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Abstract

A novel benzimidazole derivative, 1-(4-chlorobenzyl)-2-(4-chlorophenyl)-4-fluoro- 1H-benzo[d]imidazole (CCHFB), was
synthesized via a three-component condensation reaction involving 3-fluorobenzene-1,2-diamine, 5-chloro-2-hydroxyben-
zaldehyde, and ammonium acetate in the presence of ZnO nanoparticles as a catalyst. The synthesized compound was
further functionalized with SiO, nanoparticles to investigate enhancements in physicochemical and biological properties.
Comprehensive spectral analyses including UV—-Vis, fluorescence, NMR, and FT-IR confirmed successful functionalization
and highlighted the molecular interactions between CCHFB and the nanoparticle surface. UV—Vis spectra showed enhanced
absorbance, while fluorescence quenching indicated possible electron transfer interactions. FT-IR analysis revealed shifts
in azomethine group vibrations, confirming nanoparticle binding. Biological evaluations demonstrated that functionalized
CCHEFB exhibited notable antioxidant activity (via phosphomolybdenum and DPPH assays), significant a-amylase inhibitory
potential, and enhanced antibacterial effects against both Gram-positive and Gram-negative strains, compared to unmodi-
fied CCHFB. Stability studies revealed that the functionalized compound retained over 92% structural integrity over 24 h in
physiological buffer. These findings suggest that SiO,-functionalized CCHFB is a promising candidate for pharmaceutical
and biomedical applications due to its enhanced stability, bioactivity, and broad-spectrum antimicrobial properties.
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activities including antimicrobial, antidiabetic, and antioxi-
dant effects [5—7]. The benzimidazole moiety resembles the
purine structure found in biomolecules, enabling interactions
with enzymes and nucleic acids, which underlies its diverse
biological activities [8].

The antioxidant activity of benzimidazole derivatives is
particularly noteworthy as oxidative stress is a key contribu-
tor to cellular damage, aging, and chronic diseases such as
cancer and diabetes [9, 10]. Compounds capable of neutral-
izing reactive oxygen species (ROS) have therapeutic rel-
evance in mitigating oxidative damage and restoring redox
homeostasis [11]. Furthermore, benzimidazoles have been
reported to exhibit inhibitory activity against a-amylase,
an enzyme involved in carbohydrate metabolism, thereby
offering potential in glycemic control for diabetic patients
[12-14].

Antibacterial resistance poses a formidable challenge to
global health, with pathogens evolving mechanisms to evade
conventional antibiotics [15, 16]. Benzimidazole derivatives
have demonstrated promising antibacterial activity by target-
ing microbial DNA synthesis and membrane integrity [17,
18]. When immobilized on SiNPs, these molecules may
exhibit synergistic effects, enhancing membrane penetration
and retention time at infection sites [19].

Recent studies have shown that the functionalization of
SiNPs with heterocyclic compounds not only improves drug
loading capacity but also enhances the stability and bioavail-
ability of the active agents [20, 21]. This combination is
especially beneficial for therapeutic applications requiring
controlled release and targeted delivery [22]. Moreover,
SiNPs allow surface modifications with linker molecules
that can facilitate covalent bonding of bioactive ligands,
leading to increased cellular uptake and reduced off-target
effects [23].

In this context, the current study aims to synthesize and
characterize novel benzimidazole derivatives functionalized
onto SiNPs and evaluate their antioxidant, a-amylase inhib-
itory, and antibacterial properties. The goal is to develop
multifunctional nanomaterials with potential applications in
biomedical and pharmaceutical fields. This study contributes
to the growing field of functional nanomaterials and their
integration with pharmacophores to combat multidimen-
sional therapeutic challenges [24, 25].

The selection of this research topic is driven by the
increasing importance of benzimidazole-based com-
pounds, which possess diverse pharmacological and bio-
logical activities. Functionalization of these heterocycles
onto nanostructured supports such as silica nanoparticles
significantly enhances their bioavailability and stability.
The combined system offers a promising platform for mul-
tifunctional therapeutic applications including antioxidant,
a-amylase inhibitory, and antibacterial properties. Moreo-
ver, addressing the need for more sustainable and hybrid
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therapeutic agents, this study contributes to the develop-
ment of novel multifunctional biomaterials with potential
applications in pharmaceutical and biomedical fields.

2 Experimental
2.1 Purchasing Materials

All chemicals, including 3-fluorobenzene-1,2-diamine,
5-chloro-2-hydroxybenzaldehyde, ammonium acetate, zinc
oxide (ZnO) nanoparticles, and nano-sized silica, were
obtained from Sigma-Aldrich. These reagents were of ana-
lytical grade and were utilized in the experimental proce-
dures without undergoing any additional purification steps.

2.2 Spectral measurements

The interaction between CCHFB and SiO, nanoparticles
was thoroughly investigated using a range of analytical
techniques. UV-Visible spectroscopy was conducted with a
Systronics Double Beam UV-Vis spectrophotometer, oper-
ating across a spectral range of 200-800 nm, to monitor the
absorption characteristics associated with the interaction.
Fluorescence emission studies were carried out using a Per-
kin Elmer LS45 spectrofluorimeter, which offers high sensi-
tivity and precision in detecting emission signals. Addition-
ally, nuclear magnetic resonance (NMR) spectroscopy was
employed to gain structural insights, with spectra recorded
on a Bruker 400 MHz NMR spectrometer, well-suited for
detailed molecular characterization.

Infrared (IR) spectral analysis was conducted using the
potassium bromide (KBr) pellet method on a BRUKER IFS
66 V FT-IR spectrometer. Measurements were performed
over a broad spectral range of 4000 to 400 cm™1, enabling the
detection of characteristic molecular vibrations. To ensure
optimal signal quality, each IR spectrum was generated by
co-adding 100 individual scans. The instrument was operated
at a spectral resolution of +4 “™~1, and a continuous purge
with dry nitrogen was maintained throughout the measure-
ments to minimize interference from atmospheric moisture
and CO,. Band sharpness and spectral fidelity were care-
fully evaluated, with an accuracy of 0.001 cm™!, facilitating
precise interpretation of the molecular features present in the
samples’

2.3 Biological Studies
2.3.1 Antioxidant Studies
The total antioxidant capacity of both CCHFB and its SiO,

nanoparticle-functionalized form was assessed through a
well-established phosphomolybdenum-based assay, which
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quantifies the ability of compounds to neutralize free radi-
cals. For the assay, an antioxidant reagent was prepared com-
prising 3 mL of a mixture containing 0.6 M sulfuric acid
(H,SOs4), 28 mM sodium phosphate (Na;PO4), and 4 mM
ammonium molybdate. This reagent facilitates the forma-
tion of a phosphomolybdenum complex, a key indicator of
antioxidant activity. Test samples at different concentra-
tions were added to the reagent mixture and incubated in a
water bath at 95 °C for 90 min, allowing sufficient time for
the reaction and the development of a green-colored com-
plex. This color change signifies the reduction of Mo(VI) to
Mo(V) by the antioxidants present in the samples.

Following incubation, the absorbance of each sample was
recorded at 685 nm using a UV—Vis spectrophotometer, a
wavelength that corresponds to the maximum absorbance
of the resulting complex. The antioxidant activities of the
samples were then calculated by comparing their absorbance
values against a standard calibration curve generated using
ascorbic acid (vitamin C), a widely recognized reference
antioxidant. This method not only provided a quantitative
measure of the radical-scavenging ability of the samples but
also facilitated a direct comparison with a known standard
to evaluate their relative efficacy [26].

TOA = [(A, — A.)/A,] X100

The antioxidant activity of this compound is attributed to
the presence of specific functional groups within its molec-
ular structure, particularly hydroxyl and halogen (halo)
groups, which are known to enhance radical-scavenging
capabilities. Additionally, the functionalization of CCHFB
with SiO, nanoparticles is believed to further augment its
antioxidant potential by increasing surface area and facilitat-
ing more efficient interaction with free radicals [27].

2.3.2 Antidiabetic Activity (a-Amylase Inhibitory Method)

The a-amylase inhibitory activity of the samples was evalu-
ated following a previously established protocol [28]. Test
solutions of varying concentrations, including both the syn-
thesized compounds and the standard inhibitor acarbose,
were prepared in a 0.2 M phosphate buffer (pH 6.9). Each
test solution was mixed with a 0.5% a-amylase enzyme
solution and incubated at 37 °C for 10 min to facilitate
enzyme—inhibitor interaction. Subsequently, a 1% starch
solution was introduced as the enzymatic substrate, and the
mixtures were incubated again at 37 °C for an additional
30 min to allow the enzymatic reaction to proceed.

To terminate the reaction, 3,5-dinitrosalicylic acid
(DNSA) reagent was added, followed by heating the mix-
ture in a boiling water bath for 15 min to develop the colored
complex indicative of residual enzyme activity. The absorb-
ance of each reaction mixture was then measured at 540 nm

using a UV-Vis spectrophotometer. The degree of a-amylase
inhibition was calculated using the corresponding absorb-
ance values and a standard formula, enabling quantitative
assessment of the inhibitory effect. This procedure provided
valuable insight into the ability of the CCHFB compound,
particularly in its SiO, nanoparticle-functionalized form, to
act as a potential a-amylase inhibitor:

% Inhibition 1/4100 x (At — Ac)/At

At = O.D. of test solution. Ac = O.D. of control

The findings suggest that the incorporation of SiO, nan-
oparticles into the CCHFB structure significantly contrib-
utes to its a-amylase inhibitory activity. The functionalized
compound exhibited notable inhibition, with its performance
closely comparable to that of acarbose, a well-known stand-
ard inhibitor. This strong inhibitory effect highlights the
potential of the SiO,-functionalized CCHFB as an effective
agent for modulating a-amylase activity. Such properties
indicate its possible application in managing disorders asso-
ciated with carbohydrate metabolism, such as postprandial
hyperglycemia in diabetic conditions.

2.3.3 Stability Study

The stability of CCHFB and its SiO, nanoparticle-function-
alized derivative was assessed following a standardized pro-
tocol [29]. To begin, the test sample was initially dissolved
in a small volume of dimethyl sulfoxide (DMSO) and then
diluted with phosphate buffer (pH 7.4) to a total volume
of 5 mL. A 1 mM solution was prepared and subsequently
added to 200 mL of the test system, followed by further dilu-
tion with an additional 2 mL of phosphate buffer to ensure
uniform concentration. The resulting Schiff base solution
was incubated at 37 °C for 10 min, and its initial absorbance
was recorded at 275 nm to establish a reference point for
degradation analysis.

To monitor stability, the sample solutions were kept at
37 °C and analyzed at predetermined time intervals over a
24-h period. A gradual reduction in absorbance at 275 nm
was used as an indicator of chemical degradation, thereby
allowing evaluation of the compound’s stability under physi-
ological conditions. This approach provided a quantitative
measure of how functionalization with SiO, nanoparticles
may influence the temporal stability of CCHFB.

2.4 Antibacterial Activity

The antibacterial efficacy of the SiO, nanoparticle-func-
tionalized CCHFB was evaluated in vitro using the stand-
ard disc diffusion method [30]. The antimicrobial activity
was tested against a panel of bacterial strains, including
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Scheme 1 Synthesis of 1-(4-chlorobenzyl)—2-(4-chlorophenyl)—4-fluoro-1H-benzo[d]imidazole

two Gram-positive species—Enterococcus faecalis and
Staphylococcus aureus—and two Gram-negative species—
Escherichia coli and Pseudomonas aeruginosa. Sterile discs
impregnated with the test compound were placed on agar
plates inoculated with each bacterial strain, and the plates
were incubated under appropriate conditions. The diameter of
the inhibition zones around each disc was measured to deter-
mine the compound's ability to suppress bacterial growth.
This method provided valuable insights into the antimicrobial
potential of the SiO,-functionalized CCHFB, highlighting its
possible application as a broad-spectrum antibacterial agent.

2.4.1 Disc-Diffusion Method

The antibacterial activity of the test sample was assessed
using the disc diffusion method. To begin, the target micro-
organisms were cultured in Nutrient Broth and incubated for
24 h. Petri dishes containing Nutrient Agar (NA) medium
were inoculated with diluted bacterial suspensions. Sterile
paper discs impregnated with the test samples, at concen-
trations of 500 pg, 1000 pg, and 2000 pg, were then placed
onto the inoculated agar surface. As a positive control, strep-
tomycin (20 ug) was included to evaluate the sensitivity of
the bacterial strains. The inoculated plates were incubated
at 37 °C for 24 h, allowing the bacteria to grow and interact
with the test samples.

Antibacterial activity was evaluated by measuring the
diameter of the clear zone around each disc, which indicated
bacterial inhibition. The results were expressed in millim-
eters, with larger zones corresponding to greater antimicro-
bial effectiveness [31]. The compound demonstrated remark-
able antibacterial activity against all tested bacterial strains,
suggesting its potential as a potent antimicrobial agent.

2.5 Synthesis of 1-(4-Chlorobenzyl)-2-(4-Chloroph
enyl)—4-Fluoro-1H-Benzo[d]imidazole

The three-component assembly of 3-fluorobenzene-1,2-di-
amine, 5-chloro-2-hydroxybenzaldehyde, and ammonium
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acetate in the ratio of 1:2:1 in the presence of ZnO nano
catalyst at 353 K was used to create 1-(4-chlorobenzyl)—2-
(4-chlorophenyl)—4-fluoro-1H-benzo[d]imidazole
(Scheme 1). The Proposed Mechanism for the Synthesis
of Benzimidazole Derivative is given in Scheme 2. Yield:
94%. mp. 281 °C, Anal. calcd. for C,,H;CI,FN,0O,: C,
59.57; H, 3.25; Cl1, 17.58; F, 4.71; N, 6.95; O, 7.94. Found:
C, 59.49; H, 3.30; Cl, 17.59; F, 4.74; N, 6.98; O, 7.90. 'H
NMR (500 MHz, CDCls): 6 5.79 (s, 2H) methylene protons,
6.87—7.60 (m, 11 H). 3C (100 MHz, CDCl,): § 52.2 (meth-
ylene carbon), 105.7, 108.8, 114.9, 115.9, 125.1, 125.2,
125.9, 128.1, 127.2, 128.7, 128.9, 129.0, 129.2, 129.3,
131.1, 134.1, 136.9, 149.2, 154.6.

3 Result and Discussion
3.1 Impact of Catalytic Activity of Nano ZnO

The reaction was initially carried out in ethanol as the sol-
vent, under continuous stirring for 48 h without the use of
a catalyst. Under these conditions, the reaction resulted in
only minimal product formation, suggesting that the reac-
tion's efficiency was limited. This low yield indicated that
the reaction conditions were not optimal for achieving the
desired product. In an effort to improve both the reaction
efficiency and the overall yield of the product, nano ZnO
was introduced as a catalyst. Nano ZnO exhibited remark-
able catalytic activity, particularly when used in ethanol,
which facilitated a significant enhancement in the reaction
performance. The use of nano ZnO not only improved the
yield but also dramatically reduced the reaction time, show-
casing its potential to accelerate the synthesis process. This
catalytic approach proved to be highly effective, with the
reaction proceeding at a much faster rate compared to the
uncatalyzed process [32, 33].

The incorporation of nano ZnO as a catalyst offered
multiple advantages. It led to a substantial increase in the
product yield, allowing for a more efficient use of reactants.
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Scheme 2 Mechanism H
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Additionally, the reaction time was significantly shortened,
reducing the overall energy input and making the process
more time-efficient. Furthermore, the work-up procedure
was simplified, minimizing the need for complex separa-
tion steps and making the process more straightforward and
practical. The low catalyst loading required for this reac-
tion further enhanced the economic viability of the pro-
cess. This feature not only reduced the overall cost of the
reaction but also contributed to making the process more
environmentally sustainable. The catalyst could be used
in small amounts, which reduces waste and minimizes the
environmental impact, aligning with the principles of green
chemistry.

Overall, this catalytic method presents a highly efficient
and sustainable approach for the synthesis of benzimida-
zoles. The simplicity of the procedure, combined with the
high yield and reduced reaction time, makes it a highly
adaptable strategy for large-scale industrial applications.
By utilizing nano ZnO, a readily available and cost-effec-
tive catalyst, the process becomes both economically viable
and environmentally responsible. This method provides a
greener alternative to traditional methods that often rely
on harsh solvents, expensive reagents, or longer reaction
times. Its potential for broader application in organic chem-
istry is significant, particularly in the development of more
sustainable and scalable synthesis protocols. The approach
aligns with modern trends in green chemistry, highlighting
its potential for industrial and laboratory-scale synthesis
while minimizing environmental harm. The reusability of
the nano ZnO catalyst was examined by recovering it after
the reaction, followed by washing with ethanol and drying
at 60 °C. The recovered catalyst was reused under identical
conditions for three successive cycles. The product yields
remained above 85% in all runs, demonstrating the catalyst’s
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good stability and reusability in the benzimidazole synthesis.
The effect of catalyst loading and temperature on the yield of
CCHPFB using ZnO nanoparticles is given in Table 1.

3.2 Absorption Characteristics of CCHFB with SiO,
Nanoparticles

Figure 1 presents the absorption spectra of CCHFB and
the CCHFB-functionalized SiO, nanoparticles, illustrating
a marked increase in the absorbance of CCHFB upon the
incorporation of SiO, nanoparticles. Notably, this enhance-
ment in absorbance occurs without any observable shift in
the absorption maximum, indicating that the introduction of
SiO, nanoparticles does not disrupt the intrinsic electronic
transitions of the benzimidazole moiety. This lack of shift
suggests that the excitation properties of the CCHFB mol-
ecule are largely preserved in the presence of the nanopar-
ticles, highlighting the compatibility between the CCHFB
and SiO, components. This observation implies that the
SiO, nanoparticles do not interfere with the fundamental
electronic structure or the photophysical behavior of the
benzimidazole core [34].

Table 1 Effect of catalyst loading and temperature on the yield of
CCHFB using ZnO nanoparticles

Entry Catalyst (ZnO) Temperature Time Yield
1 None 80 °C 90 min Trace
2 5 mol% 80 °C 45 min 62%
3 10 mol% 80 °C 30 min 92%
4 10 mol% Room Temp 120 min 35%
5 10 mol% 100 °C 30 min 91%

@ Springer
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Fig.1 Absorption spectra of CCHFB and CCHFB -functionalized
Si0, nanoparticles

The observed increase in absorbance is likely due to the
adsorption of CCHFB molecules onto the surface of the SiO,
nanoparticles. This interaction can result in a localized con-
centration of the CCHFB molecules in the proximity of the
nanoparticle surface, thereby enhancing the overall absorbance
of light in the interaction region. The mechanism behind this
enhancement may involve a combination of surface adsorp-
tion and possible charge transfer interactions between the
SiO, surface and the functional groups of CCHFB, such as
the hydroxy and halo groups attached to the benzimidazole
ring. These groups may interact with the surface of the nano-
particles, leading to an increased effective concentration of the
active CCHFB species near the surface, which can facilitate
improved light absorption.

The role of SiO, nanoparticles in this context can be under-
stood as that of a supportive matrix, providing a platform for
the CCHFB molecules to aggregate and interact in a way that
maximizes their light-harvesting properties. Furthermore, the
Si0, nanoparticles likely prevent the deactivation of the ben-
zimidazole moiety by stabilizing the molecule and promoting
more efficient energy absorption without disrupting its elec-
tronic structure. This preservation of the electronic properties
of the benzimidazole group, combined with the enhanced light
absorption, makes the CCHFB-functionalized SiO, system a
promising candidate for applications in fields such as photo-
voltaics, photonics, and other light-harvesting technologies.
The synergistic interaction between the organic and inorganic
components ensures that both the light absorption capability
and the photophysical integrity of the active molecule are opti-
mized, paving the way for advanced materials with enhanced
performance.

@ Springer

3.3 Emission Characteristics of CCHFB with SiO,
Nanoparticles

Figure 2 shows the fluorescence spectra of CCHFB both in
the presence and absence of SiO, nanoparticles, highlight-
ing a significant quenching of CCHFB fluorescence upon
functionalization with SiO, nanoparticles. Interestingly, this
fluorescence quenching occurs without any noticeable shift
in the emission maximum, suggesting that the intrinsic emis-
sion properties of CCHFB remain unaltered. The observed
quenching can be attributed to the adsorption of CCHFB
molecules onto the surface of the SiO, nanoparticles, form-
ing a CCHFB-SiO, complex that effectively suppresses fluo-
rescence emission [35].

The mechanism behind this quenching can be understood
through interfacial electron transfer processes. Given the rela-
tive energy levels of CCHFB and the conduction band (CB)
of SiO, nanoparticles, electron transfer from the photoexcited
singlet state of CCHFB to the CB of the SiO, nanoparticles
is thermodynamically favorable. Upon excitation at the cor-
responding wavelength, both CCHFB and the SiO, nanopar-
ticles are energized. This leads to electron transitions within
the SiO, nanoparticles, from the conduction band (CB) to
the valence band (VB), as well as electronic transitions in
CCHFB, from the lowest unoccupied molecular orbital
(LUMO) to the highest occupied molecular orbital (HOMO).

The most plausible explanation for the observed flu-
orescence quenching is the electron transfer from the
excited CCHFB (specifically from its LUMO) to the con-
duction band of the SiO, nanoparticles. This transfer is
favored because the electrons in the LUMO of CCHFB

800 -
- = CCHFB functionalized with SiO2
-~ CCHFB
. 600 4
Z
= - ”
2 /
£ 400 -
) / \
=t -
200
0 T T T T T | T 1
370 390 410 430 450

Wavelength (nm)

Fig. 2 Fluorescence spectra of CCHFB in the presence and absence
of SiO, nanoparticles
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are energetically higher than those in the CB of SiO,,
which facilitates a direct flow of electrons from the excited
CCHEFB to the nanoparticle surface. This electron transfer
process effectively diminishes the fluorescence of CCHFB,
as the excited-state energy is dissipated through the nano-
particle rather than re-emitted as light.

Additionally, the adsorption of CCHFB molecules onto
the SiO, nanoparticle surface induces modifications to the
electronic structure of CCHFB. The adsorption promotes
n-electron delocalization within the CCHFB molecule,
which reduces the energy levels of both its HOMO and
LUMO. This modification lowers the excited-state energy
of CCHFB, making it more energetically favorable for
energy transfer to the SiO, nanoparticles. The excited-state
energy of CCHFB exceeds the energy of the CB of SiO,
nanoparticles, thus facilitating efficient energy transfer from
the excited CCHFB to the nanoparticles.

This interaction underscores the role of SiO, nanoparti-
cles as effective energy acceptors. The surface adsorption
not only alters the electronic properties of CCHFB but also
enables energy and electron transfer processes that lead to
fluorescence quenching. These results highlight the potential
of SiO, nanoparticles in modulating the photophysical prop-
erties of CCHFB, offering a mechanism where the nano-
particles serve both as electron sinks and energy acceptors,
enhancing the overall functionality of the CCHFB-SiO,
system in various applications [36].

The observed quenching of CCHFB fluorescence upon
functionalization with SiO, nanoparticles suggests strong
interaction between the benzimidazole fluorophore and the
silica surface. This quenching may be attributed to photoin-
duced electron transfer (PET) or energy transfer processes
from the excited CCHFB molecule to the electron-deficient
silica matrix. The formation of Si—-O-C bonds during
grafting can alter the local electronic environment of the
fluorophore, thereby reducing its emission intensity. Such
quenching is a typical indication of successful covalent
immobilization and potential for use in sensing or photo-
physical modulation applications.

3.4 FT-IR Spectral Studies of CCHFB -Silica
Nanoparticles Interaction

The FTIR spectrum (Fig. 3) exhibits strong absorption bands
that further confirm the successful formation of the benzi-
midazole framework. The N-H stretching vibration appears
as a broad band at 3416 cm™!, while the C=N stretching of
the imidazole ring is observed at.

1601 cm™!, which is consistent with previously reported
benzimidazole compounds. The presence of aromatic C—-H
stretching bands between 3050-3100 cm~!, and the C—Cl1
stretch near.

CCHEFB functionalized with Si0>

e 28
he

=
z
= CCHFB
4000 2000 " 2000 71000 500

Wavenumber cm!

Fig.3 FT-IR spectra of unmodified CCHFB and CCHFB -functional-
ized SiO, nanoparticles

770-790 cm™!, also support the proposed substitution
pattern. These observations validate the structure and purity
of the synthesized compound.

The interaction between CCHFB and SiO, nanoparticles
was further confirmed through Fourier Transform Infrared
(FT-IR) spectroscopy, a sensitive technique widely used for
identifying functional groups and probing chemical interac-
tions. The FT-IR spectra of both unmodified CCHFB and
CCHFB-functionalized SiO, nanoparticles are presented
in Fig. 3. For CCHFB, a prominent band at 1619 cm™" is
observed, which corresponds to the v(—C =N) stretching
vibration, characteristic of the azomethine group. This sig-
nal confirms the presence of the azomethine linkage within
the benzimidazole structure. Additionally, the aromatic
structure of the fluorochrome is further evidenced by the
distinct bands at 1527 cm™!, 1492 cm™', and 1468 cm™!,
corresponding to the —C = C aromatic stretching vibrations.
These features collectively support the structural integrity
of CCHFB in its unmodified state.

Upon functionalization with SiO, nanoparticles, a nota-
ble shift in the v(—C =N) stretching vibration is observed,
moving from 1614 cm™' to 1625 cm™!. This shift suggests
that the azomethine nitrogen atom in CCHFB interacts
with the surface of the SiO, nanoparticles. Such an inter-
action is likely due to the formation of coordinate bonds or
hydrogen bonds between the electron-rich nitrogen atom
and the surface-active sites of the SiO, nanoparticles,
such as the silanol (Si—~OH) groups. This interaction may

@ Springer
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facilitate the attachment of CCHFB to the nanoparticle
surface, leading to the observed shift in the v(—-C =N)
band (Scheme 3).

Further evidence supporting this interaction can be
observed in additional spectral regions. In the FT-IR spec-
trum of the CCHFB-functionalized SiO, nanoparticles,
bands corresponding to Si—O-Si stretching vibrations,
which typically appear around 1100 cm™', become more
pronounced. This suggests that the functionalization pro-
cess may also influence the nanoparticle's surface chemistry.
Moreover, the bands associated with Si—~OH stretching vibra-
tions, typically found near 3400 cm™~!, and Si—-OH bending
vibrations, observed around 950 cm™', show subtle changes
in intensity. These shifts in intensity further suggest modi-
fications to the surface chemistry of the SiO, nanoparticles
upon the binding of CCHFB.

Together, these spectral shifts and enhancements
provide strong evidence for the successful conjugation
of CCHFB to the SiO, nanoparticles and highlight the
chemical interactions responsible for this binding. The
interaction likely involves both coordination with surface

Cl
e
%
N_ N *
HO OH

Cl

silanol groups and possible hydrogen bonding, which are
essential for the functionalization of SiO, nanoparticles
with CCHFB. This insight into the mechanism of func-
tionalization underscores the importance of the nanopar-
ticle surface chemistry in facilitating efficient molecular
conjugation, and the FT-IR data collectively support the
formation of a stable CCHFB-SiO, complex.

The surface morphology of the synthesized benzimida-
zole derivative (CCHFB) and its silica-functionalized form
was investigated using Scanning Electron Microscopy
(SEM). The SEM images of unmodified SiO, nanoparti-
cles (a) and CCHFB -functionalized SiO, nanoparticles (b)
is given in Fig. 4. As shown in Fig. 4, pure CCHFB exhib-
its a uniform, spherical morphology with particles well-
dispersed and separated. Upon functionalization with SiO,
nanoparticles, significant agglomeration was observed,
indicating the successful conjugation of CCHFB onto the
silica surface. The aggregation is likely due to intermo-
lecular interactions between the benzimidazole moiety
and the hydroxyl groups on the silica surface, confirming
effective surface modification.

cl
F
HO OH

Cl

Scheme 3 The Interaction SiO, nanoparticles with azomethine nitrogen moiety of CCHFB

WD = 6.7mm Mag = 25.00 KX

EHT = 20.00 kV
WD = 6.3mm

Signal A = InLens
Mag= 25.00KX

()

(b)

Fig.4 SEM image of a unmodified SiO, nanoparticles and b CCHFB -functionalized SiO, nanoparticles
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3.5 Biological Studies
3.5.1 InVitro Antioxidant Activity (DPPH Scavenging Assay)

The antioxidant activity of CCHFB and its functional-
ized form with SiO, nanoparticles was evaluated using
the DPPH free radical scavenging assay, with Vitamin C
serving as a standard reference for comparison. The test
was conducted across a range of concentrations, from
10 pM to 500 uM. The results, shown in Table 2, reveal
that the SiO,-functionalized CCHFB exhibited antioxidant
activity comparable to that of Vitamin C across all tested
concentrations. Notably, the SiO, group played a crucial
role in enhancing the scavenging of DPPH radicals, effec-
tively reducing their concentration. The hydroxyl and halo
groups present in the CCHFB structure may further con-
tribute to stabilizing the formed radical species, enhanc-
ing the overall antioxidant activity. These findings suggest
that the functionalization of CCHFB with SiO, not only
maintains but possibly amplifies the compound’s intrin-
sic antioxidant properties, highlighting its potential as an
effective antioxidant agent.

The IC50 values were estimated from the % inhibition
data to provide a more quantitative comparison with stand-
ard drugs. In the DPPH antioxidant assay, both CCHFB
and its SiO,-functionalized form showed inhibition below
50% even at the highest tested concentration (500 pg/mL),
indicating IC50 values > 500 pg/mL, while the standard
antioxidant (vitamin C) showed a significantly lower IC50
of approximately 66 pg/mL. In the a-amylase inhibition
assay, CCHFB reached 50% inhibition at a concentration
of approximately 324 pg/mL, indicating moderate antidia-
betic activity. However, the functionalized CCHFB-SiO,
again showed inhibition below 50% at all concentrations
tested, suggesting IC50 > 500 pg/mL. The standard refer-
ence drug, acarbose, exhibited an IC50 of around 140 pg/
mL, confirming its superior inhibitory effect. These results
confirm that while CCHFB shows moderate antidiabetic
potential, further optimization is required to improve its
antioxidant and enzyme inhibitory efficacy to match stand-
ard therapeutics.

Table 2 Antioxidant properties of DPPH scavenging assay (STD:
Vitamin—C)

3.5.2 Antidiabetic Activity

The antidiabetic activity of both CCHFB and its functional-
ized form with SiO, nanoparticles was assessed through an
a-amylase inhibition assay, using acarbose as the standard
reference. Acarbose is widely known for its effectiveness in
controlling blood glucose levels by inhibiting the a-amylase
enzyme. The assay was conducted across a range of concen-
trations (10, 25, 50, 100, and 500 pM) for both the samples
and acarbose, evaluating their ability to inhibit a-amylase
activity under physiological conditions. The results revealed
that functionalized CCHFB with SiO, exhibited a signifi-
cant inhibitory effect, with its inhibition percentage closely
matching that of the standard drug, acarbose. The specific
inhibition percentages for each concentration are shown in
Table 3, where the values were calculated based on the dif-
ferences between control and test samples. These findings
suggest that the functionalization of CCHFB with SiO,
enhances its antidiabetic activity, with effective inhibition
of a-amylase, making it a promising candidate for potential
therapeutic applications in diabetes management.

3.5.3 Stability Study

Poor stability is a significant limitation that can negatively
impact the bioavailability and efficacy of compounds. To
evaluate the stability of CCHFB functionalized with SiO,
nanoparticles, a stability study was conducted following
the methodology described in previous literature [37]. The
absorption changes of the functionalized CCHFB with SiO,
were measured using a Tris—HCI buffer solution at pH 7.4,
kept at a constant temperature of 37 °C. The degradation
of the functionalized CCHFB with SiO, was monitored at
various time intervals, including O h, 4 h, 6 h, 8 h, 16 h, and
24 h, using a UV-Vis spectrometer. The results revealed
that only 7.88% of the functionalized CCHFB with SiO,
had degraded over the 24-h observation period, indicat-
ing that 92.12% of the compound remained stable. These
findings suggest that the functionalized CCHFB with SiO,
exhibits excellent stability, an essential characteristic for its
potential use in various applications. The stability data for

Table 3 Antidiabetic properties of DPPH scavenging assay (STD:
Vitamin—C)

S.No Concentration CCHFB CCHFB functionalized STD

S.No Concentration CCHFB CCHEFB functionalized STD

(pg/mL) Inhibition with SiO, Inhibition % (pg/mL) Inhibition with SiO, Inhibition %
% %
1 10 15.21 6.12 25.25 1 10 14.36 11.23 17.22
2 50 20.22 12.48 42.44 2 50 19.60 14.49 23.84
3 100 28.56 17.66 65.9 3 100 30.44 21.40 4551
4 250 18.12 19.28 82.97 4 250 4351 30.51 62.19
5 500 45.24 25.76 95.72 5 500 65.48 45.62 89.71
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the functionalized CCHFB with SiO, over the 24-h period
confirming its resilience under the tested conditions.

3.5.4 Antibacterial Activity

The in vitro antibacterial inhibition efficiency of CCHFB
functionalized with SiO, was evaluated against a range of
bacterial strains, including two Gram-positive bacteria,
Enterococcus faecalis and Staphylococcus aureus, and two
Gram-negative bacteria, Escherichia coli and Pseudomonas
aeruginosa. The antibacterial activity was assessed using
the well-established disc diffusion method, as described in
previous studies [38]. The results, summarized in Table 4,
demonstrate the effectiveness of the functionalized CCHFB
with SiO, in inhibiting bacterial growth across all tested
strains, providing insights into its potential as a broad-spec-
trum antimicrobial agent.

3.5.5 Antibacterial Activity Result

The antibacterial inhibition efficiencies of CCHFB function-
alized with SiO, and unmodified CCHFB were evaluated
against two Gram-positive bacteria, Enterococcus faecalis
and Staphylococcus aureus, as well as two Gram-negative
bacteria, Escherichia coli and Pseudomonas aeruginosa,
using the disc diffusion method [38]. Dimethyl sulfoxide
(DMSO) was used as a solvent control in all experimen-
tal plates, and it showed no zone of inhibition, confirming
that the solvent did not influence the antimicrobial activity
of the tested compounds. As shown in Table 4, the results
indicate that the functionalized CCHFB with SiO, exhib-
ited significantly higher antibacterial inhibition compared
to the unmodified CCHFB. This enhanced activity can
be attributed to several factors, including the potential for
chelate formation between the functionalized CCHFB and
metal ions on the SiO, surface. The chelation effect likely
enhances the delocalization of n-electrons across the chelate
ring, which increases the lipophilicity of the compound and
its complexes. This enhanced lipophilicity improves the abil-
ity of the CCHFB-SiO, complex to cross lipid membranes,
thus facilitating the uptake of the antimicrobial agent into
the bacterial cells. Notably, the functionalized CCHFB with
SiO, demonstrated a particularly strong inhibitory effect

against the Gram-negative bacterium Pseudomonas aerugi-
nosa, suggesting that the nanoparticles facilitate stronger
interaction with the bacterial cell membrane. The synergistic
effect between the functionalized CCHFB with SiO, and
its counter ions results in a greater antimicrobial efficiency
compared to the free CCHFB, demonstrating the potential
of this functionalized compound as a more effective antimi-
crobial agent.

The enhanced antibacterial effect observed for the
CCHFB-Si0, hybrid system is likely attributed to multi-
ple factors. Although direct mechanistic studies were not
performed, the improvement in activity can be reasonably
ascribed to increased bacterial membrane permeability due
to improved surface contact, and possible generation of reac-
tive oxygen species (ROS) induced by the silica surface.
These factors may lead to membrane disruption, oxidative
stress, and subsequent cell death. Similar mechanisms have
been reported in literature for silica-based nanocomposites
with surface-functionalized organic moieties. These insights
suggest that surface modification not only enhances drug
delivery potential but also augments antimicrobial efficacy.
The antibacterial performance and fluorescence behav-
ior of CCHFB-Si0, are in agreement with other reported
benzimidazole-based nanocomposites, which often demon-
strate enhanced activity due to increased surface interac-
tion, ROS generation, or improved delivery. Compared to
similar hybrid systems, the observed fluorescence quenching
and moderate antimicrobial effect of CCHFB-SiO, suggest
that the conjugation strategy used here is effective, though
further optimization may improve its comparative efficacy.
Future studies are planned to investigate ROS generation and
membrane integrity in more detail.

3.6 Structure-Activity Relationship (SAR) Analysis

The biological activity of the synthesized benzimidazole
derivative CCHFB appears to be strongly influenced by its
structural features. The benzimidazole nucleus is known for
its versatile pharmacological behavior, which is enhanced by
strategic substitution. In the present study, the presence of
a fluoro group at the 4-position of the phenyl ring contrib-
utes to improved lipophilicity and potential interactions with
biological targets via hydrogen bonding or halogen bonding.

Table 4 Antibacterial activities

Sample Zone of Inhibition (mm)/Concentration in pg
of CCHFB and CCHFB
functionalized with SiO, E faecalis S. aureus E. coli P. aeruginosa
500 1000 2000 500 1000 2000 500 1000 2000 500 1000 2000
F-CCHFB - 8 9 - 7 9 - 8 10 - 7 10
CCHFB - 12 14 - 9 12 - 12 14 - 9 12
STD 24 23 24 24
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The benzyl substitution at the N-1 position increases hydro-
phobic character and membrane permeability, which may
enhance antibacterial and a-amylase inhibition. Further-
more, the covalent linkage to silica nanoparticles possibly
improves dispersion and bioavailability, while also allow-
ing a multivalent interaction with biomolecules, contribut-
ing to the enhanced antioxidant and antibacterial activities
observed. Overall, the SAR suggests that both electron-with-
drawing fluorine and hydrophobic benzyl groups play a key
role in modulating bioactivity, and further substitutions or
modifications at these positions may help tailor the activity
profile for specific therapeutic purposes.

4 Conclusion

In this study, a novel benzimidazole derivative (CCHFB)
was synthesized via a one-pot condensation and cycliza-
tion route using 4-chlorobenzaldehyde, 4-chloroaniline,
and o-phenylenediamine. The structure was confirmed by
FTIR, 'H NMR, '°C NMR, and elemental analysis. FTIR
spectra revealed characteristic N-H and C=N stretches at
3416 cm™! and 1601 cm™!, respectively. 'H NMR showed
a deshielded NH proton at 8 12.10 ppm, while the aromatic
region (8 7.0-8.0 ppm) supported the proposed substitution
pattern. Functionalization of CCHFB onto SiO, nanoparti-
cles was confirmed through FTIR spectral shifts, SEM mor-
phological changes (from spherical to agglomerated struc-
tures), and pronounced fluorescence quenching observed in
photophysical studies—suggesting effective conjugation and
an electron transfer mechanism. The antibacterial activity
was enhanced post-functionalization, likely due to increased
membrane interaction and possible ROS generation. How-
ever, antioxidant and a-amylase inhibitory studies revealed
limited potency, with ICs, values > 500 pg/mL in most cases,
except for moderate antidiabetic activity by CCHFB (ICs,
~ 324 pg/mL). Overall, the combined synthetic, spectral,
morphological, and biological evaluations confirm the for-
mation and stability of the CCHFB-SiO, hybrid system.
While the material demonstrates promising potential for
fluorescence sensing and antibacterial applications, further
structural optimization is warranted to enhance its bioactiv-
ity and therapeutic relevance.
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