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Abstract. The synthesis process of island silver films was investigated, with a focus on the role of solution
pH as a key parameter for successful film formation. It was determined that the optimal pH for effective synthesis
is 8. The results of particle distribution analysis by Feret diameter, performed using the ImageJ software, are also
presented. The distribution histogram confirmed that the chemically deposited film is of high quality. The
developed synthesis method enables the fabrication of silver nanoparticle films with tailored properties. The
influence of the synthesized silver films on the luminescent properties of anthracene was studied, highlighting
their potential applications in photonics and sensor technologies.
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1. Introduction

In recent years, there has been rapid development in research devoted to localized surface plasmon
resonance (LSPR) of metallic nanoparticles (NPs), which has contributed to the emergence of advanced
analytical techniques and technological solutions [1]. When interacting with a light source, NPs made of
metals such as silver, gold, copper, or aluminum exhibit collective oscillations of free electrons, leading to a
significant enhancement of the electromagnetic field in their vicinity. It has been reported that the electric
field intensity near such nanoparticles can increase by a factor of up to 10* [2]. Fluorophore or analyte
molecules located in close proximity to these NPs experience intense external influence, which accelerates
photocatalytic reactions [3], enhances luminescence, and facilitates surface-enhanced Raman scattering
(SERS) [4, 5].

Plasmon-enhanced fluorescence is a well-studied phenomenon. Research shows that the fluorescence of
dye molecules can either be enhanced or quenched depending on the distance between the nanoparticles and
the emitting species, as well as their mutual dipole orientation. This effect finds applications in devices based
on the control of radiative processes. The LSPR of metallic nanoparticles influences the relaxation dynamics
of photoexcited emitters through the Purcell effect [6, 7] and also contributes to the reduction of the lasing
threshold in dye-based lasers. Plasmonic effects are employed in the development of materials with tailored
optical properties, in sensing technologies, and in optoelectronic devices [8, 9].

Particular interest lies in the influence of plasmons on long-lived luminescence processes associated
with spin effects. Long-lived triplet states are crucial for fundamental processes and have significant
practical relevance. For instance, prolonged emission of molecular probes is used in bioimaging to improve
the signal-to-noise ratio. Triplet states are also utilized in photosynthetic systems for the generation of singlet
oxygen, which is essential in photodynamic therapy, antibacterial treatments, and in the treatment of skin and
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respiratory diseases. Moreover, triplet states of organic compounds find applications in OLED technologies,
solar cells, and transistors [10, 11].

This article presents the results of silver nanoparticle film synthesis, surface analysis, and measurement
data demonstrating the positive effect of plasmonic enhancement on the luminescent properties of
anthracene.

2. Experimental section and measurements details

Anthracene was selected as the luminescent molecule and was purchased from Sigma-Aldrich. For the
synthesis of silver island films, the following reagents were used: AgNO3 , NaOH, NH, OH, D-glucose, and
polyvinyl alcohol (PVA), all of analytical grade (Sigma-Aldrich). Ultrapure water obtained using the Smart
S15 UVF system (Drawell) was used for sample preparation.
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Fig. 1. Molecular structure (a) of the studied compound and the absorption spectrum (b) of the silver island film
(SIF).

The chemical deposition procedure used for the fabrication of silver island films (SIFs) was based on
the method described in [12]. The synthesis involves several key steps (fig. 2):
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Fig. 2. Key steps of synthesis process

When the synthesis is carried out correctly, it is assumed that the process can be controlled. Key factors
that influence the process include the pH of the solution and the amount of reducing agent.

A 5% sodium hydroxide (NaOH) solution is added to the silver nitrate (AgNO3 ) solution (process 1),
resulting in the formation of a brown precipitate — silver oxide (Ag, O).

2AgNO, +2NaOH = Ag,0 | +2NaNO, + H,0 1)

Next, ammonium hydroxide (NH, OH) was added to the solution (process 2), dissolving the silver
precipitates and forming an ammonia complex. A 25% solution of ammonium hydroxide was used for the
synthesis. Previous studies have shown a relationship between the size of silver nanoparticles and the
concentration of ammonia, as well as the pH of the medium during the reduction process.

When ammonium hydroxide was introduced into the silver nitrate solution, the pH initially reached 10,
indicating an alkaline environment typical for ammonia solutions. However, over time, the pH gradually
decreased to 8 and continued to lower, suggesting the release of ammonium ions (NH, * ) and their reaction
with water. This may indicate a weakening of the buffer capacity of the solution, affecting the pH
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stabilization during synthesis. The decrease in pH accelerates the synthesis of silver nanoparticles and
facilitates the formation of high-quality silver films. The possible reason for the acceleration of the reaction
is the optimal conditions for the silver-ammonia complex and more efficient reduction of silver at pH 8 [13].
Furthermore, continuous mechanical stirring on a magnetic stirrer might have enhanced the contact between
the components and accelerated the chemical reactions, which could also have contributed to the further
reduction of pH.

Ag,0 +4NH ,OH — 2[Ag(NH,), JOH +3H,0 )

The transparent solution is placed in a cooling bath to cool down to a temperature of -5°C. This step is
necessary to ensure that the synthesis of silver nanoparticles occurs slowly until the temperature rises to
30°C. Under these conditions, the reduction of silver nanoparticles proceeds gradually and uniformly. Once
the solution reaches the low temperature, the substrates are immersed, and glucose is added (process 3),
which aids in the reduction of silver.

2|(NH,),0H +C,H,,0, — 2Ag 4 +4NH, + C,H,,0, + H,0] @3)

After the addition of glucose, the pH level remained at 8, which is an ideal condition for synthesis. The
solution was then heated to 30°C. Once the temperature reached 14-16°C, the solution began to change color
from transparent to golden-yellow. At temperatures between 18-19°C, the solution turned dark green. At this
stage, the films obtained had an optical density of 0.3-0.5. If the temperature was allowed to rise to 21-25°C,
the film would compact further, and the optical density would increase to 0.4-0.8. After the synthesis was
completed, the subsequent steps were carried out according to the procedure described in the literature [12].
This study refined the key stages of the synthesis, particularly the conditions for the reduction of silver
nanoparticles. The annealing was performed at 200°C for 90 minutes.

Figure 3 presents images of silver nanoparticles, the absorption spectrum, and the particle size
distribution histogram based on Feret's method. The SEM image was obtained using a Helios 5 CX scanning
electron microscope. According to the data from the scanning electron microscope, the average particle size
was found to be 95430 nm. These films are characterized by the presence of an absorption band in the visible
region of the spectrum (see Figure 2). The polymer coatings with an anthracene concentration of 1x10~ 3
mol/l were applied using the drop-casting method.
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Fig. 3. Histogram (a), SEM image (b), and 3D image of the particles (c).

For further investigation of the film surface, the ImageJ software was used to analyze the images
obtained via scanning electron microscopy (SEM). The program provided data on the distribution of particles
based on Feret's diameters. However, it is important to note that while ImageJ effectively analyzes SEM
images, the results may depend on the size and orientation of the particles, which can affect their visibility
and measurement accuracy. Therefore, SEM remains the primary method for detailed observation and
analysis of particle structure.

In the process of analyzing 521 particles found in an image measuring 16 x 11.40 pm, the following
results were obtained: for each particle, the Feret diameter (the largest distance between two points on the
outer boundary of the particle) was measured. The minimum Feret value was 0.00737 um, and the maximum
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was 0.669 um, indicating a wide range of particle sizes. The average particle diameter was 0.165 um, and the
standard deviation was 0.122 pum, suggesting significant variability in particle sizes. The modal value for the
particles was 0.00737 wm, which represents the most frequently occurring size.

The histogram of particle distribution showed that 364 particles have a size corresponding to the bin of
0.00737 pum (the most frequent value), 124 particles correspond to the bin of 0.228 pum, 10 particles
correspond to the bin of 0.448 um, and fewer than 10 particles have a size around 0.669 um. The bin size in
the histogram was 0.220 um, which defines the resolution of the histogram and allows for the assessment of
the distribution of particle sizes.

The program determines the particle sizes in pixels/microns, which is incorrect to directly compare
these units with the actual particle sizes in the film. A total of 521 particles were involved in the analysis,
and the program determined that 73% showed smaller sizes, 25% showed medium sizes, and 2% showed
large sizes. Based on the obtained results, it can be concluded that 73% of the particles correspond to the
average size of 95430 nm, which indicates the high quality of the synthesis process.

Additionally, the 3D image (fig.2, (c)) was generated based on SEM images using the ImageJ software,
which allows surface topography visualization. Specifically, the "3D Surface Plot" module was used to
create a volumetric reconstruction based on the brightness contrast of the image.

Particles with a diameter in the range of 50-100 nm are considered high-quality for various applications
such as sensors, catalysts, and optical materials. According to research, particle size within this range is
optimal for achieving high performance in these areas due to their enhanced optical, chemical, and catalytic
properties. Silver particles with sizes ranging from 50-150 nm can effectively interact with the surrounding
environment, especially in the context of plasmonic resonance. This interaction leads to fluorescence
enhancement, which is particularly important for the application of nanoparticles in photonics and other
optical devices [14, 15].

The absorption spectra of the samples were recorded using a Cary-300 spectrophotometer (Agilent
Technologies). Fluorescent and long-lived luminescent spectra were recorded using an Eclipse
spectrofluorometer (Agilent Technologies). In the case of long-lived luminescence, the spectra were
recorded with a delay of 300 us after the pulse from the xenon lamp.

Fluorescence decay kinetics measurements were conducted using the time-correlated single-photon
counting (TCSPC) method with an FLS1000 spectrometer (Edinburgh Instruments). Excitation was
performed with a laser at a wavelength of 375 nm and a pulse duration of 120 ps. The fluorescence lifetime
analysis was performed using Fluoracle software (Edinburgh Instruments). For the registration of long-lived
luminescence decay kinetics, the FLS1000 spectrometer was also used. The sample was excited at 362 nm
using an Nd:YAG laser system LQ529, equipped with an optical parametric generator LP604 and a second-
harmonic generator LG350 (SolarLS). To prevent contact with oxygen, the samples were vacuumed in an
Optistat DN-V cryostat (Oxford Instruments). All measurements were carried out at a temperature of 293 K.

3. Results and Discussion

The absorption spectrum of silver nanoparticles (Figure 4, curve 3) in the film shows a broad band with
maxima at 368 and 444 nm, which coincides well with the absorption and fluorescence spectra of anthracene
(Figure 4, curves 1, 2). This indicates that the conditions for the manifestation of plasmon resonance in the
photonics of lumophore molecules are met [16-18]. The absorption maxima of anthracene occur at 362 nm,
and the fluorescence maxima occur at 404 nm.

Ilustration 5 shows the influence of silver nanoparticles on the optical properties of anthracene. The
silver nanoparticles contributed to a 1.2-fold increase in the absorption intensity of anthracene, and the
fluorescence intensity of anthracene increased by 2.5 times. An increase in the electric field intensity near the
surface during the excitation of surface plasmons leads to an increase in the intensity of fluorescence spectra
[19].

Figure 6 shows the fluorescence decay Kinetics of anthracene (1) and in the presence of silver
nanoparticles (2). The presence of silver nanoparticles increased the fluorescence intensity and also
shortened the fluorescence lifetime by a factor of 1.3. In silver island films, an increase in the decay rate of
fast fluorescence of molecules is often observed [20, 21]. The reason for this phenomenon lies in the
interaction between the electrons of silver particles and the fluorophore molecule.
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Fig. 4. Absorption and fluorescence spectra of anthracene (C = 10~ * mol/L in ethanol) and the absorption
spectrum of the silver nanoparticle film.
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Fig. 5. Influence of silver nanoparticles on the absorption spectra (1,2) and fluorescence spectra (3,4) of
anthracene in PVB films (C = 10~ 3, 4% PVB). Curves 1 and 3 represent anthracene films on quartz substrates;
curves 2 and 4 represent anthracene on the surface of silver nanoparticles
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Fig. 6. Kinetics of fast fluorescence of anthracene (1) and in the presence of silver nanoparticles (2)

The process of transition between the excited and ground states of the fluorescent molecule is
accelerated, which leads to a reduction in the fluorescence lifetime, an increase in its quantum yield, and a
rise in the proportion of non-radiative processes in the transitions from the excited state [20-23].
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The spectral characteristics of anthracene on quartz and in the presence of silver nanoparticles are
summarized in Table 1. It can be seen that silver island films enhance the fluorescence intensity and
influence the excited-state lifetime.

Table 1. Spectral data of anthracene in the presence of silver nanoparticles

D Aex (NM) Iy Aem (NM) z(ns)
Anthracene on Q 0,26 362 37 404 47
Anthracene on SIF 0,31 362 94 404 3,7

As can be seen from Table 1, the optical density (D) of anthracene on silver island films (SIF)
shows a slight increase compared to quartz, rising from 0.26 to 0.31, indicating enhanced absorption
properties. More significantly, the fluorescence intensity (I5) increases by approximately 2.5 times,
demonstrating a strong enhancement of emission in the presence of silver nanoparticles.
Concurrently, the fluorescence lifetime (t) decreases from 4.7 ns to 3.7 ns, an approximately 1.3-
fold reduction, which suggests an acceleration of radiative decay processes. This phenomenon,
known as plasmon—fluorophore coupling, arises from the interaction between the localized surface
plasmons of silver nanoparticles and anthracene fluorophores, resulting in enhanced emission
intensity and reduced fluorescence lifetime. These results underline the important role of silver
nanoparticles in modifying the photophysical properties of anthracene, with potential applications in
sensing and optoelectronic devices [8, 9].

4. Conclusions

As a result of the conducted research, island silver films were synthesized using the reduction
method in a silver nitrate solution. Special attention was given to the role of the solution pH as a
key parameter influencing the nanoparticle synthesis process. The use of ammonium hydroxide
helped stabilize the pH at a level optimal for the formation of silver nanoparticles. The particle
distribution histogram by Feret, obtained using the ImageJ program, showed that the film
synthesized by the chemical deposition method was relatively homogeneous, with the majority of
particles having an average size of silver nanoparticles.

The study of the influence of the synthesized island silver films on the luminescent properties
of anthracene showed that the presence of silver nanoparticles leads to a significant increase in the
fluorescence intensity of anthracene by 2.5 times. This enhancement is associated with the plasmon
resonance effect and the intensification of the electric field near the surface of the nanoparticles.
The lifetime of the excited state of anthracene molecules near silver nanoparticles is reduced by 1.3
times, confirming the impact of the plasmon effect on the transition between excited and ground
states.The obtained results demonstrate that silver nanoparticles can effectively modify the
fluorescence of anthracene molecules, opening up prospects for further research in the fields of
photonics, sensor technologies, and biomedicine.

This study emphasizes the importance of optimizing nanoparticle synthesis conditions and their
interaction with fluorophore molecules, which could form the basis for the development of new
materials with enhanced optical characteristics.
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