g-C complex whereas the
HOMO level was only changed for the AMP@g-BN complex in com-
parison with the singular g-BN nanosheet. Hence, the change of Eg,,
between the g-C and AMP@g-C models (5.86 eV — 5.84 eV) was smaller
than the change of Eg,, between the g-BN and AMP@g-BN models (9.98
eV — 9.67 eV). This achievement could lead to detection of higher
change of rate of conductance for the formation of AMP@g-BN model in
comparison with that of AMP@g-C model. Accordingly, values of Cparg
and Cpo quantities showed the corresponding changes during the sin-
gular to complex states conversions.

Based on the visualized distribution patterns of HOMO and LUMO
(Fig. 2), it was found that the localizations of these molecular orbitals
were found almost at the same place in both of singular g-C and bimo-
lecular AMP@g-C models whereas the localizations were found at
different places in singular g-BN and bimolecular AMP@g-BN models.
Accordingly, the change of Eg,p, during the complex formation was found
more significant for the g-BN model than the g-C model. While the lo-
calizations of molecular orbitals were found at the nanosheet side in the
AMP@g-C complex, but the localizations were also found at the AMP
side in the AMP@g-BN complex. This achievement could be related to a
higher stability of AMP@g-C complex formation in comparison with the
AMP@g-BN complex formation, in which the electronic features were
found in complimentary to the structural features. Recording the vari-
ation of other molecular orbital levels behind the HOMO level and next
to the LUMO levels was done along with the DOS diagrams, in which the
results indicated possibility of complex formation detection by these
diagrams. Accordingly, a sensor function could be found for the g-C and
g-BN nanosheets towards the AMP substance.

The impact of water solvent on the formation of AMP@g-C and
AMP@g-BN complexes was investigated by calculating the Gibbs free
energy (G) quantities of complexes in gas and water phase, then
comparing the results to obtain AG(Water-Gas). The results indicated a
suitability of water solvent for the formation of complexes by indicating
the values of -17.66 kcal/mol and -18.94 kcal/mol for AMP@g-C and
AMP@g-BN complexes, respectively. Additionally, by providing a
hetero-atomic surface, the formation of AMP@g-BN complex was found
even better than the formation of AMP@g-C complex. As a consequence,
both complexes could be available in the water solvent phase with a
priority of AMP@g-BN complex.

It should be mentioned here that the expected adsorbing/sensing
function is supposed to work at a traceless concentration of AMP espe-
cially in the exhaled berating air, then small changes could be expected
for the detector devices. Hence, a successful adsorbing/sensing function
could be found for both of g-C and g-BN nanosheets towards the AMP
substance, in which the g-BN nanosheet could be proposed for a rapid
detection and the g-C nanosheet could be proposed for a timely detec-
tion. In the other words, the availability of AMP@g-C complex was
found longer than that of AMP@g-BN complex making possible its de-
livery to a second detector device by time whereas the AMP@g-BN
complex should be detected immediately. Additionally, the g-BN
nanosheet was found more reusable than the g-C nanosheet for the
purpose of a longer working life of a sensor material. As an important
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issue regarding the possibility of toxicity of nanostructures for working
in the biological related systems, developing non-invasive platforms
could be very helpful for solving that challenging issue as was done in
the current work. As a concluding remark, both of g-C and g-BN could be
employed as adsorbents/sensors of AMP substance, in which the using
conditions could customize them for the targeted application.

4. Conclusions

Exploring AMP adsorbents/sensors through the DFT assessments of
g-C and g-BN nanosheets were done in this work regarding the impor-
tance of providing facile detention process of toxic substances for the
emergency health activities. The models were optimized and their fea-
tures were obtained for recognizing the investigated models under the
evaluated structural and electronic specifications. The g-C and g-BN
nanosheets provided a suitable surface for the AMP substance to interact
with each other in a non-covalent mode resulting a higher strength for
the AMP@g-C complex than the AMP@g-BN complex. However, the
variation of Eg,, values during the complex formation was more sig-
nificant for the AMP@g-BN complex. The adsorption features indicated
a longer time of availability for the AMP@g-C complex than the
AMP@g-BN complex making a possibility of timely detection for the
AMP@g-C complex; however, an immediately detection was needed for
the AMP@g-BN complex. Monitoring the variations of molecular orbital
features also indicated possibility of detention processes for the forma-
tion of both complexes, in which a customization could be done for
approaching a desired function. Moreover, the water solvent showed a
better suitability of formation for the AMP@g-BN complex prior to the
AMP@g-C complex. As a final result of this work, the investigated g-C
and g-BN nanosheets were found suitable for managing a successful
adsorbing/sensing function towards the AMP substance bases on the
characteristic structural and electronic fealties, which makes them to be
used in a customized process.
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