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nanoclusters (B12N12, AlB11N12) as adsorbents and sensing materials for
the removal and detection of Chloral hydrate (CH) using density
functional theory computations. The calculated values of adsorption
energies, AGad, AHad, and Kt revealed that CH interaction with B12N12 is
experimentally impossible, endothermic, and non-spontaneous.
However, the CH adsorption on the AlB11Niz is exothermic,
spontaneous, and experimentally feasible. The influence of solvent was
also considered, and the results indicated that the presence of water
does not significantly affect the interactions. Furthermore, the Natural
Bond Orbital (NBO) computations showed that no chemical bond has
formed between the adsorbate and adsorbent, indicating that the
interactions between CH and both nanoclusters are due to
physisorption. Moreover, frontier molecular orbital calculations
indicated that while the bandgap of B12N12 remains largely unchanged
during the CH adsorption process, the bandgap of AlB11N12 increases by
132.693% from 4.270 eV to 9.936 eV. In conclusion, the theoretical
findings suggest that the Al-doped nanocluster, AlB11Ni2, has the
potential to be an excellent adsorbent and sensor for the removal and
detection of Chloral hydrate. This study provides valuable insights into
the use of nanoclusters in environmental and analytical applications,
highlighting the potential for developing efficient materials for CH
removal and detection. Further experimental validation of these
theoretical findings could pave the way for the practical application of
Al-doped boron nitride nanoclusters in addressing environmental and
analytical challenges associated with Chloral hydrate.
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Introduction

Chloral hydrate (CH, Figure 1) is a hypnotic drug
that was initially synthesized in 1832 by chemist
Justus von Liebig. It is primarily used for the
treatment of insomnia, anxiety, and as a sedative
agent before certain medical procedures [1].
However, the use of CH is associated with several
serious side effects, including nausea, allergic
reactions, convulsions, kidney malfunction, liver
failure, cardiac arrhythmia, and
Furthermore, patients often develop tolerance
and addiction to CH [2]. In addition to its medical
implications, CH can also be an undesired by-
product in the chlorination step of drinking
water treatment [3]. This is due to the presence
of organic environmental contaminants in
surface waters and their reaction with chlorine
during the disinfection process [4]. The World
Health Organization (WHO) has set a limit of 10
pug L1 for CH in drinking water, as it has been
found to have mutagenic and carcinogenic
effects. Apart from its medical and environmental
implications, CH is also used as a chemical
reagent in the synthesis of various organic
compounds [5,6]. Therefore, there is a need for a
simple, selective, and cost-effective method for

coma.

the determination and removal of CH. Several
analytical techniques have been developed for
the determination of CH, including UV-Visible
[71,
(GC) [8], anion-exchange liquid chromatography
[9], and gas chromatography-mass spectrometry
(GC-MS) [10]. However, these methods have their
limitations, such as expensive instrumentation,

spectrophotometry gas-chromatography

time-consuming procedures, the requirement of
experienced operators for sample pretreatment,

solvents.
promising
alternative to traditional analytical techniques
due to their small size, portability, and cost-
effectiveness. They offer simple instrumentation,
high selectivity and sensitivity, rapid analysis
time, and a wide linear range for detecting
various analyte concentrations. These sensors
are valuable in monitoring,
healthcare diagnostics, and food safety testing.
Their portability makes them suitable for on-site
testing in remote areas. Ongoing technological
developments are expected to enhance their
capabilities further [11-13]. In addition to the CH
determination, the removal of pharmaceutical
contaminants also a
significant concern. Various techniques have
been employed for this purpose, including
biological treatment [14], membrane filtration
[15], electrochemical destruction [16],
photocatalysis [17], advanced oxidation [18],
[19], ozonation [20], and
disinfection [21]. However, these techniques
have their drawbacks, such as high cost, limited
removal capacity, harsh reaction conditions,
time-consuming procedures, and the production
of potential environmental contaminants as by-
products [22]. Adsorption is an ideal alternative
to these techniques due to its simplicity, low cost,
properties, high
efficiency, and insensitivity towards hazardous
materials, rapidness, flexibility, and ease of
operation [23]. However, finding an adsorbent
with  high reusability, selectivity, and
repeatability remains a challenge. In the
development of new electrochemical sensors and
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adsorbents for the detection and removal of CH
or other analytes, it is crucial to find appropriate
that good and
interactions with the desired compounds. This
step is ensuring the
effectiveness and reliability of these methods.

materials have selective

initial essential in
Overall, the determination and removal of CH are
of great importance in both medical and
environmental contexts. The development of
simple and cost-effective analytical techniques,
such as electrochemical sensors, along with
efficient adsorbents for removal purposes, can
contribute significantly to addressing these
challenges [23]. Based on extensive research,
boron nitride nanocage has been identified as
possessing several highly desirable chemical and
physical characteristics within the field of wide-
gap semiconductors [24]. Numerous studies have
evaluated the stability, geometry, and properties
of boron nitride fullerenes, with B12N1, (Figure 1)
emerging as the most stable cluster among
(BN)n [25] B12N12, a
compound with exceptional properties, has
gained attention for its unique combination of
characteristics. Its low dielectric constant makes

various nanoclusters

it ideal for electronic applications by enabling
efficient energy storage and transmission. In
addition, its high thermal conductivity and good
structural and thermal stability make it suitable
for demanding environments. B12N12's specific
surface/area ratio is advantageous for catalytic
applications, wide bandgap and
excellent oxidation resistance further enhance its
potential for use in optoelectronic devices and
various technological applications. This material
holds possibilities in electronics,
catalysis, optoelectronics, showcasing
potential innovation across multiple fields as
research progresses [26].

These attributes position it as an ideal adsorbent
for environmental contaminant removal and a
promising detecting various
analytes. Several investigations have explored
the adsorption of different species on the surface
of Bi2Niz, including H,S, nitroaromatic
explosives, quetiapine, and Norfloxacin [27-30].
These findings underscore the potential of boron
nitride nanocage in addressing environmental
and analytical challenges.

while its

diverse
and

candidate for

Figure 1: Optimized structures of CH and B12N12

Computational Methods

The structures of BN nanocage, CH, and their
complexes were created using GuassView 6 [21]
Modeler 1.3.0.3 [22]. The
calculations were performed with the density
functional theory (DFT) method in Gaussian 16
[23] software at the B3LYP/6-31G (d) level of

and Nanotube

theory [24]. The parameters were determined
following a method outlined in [25-30].

Software versions GuassView 6 [31] and
Nanotube Modeler 1.3.0.3 [32] were utilized to
design the structures of B12N12, AlB11N12, CH, and
their complexes. Prior to any further analysis,
each of the designed structures underwent
geometric optimization. Subsequently,
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computations for infra-red (IR), frontier
molecular orbital (FMO), and natural bond
orbital (NBO) were performed on the optimized
structures. The density functional theory (DFT)
method was consistently employed throughout
the computations using Gaussian 16 [33]
software, employing the B3LYP/6-31G (d) Basis
set [34]. To obtain the density of states (DOS)
spectra, GuassSum 3.0 software was utilized [35].
This level of theory was selected based on its
previous alignment with
experimental results [36-40]. All computations
were conducted in both vacuum and aqueous
phases, with the CPCM solvation method chosen
for modeling the aqueous phase. The
temperature range investigated spanned from
298 to 398 K, with intervals of 10°. The main

acceptance and

Eaqa = (E(Complex) - (E(Drug) + E(Adsorbent)+E(BSSE)))

AHaq = (H(Complex) — (Hrug + H(Adsorbent)))
AGaq = (G(Complex) — (Gorug + G(Adsorebnt)))
ASqaq = (S(Complex) — (Hrug + H(Adsorbent)))
K = (exp — (AGaa/RT))

Overall, the software tools and computational
methods employed in this study allowed for the
design and analysis of various structures and
their complexes. The investigation focused on
understanding the drug-adsorbent interaction
through the calculation of adsorption energy
values and thermodynamic parameters. The
results obtained from these calculations will
contribute to a better understanding of the
adsorption process and provide valuable insights
for future drug design and development efforts.
In the aforementioned equations, the variable E
represents the total electronic energy for each
structure being studied. EBSSE, on the other
hand, denotes the basis set superposition
correction. The variable H encompasses the total
energy of the evaluated materials along with the
thermal correction of enthalpy. Similarly, G
symbolizes the total energy plus the thermal
correction of the Gibbs free energy, as described
in reference. R refers to the constant of the ideal

focus of this investigation was the process of
drug adsorption onto an adsorbent material,
which can be represented by the following
equation [30]:

Drug + Adsorbent — Drug-Adsorbent (D

To evaluate the strength of the drug-adsorbent
interaction, adsorption energy values (E.d) and
various thermodynamic parameters
calculated. These thermodynamic parameters
include the thermodynamic equilibrium constant
(Kw), Gibbs free energy changes (AGad), and
adsorption enthalpy changes (AHad). The
calculations of these parameters were carried
out using equations 2-6 [41].

were

(2)
(3)
(4)
(5)
(6)

gas, while S represents the thermal correction
entropy for the structures under investigation.
Lastly, T corresponds to the temperature, as
outlined in reference [42]. These equations,
specifically equations 7-12, are utilized for the
computation of several crucial properties. The
bandgap (Eg), chemical hardness (n), chemical
potential (p), the maximum charge capacity
(ANmax), and electrophilicity (w) of frontier
molecular orbitals are all calculated using these
equations [42].

Eg = Erymo — Enomo (7)

%AE, = % x 100 (8)
E —E

n= ( LUMO HOMO)/2 (9)
E +E

w= ( LUMO HOMO)/2 (10)
2

w="H /277 (11)

ANmaz = =/ (12)
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In the given equations, Eiymo represents the
energy of the lowest unoccupied molecular
orbital, while Enomo represents the energy of the
highest occupied molecular orbital. The
bandgaps of the Nano-adsorbent and CH-
Adsorbent complexes are denoted as Egy and Ega,
respectively [42].

Results and Discussion
Structural and NBO Analysis

The provided initial and optimized structures in
Figures 2 and 3 clearly demonstrate that there
were no significant structural deformations in
the complexes of CH with pristine and Al-doped
nanocages after geometrical optimizations. This
indicates that no chemical bond has formed
between the adsorbate and the adsorbent during
the adsorption process of CH [27]. To determine
the most stable configuration, the interactions
were studied at three different geometries. In the
A and Al-A conformers, CH was inserted near the
B12N12 and AlB11N1, cages, respectively, towards
its chlorine atoms. In the B and Al-B conformers,
the adsorbate was located near the pristine and
Al-doped adsorbents, respectively, towards its
side view (from one of the chlorines and one of
the hydroxyl groups). In the C and Al-C
conformers, CH was placed near the B12N12 and
AlB11N1; cages towards its hydroxyl groups. The
calculated values of total electronic energies and
adsorption energies are presented in Table 1.

As demosnrtated, the adsorption energies are
positive in the case of the pristine nanocage,
indicating that the interaction between CH and
the pristine BN nanocage is experimentally
impossible. However, for AlB11N12, the
adsorption energies are highly negative;
indicating that CH interaction with Al-doped
is experimentally feasible [28].
Amongst the studied configurations, the Al-B
conformer has the most negative total electronic
energy, suggesting that the formation of this
configuration is more energetically favourable
than the others. All of the investigated structures
underwent IR calculations, and the obtained the
minimum and the maximum frequencies are
listed in Table 1. It is worth noting that no
negative frequencies were observed, indicating
that all of the scrutinized structures are true local
minimums [29]. The dipole moments of the CH
molecule before and after adsorption on the
surfaces of B12N12 and AlB11N12 cages are shown
in Table 1. It is observed that the dipole moment
of CH increases after adsorption on both
nanocages, indicating that the CH complexes with
these nanocages are expected to be more soluble
in polar solvents compared to the pure drug
[30]. To further
understand the adsorption mechanism, NBO
computations were performed on the structures.
The results indicate that no chemical bond has
been formed between the drug and the
nanostructures, and the nature of interactions is
physisorption in both cases [40].

nanocluster

without nanostructure

Table 1: The calculated values structural parameters

Total Adsorption Zero-point Maximum IR | Minimum IR Dipole
electronic energy energy frequency frequency Moment
energy (kcal/mol) (kcal/mol) (cm) (cm1) (Debye)
(auw)
CH -1609.019 35.594 100.470 3744.456 2.210
B12N12 -956.146 81.134 322.349 1446.729 0.000
A-Conformer -2565.202 107.335 116.777 110.980 2075.230 2.230
B-Conformer -2565.215 100.523 117.548 201.600 2066.260 3.350
C-Conformer -2565.223 96.101 117.910 213.050 2062.670 2.850
AlB11N12 -1173.727 78.370 240.100 1446.712 3.240
Al-A-Conformer | -2782.806 -36.085 113.907 130.790 2059.340 11.557
Al-B-Conformer | -2782.839 -43.098 114.568 202.810 2057.280 7.142
Al-C-Conformer | -2782.797 -30.166 114.566 197.830 2049.360 2.960
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Figure 2: The initial and optimized structures of CH-B12N12 complexes
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Figure 3: The initial and optimized structures of CH-AIB1:1N12 complexes
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These findings suggest that the interaction
between CH and the B12N12 and AlB11N12 cages is
primarily physical in nature, rather than forming
chemical bonds. This information is valuable for
understanding the behaviour of CH when
interacting with these nanocages, particularly in
terms of solubility in different solvents. Overall,
the increase in dipole moment and the nature of
interactions between CH and the nanocages
provide important insights into the potential
applications of these complexes, particularly in
drug delivery and solubility enhancement.

Thermodynamic Parameters

Thermochemical parameters for the CH
adsorption of on the surfaces of Bi2Ni» and
AlB11N1; have been calculated and presented in
Table 2. The aim of this study was to gain a
deeper understanding of the thermodynamics of
the adsorption process on these nanoclusters.

The results indicate that the interaction of CH

with Bi2N12 is non-spontaneous, endothermic,
and thermodynamically inappropriate. This is
evidenced by the positive values of AHag, AGag
and the negligible values of Kth observed in the
cases of A, B, and C conformers. In contrast, the
interaction of CH with Al-doped nanocluster is
exothermic, spontaneous, and reversible [40].
This is indicated by the achieved negative values
of AHa.g, AGaa and the substantial values of Kth
observed in the cases of Al-A, Al-B, and Al-C
conformers. It should be noted that the negative
values of AS.q observed in both cases show that
the adsorption process on both nanoclusters is
inappropriate in terms of entropy [40]. This may
be attributed to the aggregation of complexes
after interaction with both adsorbents. Overall,
these findings provide valuable insights into the
thermodynamics of CH adsorption on B12N12 and
AlB11N12  nanoclusters, which may have
important implications for future research in this
area.

Table 2: Thermodynamic parameters of the adsorption process

AHaq (kcal/mol) AGaqg (kcal/mol) ASad (cal/mol.K) Ktn
NO
A-Conformer 108.164 116.385 -28.285 2.282x10-8¢6
B-Conformer 100.671 114.258 -42.510 8.381x1085
C-Conformer 96.499 110.030 -42.323 1.083x10-81
Al-A-Conformer -36.036 -25.725 -31.616 8.505x10+18
Al-B-Conformer -43.084 -29.822 -41.472 8.807x10+21
Al-C-Conformer -30.118 -19.807 -31.616 3.756x10+14
FMO Analysis 132.693%, respectively. The bandgap of a

The DOS spectra of B12N12 and its complexes with
CH are given in Figure 4. It can be observed that
the bandgap of the BN nanocage is 6.830 eV.
However, when CH is adsorbed on its surface, the
bandgap decreases to 6.305 eV, 5.670 eV, and
5.442 eV in A, B, and C conformers respectively,
representing a decline of approximately 7.687%,
16.988%, and 20.328%. Similarly, the DOS
spectra of AlB11N12 and its complexes with CH are
shown in Figure 5. The bandgap of AlB11Niz is
initially 4.270 eV. Upon interaction with CH, this
parameter increases to 4.922 eV, 5.829 eV, and
9.936 eV, corresponding to an increase of

approximately = 15.278%, 36.518%, and

compound is related to its
electrochemical conductivity. A molecule with a
narrow bandgap exhibits higher conductivity
compared to a compound with a wider bandgap
[40]. in the
bandgap can serve as an analytical signal for the
detection of the desired analyte, in this case, CH.
In this regard, AlB11Ni; appears to be a more
suitable sensing material for the detection of CH

inversely

Therefore, significant changes

as its bandgap is lower than that of Bi2Niy,
indicating higher conductivity in the Al-doped
nanocage. Furthermore, the
bandgap after CH adsorption are
pronounced in the case of AlB11N1, compared to

variations in
more
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B12N12 [40]. Additional
parameters such as chemical potential, chemical
hardness, electrophilicity, and the maximum
transferred charge were also calculated and are
reported in Table 3. The negative values for the
chemical potential indicate that all of the studied
structures are thermodynamically stable [40].
The chemical hardness of CH is 3.495 eV, and
when it interacts with Bi2N12 and AlB11N1», this
parameter experiences a slight decrease in all of
the complexes.

Chemical hardness is inversely proportional to
chemical reactivity, meaning that a compound
with lower chemical hardness is more reactive
than one with a higher value [40]. Therefore, it
can be inferred that CH complexes with both
nanoclusters exhibit higher chemical reactivity

quantum chemistry

compared to pure CH without any nanocage. The
calculated values of electrophilicity and the
maximum transferred charge are also provided
in Table 3. Both indices indicate the tendency of a
molecule to absorb electrons. It is evident from
the table that both indices for CH show a
significant increase after interaction with both
nanoclusters. Thus, it can be concluded that CH
complexes with B12Ni2 and AlB1iNi; are more
electrophilic than CH without
nanostructures [41, 42].

Overall, the analysis of the DOS spectra and
quantum chemistry parameters suggests that
both Bi;Ni; and AlB11N12 nanoclusters have
unique properties when interacting with CH,
making them potential candidates for sensing
applications or other relevant fields.

pure any
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Figure 4: DOS spectrums of B1zN12 and its complexes with CH
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Table 3: The calculated FMO parameters for CH, B12N12, AIB11N12, and their complexes

EHOMO | ELUMO ANmax
No. (eV) (eV) Eg(eV) | %dAeg n (eV) n(ev) | o(ev) (eV)
CH -8.150 2.160 10.310 5.155 -2.995 0.870 0.581
B12N12 -7.700 -0.870 6.830 3.415 -4.285 2.688 1.255
A-Conformer -7.787 -1.482 6.305 -7.687 3.153 -4.635 3.407 1.470
B-Conformer -7.506 -1.836 5.670 -16.988 2.835 -4.671 3.848 1.648
C-Conformer -7.450 -2.008 5.442 -20.328 2.721 -4.729 4.110 1.738
AlB11N12 -7.310 -3.040 4.270 2.135 -5.175 6.272 2.424
Al-A-Conformer | -7.158 -2.235 4922 15.278 2.461 -4.697 4.481 1.908
Al-B-Conformer | -7.380 -1.551 5.829 36.518 2.915 -4.466 3.421 1.532
Al-C-Conformer | -10.038 -0.102 9.936 132.693 4.968 -5.070 2.587 1.021
8 —— DOS speetrum 8 —— DOS speetrum
Eg=4_27{| (e"') — \firtual orbitals — \firtual orbitals
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Figure 5: DOS spectrums of AlB11N12 and its complexes with CH
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Conclusion

The study investigated the potential of pristine
and Al-doped boron nitride nanoclusters (B12N12
and AlB11N1z) as adsorbents and sensing
materials for the removal and detection of CH
using density functional theory computations.
The findings indicate that the interaction of CH
with B12N1; is experimentally impossible, as it is

characterized by endothermic and non-
spontaneous  behaviour.  Conversely, the
adsorption of CH on AlB11N12 is experimentally
feasible and  exhibits exothermic  and

spontaneous characteristics. This suggests that
Al-doped nanoclusters, especially AlB11N12, hold
promise as effective adsorbents and sensors for
CH removal and detection. Our results revealed
that the presence of water does not significantly
impact the CH interactions with the nanoclusters.
This implies that the proposed materials can
maintain stability and effectiveness even in the
presence of water, enhancing their practical
applicability. The NBO computations
demonstrated that no chemical bond has formed
between adsorbate and adsorbent, and CH
interactions with both nanoclusters are
physisorption. Moreover, the frontier molecular
orbital calculations exhibited that while the
bandgap of Bi2N12 does not undergo substantial
changes during the adsorption process of CH, the
bandgap of AlB11N12 does experience a significant
increase of 132.693% from 4.270 eV to 9.936 eV.
This noteworthy increase in bandgap strengthens
the AlB11N1zpotential as a sensing material for the
CHdetection.

Overall, the theoretical findings of this study
suggest that Al-doped boron nitride nanoclusters,
particularly AlB11N12, hold great promise as
excellent adsorbents and sensors for the removal
and detection of CH. Further experimental
investigations should be conducted to validate
these theoretical predictions and explore the
practical
environmental and analytical chemistry.

applications of these materials in
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