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Abstract

Novel binary (Ag/R) and ternary (Ag/R/CTAB) complexes were prepared using eco-
friendly synthesized silver nanoparticles (AgNPs), an azo derivative ligand—4-(2-(4-
fluorophenyl) diazen-1-yl) benzene-1,2,3-triol (R) and cetyltrimethylammonium bromide
(CTAB). XRD analysis revealed the formation of a crystal structure in both binary and
ternary complexes. In the binary complex, the main diffraction peaks were observed at
19.42°, 38.08°, 44.24°, 64.42°, 77.28° and 81.46°. In the ternary complex, peaks were
recorded at 21.39°, 30.82° and 44.36°. UV-vis analyses showed significant shifts in the
absorption bands, which indicate that the electronic transitions changed during the formation
of the complexes. The main peaks of the R reagent were observed at 216, 365 and 432 nm,
and after combining with Ag, these values changed to 201, 276 and 416 nm. When CTAB
was added, peaks were recorded at 207, 237 and 276 nm. IR results showed the main
functional groups involved in the structure of the complex. Vibrations related to O-H, C=0
and Ar-N=N-Ar groups were clearly observed in the spectra. In addition, the formation of Ag-
O bonds was confirmed in the region between 570, 544 and 515 cm™. Overall, the obtained
results indicate that both binary and ternary complexes were successfully synthesized and that
they are structurally stable.
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1. Introduction

In recent years, combined use of nanoparticles with azo reagents has attracted a lot of
attention. This combination makes the system very stable and expands its functional
properties. Azo groups prevent nanoparticles from aggregation and increase the stability of
the system. At the same time, the N=N groups in their structure are distinguished by strong
color characteristics [1-7]. These types of properties of nanoparticles are mainly related to
their surface area and the limited movement of electrons. Silver nanoparticles are widely used
not only in optics but also in fields such as photocatalysis, photonics and information storage,
their high optical responsivity makes them suitable for use in colorimetric sensors [7-15]. In
literature, a number of studies have been conducted in this field. For example, Hassanpoor
and his colleagues have developed a highly sensitive spectrophotometric method for the
determination of Uranium (V1) ions [16]. Kaushal Kumar compared the antibacterial
properties of nanoparticles, while Minjie showed the relationship between the shape of the
particles and their activity [17]. Minjie et al. synthesized silver nanoparticles with various
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controlled shapes and investigated the effect of these shapes on their antibacterial properties.
As a result, it was found that the morphology of the nanoparticles plays an important role in
their antimicrobial efficacy [18]. The main objective of this study is the synthesis of new
binary and ternary complexes based on AgNPs, an azo derivative reagent, and CTAB. At the
same time, the use of these complexes in the determination of ions and the effect of azo
compounds and CTAB on the stability and efficiency of the system were studied. The
structure, synthesis and properties of the obtained complexes were investigated by various
analytical methods, including spectrophotometry, X-ray diffraction and infrared spectroscopy.
In addition, the combined use of AgNPs and CTAB was evaluated to determine how the
stability, sensitivity, and electronic properties of the complexes were modified. The results
obtained show that this approach opens up new possibilities for more accurate and reliable
determination of ions and other analytes and has promising applications in the fields of
catalysis, sensing, and analytical chemistry [19-21]. The main purpose of this work is to
obtain new complexes of nanoparticles with azo coupling and CTAB, and to study the binary
and ternary complexes obtained by various methods. The results show that the combined use
of CTAB and silver nanoparticles increases both the stability and sensitivity of the system and
creates opportunities for more effective analytical applications. The findings suggest that
these complexes hold promise for the development of efficient and reliable detection methods
for a wide range of ions and other analytes.

2. Experiments

Materials
Silver nitrate (AgNO3z, PLC 141459, 98% chemically pure), cetyltrimethylammonium
bromide (CTAB, AB 117004), B-D glucose (CsH1206, CAS N0.50-99-7); sodium hydroxide
(NaOH, PLC 1416x87), soluble starch ((CeH100s)n, PLC 121096, 98% chemically pure),
ethanol (CoHsOH, CAS No0.64-17-5, 95%), benzidine (C =12H12N 2, CAS No0.92-87-5),
sodium nitrite (NaNO., CAS No.7632-00-0), hydrochloric acid (HCI, CAS No.-01-0), were
used employed in this study.

Research methods.

The crystal structure of the synthesized silver nanoparticles and their complexes with
the pyrogallol-based reagent were analyzed using X-Ray diffraction on a Rigaku Mini Flex
600 diffractometer an ambient condition. The UV spectra and optical properties of Ag
nanoparticles and silver-based complexes were studied using an ultraviolet spectrophotometer
(Specord 210) at room temperature over within the spectral range of 200-900 nm. IR spectra
of samples were measured on an infrared spectrometer Varian 640-IR at wavelength 400-
4000 cm-1 at room temperature.

Preparation of Ag nanoparticles.

The formation of Ag nanoparticles begins with the preparation of solutions containing
key reagents. A 1% starch solution is combined with a 0.01 M AgNOs solution, followed by
the addition of a mixture comprising 0.2 M glucose and 0.07 M NaOH solutions. The
obtained solution is mixed for 30 minutes. During this period, the color of the solution
becomes dark brown, which indicates that the colloidal solution of silver nanoparticles has
formed [18-20]. It is then processed in an R 5430 Eppendorf ultracentrifuge operating at
12,000 rpm to ensure the stability of the nanoparticles and to remove residual ions. Afterward,
the nanoparticles are washed multiple times using an aqueous-ethanol solution. It is
noteworthy that throughout the synthesis process, the dissolved starch plays function as both a
reductant and a stabilizing agent. Sodium hydroxide (NaOH) functions as an activating agent,
facilitating the reaction Kkinetics, where glucose plays the role as a reducing agent,
contributing to the formation of Ag nanoparticles [22].
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Synthesis of 4-2-(4fluorphenol) diazen-1) benzene-1,2,3 triol reagent.

To diazotize parafluoroaniline (PFA), add 2.48 g (0.01 mol) of it to a 500 ml three-
necked flask and dissolve it in 2.5 ml of measured volume of hydrochloric acid solution. The
system was maintained at o low temperature until reaching 0°C with ice and solution of 0.69
g (0.01 mol) was added dropwise a of NaNO: in 5 mL of water while stirring with a
mechanical stirrer, leading to the formation of the diazonium salt. If the temperature of the
system rises above 0°C, ice cubes are incorporated to the mixture. Carry out diazotization
reaction at 0°C for 30 min. Add a small amount of urea to the solution to remove excess
sodium nitrite. Add 1.26 g (0.01 mol) of pyrogallol to a 500 ml three-necked flask and
dissolve it in 10 ml of pH 3 solution. Reduce the temperature of the mixture to 0°C and
supply the diazonium solution by slow addition while stirring with a mechanical stirrer. Carry
out the synthesis reaction of the azo compound for 1.5-2 hours. The obtained colored
precipitate is filtered through a vacuum filtration setup, rinsed with distilled water,
purification by recrystallization, and dried in a desiccator filled with CaCl2. The yield is 76%.

Preparation of Ag/R/CTAB based complex.

In this article, we explore the formation of the Ag/R/CTAB-based complex, where Ag
represents silver nanoparticles, R denotes a pyrogallol-based azo compound, and CTAB
functions as a stabilizing agent. The synthesis method commences with the preparation of the
pyrogallol-based azo compound, synthesized using a method documented in the literature.
The reagent, with a concentration of 10° M, is accurately measured and dissolved in an
alcohol-water solution. Subsequently, the obtained sample is moved to a 100 mL
measurement flask. Following this, 50 ml of the reactive solution is poured to a 100 mL glass
vessel. To this solution, 10 ml of Ag nanoparticles with a concentration of 0.01 M are added,
and the solution is continuously stirred for 2 hours. The color change that occurs at the
beginning indicates the formation of a coordination bond as the first stage of synthesis. After
that, 5 ml of CTAB is added to the obtained binary complex, and stirring is continued for 2
hours. At this stage, a color change occurs again, which indicates the formation of a ternary
system. The obtained complexes are dried at 180 degrees in 3 hours to reduce the amount of
solvent and moisture. [23-25].

3. Results and discussion

In figure 1, the X-ray diffraction patterns of the complexes formed by silver
nanoparticles (AgNPs) with azo-based reagents are presented. X-ray diffraction (XRD) was
utilized to examine the crystal configurations of AgNPs and their complexes. crystalline
structure distinct peaks are observed, where amorphous or non-crystalline materials display
diffuse and weak patterns. The Debye-Scherrer equation (1) was applied to determine the
crystallite sizes of the reagent binary and ternary complexes.

KA
D= BCOSO @)

In this equation K represents a constant (K=0,94), A4 denotes the X-ray wavelength
(1=1.5406 A,Cy, Ka radiation), 6- corresponds the diffraction angle.

In figure 1b, sharp diffraction peaks are observed at 20 = 19.42°, 38.08°, 44.24°, 64.42°,
77.28°, and 81.46°, which correspond to the planes of the binary complex formed by the
reagent with silver. In figure 1¢c when CTAB is added as a third component, new peaks appear
at 26 = 21.39°, 30.81°, and 44.36°, corresponding to additional planes. The broadening of the
peaks indicates that the crystals are very small in size. Based on the XRD diffractograms, the
average crystal size in the Ag/R binary complex is calculated to be 10.09 nm, while in the
Ag/R/CTAB ternary complex, the average crystal size increases to 19.2 nm.
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Figure 1. Diffraction patterns of reagent R (a), binary Ag/R (b) and ternary Ag/R/CTABTr (c)
complexes

In figure 1b, sharp diffraction peaks are observed at 20 = 19.42°, 38.08°, 44.24°, 64.42°,
77.28°, and 81.46°, which correspond to the planes of the binary complex formed by the
reagent with silver. In figure 1¢c when CTAB is added as a third component, new peaks appear
at 20 = 21.39°, 30.81°, and 44.36°, corresponding to additional planes. The broadening of the
peaks indicates that the crystals are very small in size. Based on the XRD diffractograms, the
average crystal size in the Ag/R binary complex is calculated to be 10.09 nm, while in the
Ag/R/ICTAB ternary complex, the average crystal size increases to 19.2 nm.

Ag/R Ag/R/ICTAB
20 B D, nm 20 B D, nm
19.42° 9.53 0.88 21.39° 0.44 19.2
38.080° 0.87 10.09 30.81° 0.34 25.32
44.24° 1.45 6.18 44.36° 0.44 20.37
64.42° 0.84 11.68

Table 1. X-ray diffraction (XRD) parameters of binary and ternary complexes

Infrared (IR) spectroscopy for silver nanoparticles can reveal information about the
capping agents or stabilizing ligands surrounding the nanoparticles. The IR spectra of the
AgNPs combined with the azo-based reagent display characteristic peaks corresponding to the
chemical groups existing in the stabilizing agents. As depicted in Figure 2 a, the IR spectrum
of the R reagent displays well defined absorbsion band in the 3800-3000 cm™* and 500-1800
cm! regions. The reagent contains aromatic rings, hydroxyl (—OH), and azo (—-N=N-)
functional groups. In the spectrum of compound R, a wide absorbsion band observed in the
region of 3386-3390 cm™! is assigned to the O—H vibration. The shift of this signal to
approximately 3400 cm™ in the Ag/Rg complex, along with a decrease in its intensity,
indicates the coordination of hydroxyl groups with silver nanoparticles. The characteristic
signal of the azo group (—-N=N-) shifts from 1443 cm™ to 1451 cm™* upon the addition of
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silver, confirming that this functional group also participates in interaction with the metal.
The absorption band belonging to the aromatic C=C system moves from 1607 cm™ to 1614
cm™'. This change indicates that the electron distribution sharing in the molecule has changed
and the interaction effect with silver has occurred. The band belonging to the C-O group also
moves from 1274 cm™ to 1281 cm™. which in this case is related to the formation of metal-
ligand bond and changes in hydrogen bonding. In the range of 500-600 cm™, the formation of
new weak peaks at 530 cm™ and 525 cm™' confirms the formation of coordination interactions
with silver. In the spectrum of the ternary complex (Ag/R/CTAB), these changes are even
more pronounced, indicating that CTAB enhances the stability of the complex and induces
additional structural modifications. In the study by Lutsenko A. et al. the structures and IR
spectra of Ag*—phenol complexes were investigated in the gas phase using photodissociation
spectroscopy and quantum chemical methods. The results indicate that Ag® ions form
coordination bonds with the functional groups of phenol molecules, leading to spectral
changes [27]. Wang et al reported that azo dye-stabilized silver nanoparticles exhibit IR
spectral shifts in the N=N and O-H vibration regions, indicating specific interactions between
the azo groups and the nanoparticle surface [28]. Kvitek et al. demonstrated that phenolic and
aromatic amine groups serving dual roles as both reducing and stabilizing agents during silver
nanoparticle formation, causing notable shifts in IR bands associated with these functional
groups [29,30].
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Figure 2. IR spectra of reagent R (a), binary Ag/R (b) and ternary Ag/R/CTABTr (c) complexes
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Figure 3. UV spectra of Ag nanoparticles (), reagent R (b), binary Ag/R (c) and ternary complexes
Ag/R/ICTAB (d)

UV-V is spectroscopy of silver is an effective method for studying the optical properties
of complexes resulting from the interaction between silver nanoparticles (AgNPs) and azo
compounds. In the UV spectra of silver nanoparticles, it has been determined that the
maximum intensity of the absorption bands of silver nanoparticles vary between 400-450 nm
supporting on their scale. Figure 3 demonstrates that the Uv absorbsion spectrum of reagent R
spans 200-500 nm, showing maxima at 218,369 and 412 nm, which correspond to transitions
of C-C bonds and n-p transitions of C=N functionalities. When 0.01 M concentrated silver
nanoparticles are added to the reagent solution, the absorption curves of the resulting binary
complex move to the lower wavelength relative to the peak at 416 nm of the Ag nanoparticle,
resulting in the appearance of new maximum peaks at 201 nm, 276 nm, and 416 nm. The
formation of the Ag-R nanocomposite is accompanied by a visible color transition from dark
brown to yellow confirming complex formation. The addition of CTAB as a stabilizing agent
to the Ag nanoparticle-R reagent system leads to the formation of a ternary system. This
results in noticeable spectral changes, where the absorption maxima of the ternary system are
shifted toward shorter wavelength compared to the reagent. This hypochromic shift can be
attributed to quantum size effects. The interaction between ag nanoparticles and the reagent |
the presence of a surfactant results in new absorption features associated with surface
plasmon resonance. In addition, the system exhibits a color change from dark brown to light
yellow, which is related to nanoparticles aggregation. This aggregation also causes a
hypochromic shift, with the peak shifting to a smaller wavelength. In Figure 3, the shift of the
silver nanoparticle spectrum, marked by 1, compared to the spectra of the reagent and the
complexes, is associated to the intensity of the silver plasmon resonance. Based on this, it can
be concluded that the plasmon frequency of silver is higher in the case of the binary and
ternary complexes compared to the unmodified Ag nanoparticle.

4. Conclusion

In this work, binary and ternary complexes were synthesized based on silver
nanoparticles in the presence of a pyrogallol reagent (R) and cetyltrimethylammonium
bromide (CTAB), an azo derivative. Based on the X-ray diffraction results, the observation of
peaks at angles 20 = 19.42°, 38.08° and 44.24° in binary complexes, and 20 = 21.39°, 30.81°
and 44.36° in ternary complexes indicates that they have a crystalline structure. During the
infrared spectroscopy analysis, the signals of the main functional groups involved in the
complexation, -O-H, -C=0 and C=C, as well as the bands corresponding to the Ag—O bonds
in the regions of 570, 515 and 544 cm™! were recorded, which confirms the complexation
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process. In the UV-Vis spectrum, it is clearly seen that the position of the absorption maxima
has changed. For the binary complex, peaks were determined at 201 nm, 276 nm and 416 nm,
and for the ternary complex, these peaks were determined at 207 nm, 237 nm and 276 nm.
The change in the color of the solution from dark brown to yellow also confirms the
formation of the Ag-R-based nanocomposite. As a result, these complexes have crystal
structures and are resistant to oxidation.
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