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ARTICLE INFO ABSTRACT

The research carried out an inquiry into the efficiency of C,B.N, nanoclusters

Article History: as both an adsorbent and a sensor for the elimination and identification of
Received 27 Mar 2024 sulfamethoxazole (SMZ) using density functional theory computations. The
Accepted 19 May 2024 results of the study showed that the interaction between SMZ and C;B.N, is not
Published 01 Jul 2024 only possible but also releases heat and occurs naturally, indicating the potential

of C,B,N, as a very effective adsorbent for eliminating SMZ. Additionally, the
Keywords: study explored the impact of water as the solvent and different temperatures on
Sulfamethoxazole the thermodynamic parameters, ultimately revealing that these factors did not
Adsorption have a significant effect on the connections. Moreover, the analysis of Frontier
Nanocluster Molecular Orbital (FMO) uncovered significant alterations in the bandgap

of C;B,N,, from 8.101 (eV) to 4.875 (eV) (-40.933%) during the adsorption

Antibiotic resistance
DFT simulations

process, hinting at its likelihood to be a helpful electrocatalytic modifier for the
electrochemical detection of SMZ. The study also thoroughly examined several
other FMO parameters. In conclusion, this investigation offers valuable insights
into the promising capabilities of C_B.N_ as a highly effective adsorbent and
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sensor for the elimination and detection of SMZ.
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INTRODUCTION

Sulfamethoxazole (SMZ, Fig.1) is a widely used
antibiotic that belongs to the class of sulfonamides
[1]. It is commonly used to treat various bacterial
infections such as wurinary tract infections,
bronchitis, and ear infections. However, over the
years, there has been a growing concern about the
increasing resistance to SMZ among bacteria [2].
Resistance to SMZ occurs when bacteria develop
mechanisms to evade the effects of the antibiotic
[3]. This can happen through various ways, such
as the production of enzymes that inactivate the
drug, mutations in the bacterial target site that
reduces the binding affinity of the antibiotic, or
the acquisition of genes that confer resistance [4].

* Corresponding Author Email: rezajalali93@yahoo.com

The misuse and overuse of SMZ in both human
and veterinary medicine have contributed to
the emergence of resistant bacterial strains [5].
The importance of addressing resistance to SMZ
cannot be overstated. Antibiotic resistance poses a
significant threat to public health, as it limits the
effectiveness of treatment options and can lead to
prolonged illness, increased healthcare costs, and
higher mortality rates [6]. In the case of SMZ, its
resistance can compromise the ability to effectively
manage common bacterial infections, leading to
treatment failures and the need for alternative,
often more expensive and less accessible antibiotics
[7]. Efforts to mitigate resistance to SMZ involve
a multifaceted approach. This includes promoting
responsible use of the antibiotic in both clinical

This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/.

P. Niknam Rad et al. / DFT Studies on the Sulfamethoxazole Interactions

CsBsNg

SMZ

Fig. 1. The structures of nanocluster (C.B N,) and SMZ (blue: boron, greenish yellow: sulphur, yellow: carbon, white: hydrogen, purple:
oxygen red: nitrogen,)

and agricultural settings, as well as improving
surveillance and monitoring of resistance patterns
[8]. Additionally, research into the development of
new antibiotics and alternative treatment strategies
is crucial to address the growing threat of resistance
[9]. Furthermore, the removal of SMZ from the
environment is also of paramount importance [10].
The presence of SMZ in wastewater and surface
water can contribute to the selection and spread
of resistant bacteria [10]. This is due to the fact
that sub-lethal concentrations of antibiotics in
the environment can exert selective pressure on
bacteria, favoring the survival and proliferation of
resistant strains [11]. Therefore, proper wastewater
treatment and the implementation of advanced
technologies for the removal of SMZ from water
sources are essential to minimize the impact of
antibiotic resistance [12]. Adsorptive removal
presents multiple advantages over alternative
contaminant removal methods [13]. It is highly
effective in removing a wide range of pollutants
from water and air, including organic and inorganic
compounds, heavy metals, and pathogens [14].
This approach is cost-effective, sustainable, and
easily adaptable for various application scales [15].
Overall, adsorptive removal is a valuable solution
for addressing pollution challenges in water and air
treatment, and it is likely to become increasingly
important in environmental remediation efforts
as technology advances [16]. The C,B N, (Fig. 1)
nanocluster is a unique and promising material
that has garnered significant attention in the field
of nanotechnology [17]. Comprised of carbon,
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boron, and nitrogen atoms, this nanocluster
exhibits exceptional properties that make it a
potential candidate for various applications [18-
20]. One of the most intriguing aspects of the
C,B.N, nanocluster is its structural stability and
electronic properties [21-24]. The arrangement
of carbon, boron, and nitrogen atoms within the
nanocluster results in a highly stable configuration,
allowing it to withstand harsh environmental
conditions and maintain its structural integrity
[25-27]. Additionally, the electronic structure
of the CBN, nanocluster gives rise to desirable
properties such as high conductivity and unique
optical characteristics, making it an attractive
material for use in electronic and photonic devices
[28, 29]. Furthermore, the C,B N, nanocluster has
shown promise in catalytic applications. Its unique
surface properties and reactivity make it a potential
candidate for catalyzing various chemical reactions,
offering opportunities for efficient and sustainable
processes in areas such as energy production and
environmental remediation [30]. In addition
to its structural and electronic properties, the
C,B.N, nanocluster also exhibits potential in
biomedical applications. Its biocompatibility and
ability to interact with biological systems make
it a promising candidate for drug delivery and
imaging applications, offering new possibilities for
targeted therapies and diagnostic techniques. In
this respect, the applicability of C,B N, nanocluster
as an adsorbent and sensor for the removal and
detect of SMZ was scrutinized in this research, for
the first time.
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Fig. 2. The initial and optimized structures of nanocluster (C.B.N,

) and SMZ complexes (blue: boron, greenish yellow: sulphur, yellow:

carbon, white: hydrogen, purple: oxygen, red: nitrogen)

COMPUTATIONAL DETAILS

The specific process scrutinized was the
interaction between SMZ and the adsorbent,
leading to the formation of SMZ-Adsorbent
complex as represented by the equation:

SMZ + Adsorbent > SMZ-Adsorbent (1)

The calculated factors were computed by the
procedures outlined in [30-40].

RESULTS AND DISCUSSION

This study focused on investigating the
structures and interaction of the SMZ-C8B6N6
complexes. Figure 2 displays the initial and
optimized configurations of these complexes. The
main objective of the research was to identify the
most stable arrangement among three distinct

Nanomed Res J 9(2): 206-212, Spring 2024
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configurations: ~ A-Conformer, B-Conformer,
and C-Conformer. In the A-Conformer, the
nanostructure is positioned near the benzene
ring of SMZ, with a parallel orientation. Likewise,
the B-Conformer situates the adsorbent in
close proximity to the methyl isoxazole ring of
SMZ, also in a parallel orientation. In contrast,
the C-Conformer situates the adsorbent near
the aliphatic chain of SMZ. After geometrical
optimization, it was observed that the adsorbate
shifted noticeably towards the adsorbent in all
configurations, indicating a significant level of
interaction between the two [33]. This analysis
offers valuable insights into the interaction between
SMZ and C8B6NG6, providing understanding of
the preferred configurations and the nature of
their bonding. These findings enhance knowledge
of molecular interactions at the nanoscale, with
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Table 1. Structural properties of SMZ, C,BN, and their complexes

NO Adsorption energy Zero-point energy Vmin Vimax Dipole moment
(kJ/mol) (kJ/mol) (cm™) (cm™) (Deby)

SMZ (Vacuum) --- 702.027 44.125 4221.450 1.890
SMZ (Water) --- 704.322 44.366 4319.635 2.120
CsBsNs (Vacuum) --- 285.853 374.992 1643.391 0.000
CsBsNe (Water) --- 295.319 376.376 1639.742 0.020
A-Conformer (Vacuum) -78.790 1098.466 20.331 3770.363 5.480
A-Conformer (Water) -64.535 1103.166 22.050 3771.003 6.110
B-Conformer (Vacuum) -43.029 1115.133 13.469 4224.244 7.120
B-Conformer (Water) -31.527 1099.820 14.308 4226.491 8.090
C-Conformer (Vacuum) -105.194 1104.320 13.692 4309.409 9.010
C-Conformer (Water) -86.302 1108.622 16.161 4311.479 9.980

potential implications for various applications in
materials science and nanotechnology. The findings
in Table 1 consistently show that the adsorption
energies are negative, indicating that the adsorption
process is feasible under experimental conditions
[34]. Additionally, a thorough analysis of the impact
of water as a solvent on the adsorption energies
has revealed that it does not significantly affect
the underlying interactions [35]. This discovery
highlights the resilience of the adsorption process,
regardless of the presence of water as a solvent. Upon
closer examination, it is clear that the presence of
water has minimal impact on the modification of
adsorption energies. These results contribute to our
understanding of the adsorption process and its
ability to withstand various solvent environments.
After undergoing geometric optimizations, the
structure underwent IR computations, leading to
the identification of both minimum and maximum
frequencies as outlined in Table 1. All calculated
frequencies showed positive values, indicating that
the structures scrutinized represent verified local
minima. This result confirms the stability of the
analyzed structures [36]. Moreover, Table 1 presents
dipole moment values, unveiling noteworthy
fluctuations in the dipole moment subsequent to
the adsorption of SMZ onto the CB.N, surface.
This finding implies a substantial improvement in
the solubility and chemical reactivity of SMZ when
it is adsorbed on the nanocluster [37]. Within the
various configurations examined, the C-Conformer
demonstrated the most negative adsorption
energy value, indicating that the formation of this
arrangement is more preferable than others.
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The thermodynamic parameters presented
in Table 2 reveal a notable exothermic and
spontaneous interaction between SMZ and CB.N,,
as indicated by the negative values of AH ;and AG ,
[40]. This suggests that the interaction between the
two compounds releases heat and occurs without
external influence. Additionally, the study delved
into the effects of temperature and solvent on these
interactions and determined that neither factor
had a significant impact on the thermodynamic
parameters [39]. This implies that the nature of the
interaction remains consistent across a range of
temperatures and in various solvents. Of particular
interest are the negative values of ASad, indicating
that the adsorption process is unfavorable in terms
of entropy [38]. This suggests that there is a decrease
in disorder or randomness during the adsorption
process, potentially leading to the aggregation
of nanostructures after the drug adsorption.
This insight into the thermodynamic parameters
provides valuable information regarding the nature
of the interaction between SMZ and CB.N,,
shedding light on the underlying processes at play.
In conclusion, the thermodynamic analysis reveals
important characteristics of the interaction between
SMZ and C8B6NG6, highlighting its exothermic
and spontaneous nature, as well as the impact of
temperature and solvent. The unfavorable entropy
change observed during the adsorption process
offers intriguing implications for the aggregation of
nanostructures. This comprehensive understanding
of the thermodynamic parameters enriches our
knowledge of these interactions and paves the way
for further exploration in this field.
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Table 2. The calculated Thermodynamic parameters

NO AH.q (kJ/mol) AGaa (kJ/mol) AS.a (J/mol)
A-Conformer-Vacuum-298 -99.501 -43.380 -182.132
A-Conformer-Vacuum-308 -97.702 -37.511 -184.691
A-Conformer-Vacuum-318 -95.909 -31.642 -187.253

A-Conformer-Water-298 -6.524 -43.386 -176.344
A-Conformer-Water-308 -4.720 -36.265 -178.906
A-Conformer-Water-318 -2.921 -29.147 -182.462
B-Conformer-Vacuum-298 -67.306 -16.594 -163.940
B-Conformer-Vacuum-308 -65.500 -12.607 -166.501
B-Conformer-Vacuum-318 -63.702 -8.620 -169.069
B-Conformer-Water-298 -55.804 -5.092 -174.453
B-Conformer-Water-308 -54.009 -3.184 -172.310
B-Conformer-Water-318 -52.203 -1.276 -174.879
C-Conformer-Vacuum-298 -124.900 -68.790 -176.984
C-Conformer-Vacuum-308 -123.105 -65.579 -179.543
C-Conformer-Vacuum-318 -121.301 -62.368 -182.109
C-Conformer-Water-298 -115.011 -68.790 -170.130
C-Conformer-Water-308 -113.218 -63.378 -172.697
C-Conformer-Water-318 -111.413 -57.966 -175.256
Table 3. The calculated FMO parameters
NO Enowmo (eV) Erumo (eV) Eg (eV) %AEg n (ev) u(eVv) w (eV) ANmax (eV)
SMZ -7.731 4.376 12.107 --- 6.054 -0.678 0.038 0.112
CsBsNe -5.629 2472 8.101 --- 4.051 -1.579 0.308 0.390
A-Conformer -3.456 1.329 4.785 -40.933 2.393 -1.064 0.236 0.445
B-Conformer -4.987 2.190 7.177 -11.406 3.589 -1.399 0.273 0.390
C-Conformer -4.567 1.876 6.443 -20.467 3.222 -1.346 0.281 0.418

The results displayed in Table 3 offer compelling
evidence ofthesignificantimpact of SMZ adsorption
on the properties of CBN,. It is apparent that
the bandgap of CB N, undergoes a marked shift
from 8.101 eV to 7.177, 6.443, and 6.433 eV for
A, B, and C conformers, respectively, indicating
a substantial change in bandgap during the
adsorption process. This finding strongly suggests
that the assessed nanocluster has the potential to
effectively alter the electrocatalytic detection of
SMZ. Additionally, it is important to note that
the chemical hardness of SMZ notably decreases
upon interaction with CBN,, indicating enhanced
chemical reactivity. The identification of negative
values for the chemical potential further supports
the thermodynamic stability of the structures
being studied. Moreover, upon interaction with the
C,BN, surface, SMZ displays a marked increase
in both electrophilicity and maximum transferred
charge capacity, indicating a heightened tendency
for electron absorption. In essence, these results
suggest that SMZ-C B N, complexes exhibit greater

Nanomed Res J 9(2): 206-212, Spring 2024
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chemical reactivity compared to pure SMZ in the
absence of a nanostructure.

CONCLUSION

The study conducted an in-depth analysis of the
efficacy of C;B N, nanocluster as both an adsorbent
and sensor for the purpose of removing and
detecting sulfamethoxazole (SMZ) using density
functional theory computations. The findings
of the research revealed a viable, exothermic,
and spontaneous interaction between SMZ and
C,BN,, indicating the potential of CBN, as
an efficient adsorbent for the removal of SMZ.
Moreover, the investigation into the influence of
water as the solvent and varying temperature on
the thermodynamic parameters demonstrated
that these factors did not have a significant impact
on the interactions. Additionally, the Frontier
Molecular Orbital (FMO) analysis uncovered
notable changes in the bandgap of C.B N, during
the adsorption process, suggesting its potential
utility as an effective electrocatalytic modifier for
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the electrochemical detection of SMZ. The study
also delved into a detailed discussion of other
FMO parameters. In conclusion, this study offers
valuable insights into the potential use of CB N, as
an efficient adsorbent and sensor for the removal
and detection of SMZ.
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