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This research explored the capability of the boron nitride nanocluster (B12N12) to act 
as an efficient adsorbent and sensor for detecting and removing the antidepressant 
drug sertraline (ST) using density functional theory (DFT) calculations. The study 
examined the interaction between ST and B12N12 in different orientations, finding 
that the nanocluster has a stronger attraction to the chlorine atoms in ST. The 
negative values of adsorption energy, Gibbs free energy changes, and enthalpy 
changes indicate that the interaction is experimentally achievable, spontaneous, 
and exothermic. Additional analysis evaluated temperature effects and the 
role of water as a solvent, revealing that adsorption is more effective at lower 
temperatures and remains feasible in aqueous environments. Furthermore, the 
bandgap of B12N12, initially 6.664 eV, was significantly reduced to 4.963 eV after 
ST adsorption, representing a 25.530% decrease and a marked improvement in 
electrical conductivity. These results highlight B12N12 as a promising material for 
applications in sertraline detection and removal, serving as both an adsorbent 
and a sensor.
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INTRODUCTION
The creation of innovative materials for use 

in environmental and pharmaceutical fields has 
become a central area of interest within the scientific 
community [1]. Among these, nanostructures have 
garnered significant attention due to their distinct 
physical and chemical characteristics, which make 
them highly suitable for diverse applications such as 
drug delivery, catalysis, adsorption, and sensing [2]. 
One particularly notable group of nanomaterials 
is boron nitride nanoclusters (BNNCs). These 

materials stand out due to their remarkable thermal 
stability, chemical resistance, large surface area, 
and adjustable electronic properties [3].  In this 
research, we investigate the potential of the boron 
nitride nanocluster B12N12 (Fig. 1) as a material 
for both adsorbing and detecting sertraline, 
a widely utilized pharmaceutical compound 
[4]. Sertraline (ST, Fig. 1), a selective serotonin 
reuptake inhibitor (SSRI), is a widely prescribed 
pharmaceutical agent primarily used to treat major 
depressive disorder, generalized anxiety disorder, 
panic disorder, social anxiety disorder, and other 

http://creativecommons.org/licenses/by/4.0/.
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mental health conditions such as obsessive-
compulsive disorder (OCD) and post-traumatic 
stress disorder (PTSD) [5]. Its mechanism of 
action involves inhibiting the reuptake of serotonin 
in the brain, thereby increasing the availability 
of this neurotransmitter and promoting mood 
stabilization and emotional well-being. Due to its 
efficacy and relatively favorable side-effect profile 
compared to older antidepressants such as tricyclic 
antidepressants (TCAs) and monoamine oxidase 
inhibitors (MAOIs), sertraline has become a 
cornerstone in the pharmacological management 
of mood and anxiety disorders [6]. However, 
the widespread and long-term use of sertraline 
has raised significant environmental concerns. 
Research has shown that trace amounts of 
sertraline, along with its metabolites, are frequently 
detected in various environmental compartments, 
including wastewater, surface water, sediments, 
and even drinking water sources [7]. This 
contamination stems from the incomplete removal 
of pharmaceuticals during conventional wastewater 
treatment processes, which are not specifically 
designed to target these emerging pollutants. As 
a result, sertraline residues can persist in aquatic 
ecosystems, potentially affecting non-target 
organisms such as fish, invertebrates, and algae by 
interfering with their serotonin signaling pathways 
[5]. The ecological consequences of chronic 

exposure to low concentrations of SSRIs like 
sertraline are still being investigated, but studies 
suggest that such exposure may alter behavior, 
reproduction, and survival rates in aquatic species. 
Furthermore, the presence of pharmaceuticals 
in drinking water raises public health concerns, 
as the long-term effects of consuming trace 
levels of these compounds remain unclear [6]. 
Addressing this issue will require advancements 
in wastewater treatment technologies, such 
as the implementation of advanced oxidation 
processes, membrane filtration systems, or 
other innovative methods capable of effectively 
removing pharmaceuticals from water sources. 
Additionally, increased public awareness about 
proper disposal of unused medications and stricter 
regulations on pharmaceutical waste management 
could help mitigate the environmental impact of 
sertraline and other similar compounds [7]. As 
research continues to explore the environmental 
and ecological implications of pharmaceutical 
contamination, it is imperative for scientists, 
policymakers, healthcare providers, and the public 
to collaborate in developing sustainable solutions 
that balance the therapeutic benefits of medications 
like sertraline with their potential impact on 
ecosystems and human health. The occurrence of 
sertraline in aquatic systems poses potential threats 
to ecosystems and human health, emphasizing the 

 

Fig. 1. Optimized structures of ST and B12N12 (gray: carbon, white: hydrogen, green: chlorine, 
blue: nitrogen, yellow: boron) 

  

Fig. 1. Optimized structures of ST and B12N12 (gray: carbon, white: hydrogen, green: chlorine, blue: nitrogen, yellow: boron)
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urgent need to develop effective techniques for its 
detection and elimination [8].

Conventional techniques for eliminating 
pharmaceuticals from water include advanced 
oxidation processes [9], membrane-based 
filtration systems [10], and adsorption using 
activated carbon or other porous substances 
[8]. Although these methods can be effective 
to a degree, they often face challenges such as 
high energy requirements, the risk of secondary 
contamination, or inadequate selectivity [11]. In 
light of these limitations, nanomaterials such as 
BNNCs present a promising alternative due to their 
exceptional adsorption capacity, high selectivity, 
and ability to interact with specific molecular 
targets via chemical or physical mechanisms. 
BNNCs consist of boron and nitrogen atoms 
alternately arranged in a hexagonal lattice 
structure [12]. The distinctive structure of BNNCs 
endows them with exceptional traits such as a large 
bandgap, impressive mechanical durability, and 
outstanding chemical resilience [13]. Among these, 
the B12N12 nanocluster has garnered significant 
attention due to its symmetric architecture and 
advantageous electronic properties [14]. Its 
expansive surface area and abundance of active 
sites make it highly suitable for applications in 
adsorption and sensing [15]. Furthermore, B12N12 
demonstrates robust interactions with various 
organic compounds through mechanisms like 
hydrogen bonding, π-π stacking, and van der 
Waals forces, enhancing its effectiveness as both 
an adsorbent and a sensor [16]. Density functional 
theory (DFT) has emerged as a critical approach 
for exploring the atomic-level interaction 
mechanisms between nanomaterials and target 
molecules [17-20]. DFT sheds light on essential 
factors such as electronic configurations, binding 
energies, charge transfer, and other parameters 
influencing adsorption and sensing behaviors 
[21-23]. Through DFT modeling, researchers can 
anticipate how nanomaterials will perform in 
specific applications and refine their designs to 
achieve greater functionality and efficiency [24-
28]. This study delves into a detailed DFT analysis 
of the interaction between the B12N12 nanocluster 
and ST. By showcasing the dual role of B12N12 as 
both an adsorbent and a sensor, this research 
adds valuable insights to the expanding field of 
nanomaterial-based approaches aimed at tackling 
environmental issues linked to pharmaceutical 
pollution.

Computational Methods
The structural design and analysis of ST, 

B12N12, and their combinations were thoroughly 
performed using GaussView 6 [29] along with 
Nanotube Modeler 1.3.0.3. The process began 
with the geometric optimization of each structure 
to ensure their stability and to enable precise 
analysis. Once optimized, various computational 
studies were carried out, including infrared (IR) 
spectroscopy and frontier molecular orbital (FMO) 
analysis. Computational simulations were executed 
using the Gaussian 16 software suite [30], which 
is recognized for its advanced quantum chemical 
capabilities. Furthermore, density of states (DOS) 
spectra were analyzed with the help of GaussSum 03. 
The primary computational method employed was 
Density Functional Theory (DFT) [31], a quantum 
mechanical approach that solves the Kohn-Sham 
equations to calculate electronic structures. DFT 
is particularly suitable for studying adsorption 
processes due to its efficiency and accuracy when 
applied to systems with medium to large molecular 
sizes. For this research, the 6-31G* basis set [32] 
was used for all calculations. 

This split-valence basis set integrates 
polarization functions on heavier atoms, which 
are essential for accurately capturing electronic 
distributions and interaction energies in systems 
containing heteroatoms like boron and nitrogen. 
The 6-31G* basis set strikes a balance between 
computational efficiency and accuracy, making 
it ideal for studying adsorption behaviors on 
nanoclusters. For this research, the exchange-
correlation functional used was the B3LYP [33] 
hybrid functional, combining Becke’s three-
parameter exchange functional with the Lee-Yang-
Parr correlation functional. The B3LYP functional 
is highly regarded in computational chemistry for 
its consistency in predicting molecular properties 
such as adsorption energies and thermodynamic 
data. To incorporate solvation effects, calculations 
were conducted in both gas and aqueous phases 
using the Conductor-like Polarizable Continuum 
Model (CPCM) [34-37]. Thermodynamic 
parameters were evaluated at three temperatures: 
298 K, 308 K, and 318 K.

The process examined by [38-44] is as follows:  
ST + B12N12 → ST-B12N12                                                                                           (1)  

RESULTS AND DISCUSSION
Structural Analysis

The interaction between ST and B12N12 was 
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thoroughly investigated by examining various 
orientations and conformers to pinpoint the most 
stable configurations. Out of all the conformers 
analyzed, three were identified as the most stable, 
as illustrated in Fig. 2. In the A-Conformer, the 
adsorbent is positioned near ST’s chlorine atoms. 
For the B-Conformer, the nanostructure is oriented 
parallel to the aromatic rings of ST. Lastly, in 
the C-Conformer, B12N12 is located close to the 
amine functional group of the adsorbate. After 
optimizing the geometry for all configurations, it 
was observed that the nanocluster shifted closer to 
the ST structure, indicating a favorable interaction 
between ST and B12N12. Importantly, no structural 

distortions occurred during this process, suggesting 
that the adsorption is relatively strong and can be 
classified as physisorption [44]. To gain deeper 
insights into the adsorption behavior, adsorption 
energy calculations were performed, with results 
presented in Table 1. The negative values of 
adsorption energy across all conformers confirm 
that ST’s interaction with the BN nanocage is 
experimentally feasible. A detailed analysis of Table 
1 highlights that the A-Conformer is energetically 
more favorable compared to B and C, as indicated 
by its more negative total electronic and adsorption 
energy values [45]. The study also examined the 
role of water as a solvent on adsorption energies, 

 

Fig. 2. Initial and optimized structures of ST-B12N12 Complexes (gray: carbon, white: hydrogen, 
green: chlorine, blue: nitrogen, yellow: boron) 

  

Fig. 2. Initial and optimized structures of ST-B12N12 Complexes (gray: carbon, white: hydrogen, green: chlorine, blue: nitrogen, yellow: 
boron)
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showing that while these energies become less 
negative in aqueous conditions, they remain 
negative overall. This suggests that ST adsorption 
is feasible in water, and the presence of water does 
not significantly alter the interactions [46]. The low 
adsorption energy values further confirm that the 
interaction between ST and B12N12 occurs through 
physisorption. Furthermore, the calculated IR 
frequencies listed in Table 1 exhibit no negative 
values, affirming that all examined structures 
represent true local minima. Another parameter 
assessed was the dipole moment, which, as 
displayed in Table 1, increases considerably after ST 
interacts with the BN nanocage. This indicates that 

the ST-B12N12 complexes exhibit higher chemical 
reactivity compared to the unmodified drug 
without the nanostructure [47].

Thermodynamic properties
Thermodynamic parameters, including ∆Had, 

∆Gad, ∆Sad, and Kth, were calculated to analyze 
the adsorption behavior of all conformers in 
both gaseous and aqueous environments at 
three temperatures. The summarized results are 
presented in Table 2. Negative ∆Had and ∆Gad 
values demonstrate that ST adsorption on the BN 
nanocage is exothermic and occurs spontaneously 
in both phases. Conversely, the negative ∆Sad 

Table 1. The structural properties of ST, B12N12 and their complexes in gaseous and aqueous phases at room temperature 
 

Structures 
Total electronic 

energy 
(a.u) 

Adsorption energy 
(kJ/mol) 

νmin 
(cm-1) 

νmax 
(cm-1) 

Dipole moment 
(Deby) 

ST (Vacuum) -1633.216 --- 85.710 4058.180 3.841 

ST (Water) -1633.225 --- 81.000 4063.080 3.960 

B12N12 (Vacuum) -956.165 --- 537.350 1795.870 0.000 

B12N12 (Water) -956.169 --- 531.090 1792.220 0.030 

A-Conformer (Vacuum) -2589.399 -47.259 15.710 3990.450 5.102 

A-Conformer (Water) -2589.403 -23.630 17.930 4112.370 5.893 

B-Conformer (Vacuum) -2589.393 -31.506 23.170 4057.490 6.101 

B-Conformer (Water) -2589.400 -15.753 28.320 4077.910 6.780 

C-Conformer (Vacuum) -2589.388 -18.379 31.280 4080.430 4.567 

C-Conformer (Water) -2589.397 -7.877 30.300 4080.470 4.732 
 
  

Table 1. The structural properties of ST, B12N12 and their complexes in gaseous and aqueous phases at room temperature

Table 2. The calculated thermodynamic parameters in both gaseous and aqueous phases in temperature range of 298-318 K at 10° intervals 
 

Structures ΔHad (kJ/mol) ΔGad (kJ/mol) ΔSad (J/mol) Kth 
A-Conformer-Vacuum-298 -42.194 -38.479 -67.620 5.516×10+06 
A-Conformer-Vacuum-308 -40.394 -36.174 -70.180 1.355×10+06 
A-Conformer-Vacuum-318 -38.594 -33.869 -72.740 3.638×10+05 

A-Conformer-Water-298 -26.310 -12.594 -49.611 1.609×10+02 
A-Conformer-Water-308 -24.510 -10.289 -51.821 5.548×10+01 
A-Conformer-Water-318 -22.710 -7.984 -53.801 2.046×10+01 

B-Conformer-Vacuum-298 -38.240 -44.169 -50.389 5.477×10+07 
B-Conformer-Vacuum-308 -36.440 -41.864 -52.840 1.249×10+07 
B-Conformer-Vacuum-318 -34.640 -39.559 -54.058 3.127×10+06 

B-Conformer-Water-298 -4.606 -10.535 -62.562 7.011×10+01 
B-Conformer-Water-308 -2.806 -8.230 -64.411 2.484×10+01 
B-Conformer-Water-318 -1.006 -5.925 -64.984 9.393×10+00 

C-Conformer-Vacuum-298 -38.240 -44.169 -50.389 5.477×10+07 
C-Conformer-Vacuum-308 -36.440 -41.864 -52.840 1.249×10+07 
C-Conformer-Vacuum-318 -34.640 -39.559 -54.058 3.127×10+06 

C-Conformer-Water-298 -4.606 -10.535 -62.562 7.011×10+01 
C-Conformer-Water-308 -2.806 -8.230 -64.411 2.484×10+01 
C-Conformer-Water-318 -1.006 -5.925 -64.984 9.393×10+00 

 
  

Table 2. The calculated thermodynamic parameters in both gaseous and aqueous phases in temperature range of 298-318 K at 10° 
intervals
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values suggest that the process is not entropy-
driven, indicating aggregation within the ST-B12N12 
complexes post-interaction [40]. Furthermore, 
thermodynamic equilibrium constant calculations 
revealed that the adsorption is entirely reversible 
and classified as physisorption. Temperature effects 
on these parameters were also assessed, showing 
that increasing the temperature from 298 K to 318 
K leads to slight increases in ∆Had and ∆Gad, a 
more negative ∆Sad, and a significant decrease 
in Kth. These findings indicate that adsorption 
is more thermodynamically favorable at lower 
temperatures [41].

FMO Analysis
The DOS spectra of B12N12 and its complexes 

with ST are depicted in Fig. 3. The pristine BN 
nanocage exhibits a bandgap of 6.664 eV. However, 
when ST is adsorbed onto its surface, the bandgap 

undergoes a significant reduction, decreasing to 
5.261 eV, 5.218 eV, and 4.963 eV for conformers A, 
B, and C, respectively. These changes correspond 
to percentage reductions in the bandgap (%∆Eg) 
of -21.049%, -21.697%, and -25.530%. Despite the 
notable bandgap values, this substantial decrease 
in the bandgap of B12N12 upon interaction with ST 
indicates a remarkable improvement in its electrical 
conductivity, as conductivity is inversely related to 
the bandgap. This suggests that the BN nanocage 
could serve as an effective sensing material for 
electrochemical detection of ST [42].

The chemical hardness of ST, initially recorded 
at 2.657 eV, experiences a reduction to 2.631 
eV, 2.609 eV, and 2.481 eV for the A, B, and 
C conformers, respectively, upon interacting 
with the BN nanocage. This decrease signifies 
an enhancement in chemical reactivity during 
the adsorption process. The negative chemical 

 
Fig. 3. The DOS spectrums of B12N12 and its complexes with ST 

 

Fig. 3. The DOS spectrums of B12N12 and its complexes with ST
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potential values indicate that these structures are 
thermodynamically stable and well-suited for 
such interactions. Moreover, the electrophilicity 
indices and maximum charge transfer capacity of 
ST show a notable increase after adsorption on the 
B12N12 surface, suggesting a stronger ability of the 
molecule to accept electrons [43]. This reveals that 
the ST-B12N12 complexes demonstrate heightened 
electrophilic properties compared to the original ST 
molecule, emphasizing their potential usefulness 
in applications that demand improved electron 
absorption capabilities [44].

CONCLUSION
This study explores the remarkable potential of 

the boron nitride nanocluster, specifically B12N12, as 
an effective adsorbent and sensor for addressing the 
removal and detection of sertraline (ST), a widely 
prescribed antidepressant. Using advanced density 
functional theory (DFT) calculations, researchers 
thoroughly examined how sertraline interacts with 
the B12N12 nanocluster in various orientations. The 
results demonstrated a strong affinity of B12N12 
for the chlorine atoms in sertraline, showcasing 
its selective adsorption properties. The calculated 
adsorption energy values, along with negative Gibbs 
free energy and enthalpy changes, confirmed that 
the interaction is not only experimentally achievable 
but also thermodynamically favorable. This process 
is exothermic and occurs spontaneously under 
standard conditions. Additional investigations 
considered external factors such as temperature 
and water as a solvent. Findings revealed that lower 
temperatures improve the adsorption process, while 
the interaction remains stable and efficient even in 
aqueous environments, highlighting its practical 
potential for real-world applications. Furthermore, 
the study examined the electronic properties of 
B12N12, revealing notable changes upon sertraline 
adsorption. The pristine nanocluster initially had a 
bandgap of 6.664 eV, which decreased significantly 

to 4.963 eV after adsorption—a reduction of 
25.530%. This decrease in bandgap enhances the 
material’s electrical conductivity, making it even 
more suitable as a sensor. Overall, these findings 
suggest that B12N12 is an excellent candidate for 
dual applications: acting as an adsorbent to remove 
sertraline from contaminated environments and 
serving as a sensitive sensor to detect its presence. 
The study provides valuable insights into the 
capabilities of B12N12 nanoclusters in addressing 
pharmaceutical contamination and detection 
challenges, paving the way for future innovations 
in nanotechnology-based environmental and 
diagnostic solutions.
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