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This work investigates the influence of silver nanoparticles (AgNPs) concentration on the plasmon-
enhanced fluorescence (PEF) of pyrene molecules in solutions and embedded in nanocomposite polymer-based
thin films. By employing numerical electromagnetic modeling to estimate AgNPs size and nanoparticle-
fluorophore distance influence on PEF efficiency, and systematically varying the AgNPs concentration in
experimental studies, we examine how their localized surface plasmon resonance modulates the fluorescence
intensity and spectral characteristics of pyrene in aqueous solutions and AgNPs/pyrene/polyvinylpyrrolidone
thin films fabricated via spin-coating. Our results demonstrate a non-linear relationship between AgNPs
concentration and fluorescence intensity of pyrene, with an optimal pyrene-AgNPs volume ratios of 1:2 and 1:1
that maximize fluorescence enhancement factor for solution (~ 1.8 times) and nanocomposite thin film
(~ 2.1 times), respectively. The role of polymer matrix for maximizing the PEF effect and preventing
fluorescence quenching is discussed. These findings provide insights into the tunability of PEF in hybrid
nanostructures and highlight the importance of nanoparticle concentration factor in designing efficient
plasmonic fluorescence systems for sensing and photonic applications.
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1. INTRODUCTION and pyrene molecules into nanocomposite thin films offers a
platform for probing and tuning plasmon-fluorophore
coupling. In such systems, key parameters including
nanoparticle size, shape, distribution, and, most
importantly, concentration, define the extent of plasmonic
enhancement or quenching [15]. At very low concentrations,
non-radiative energy transfer can lead to fluorescence
quenching. However, at some ratio between nanoparticles
and fluorophore concentrations, the near-field enhancement
dominates, typically resulting in fluorescence amplification.
Finally, at higher nanoparticles concentrations, increased

(PEF), occurrllngd Wh‘;n _ the E)irf(?lsence of metallic  g.attering, reabsorption, and non-radiative energy transfer
nanostructures leads to the increased fluorescence intensity, processes may again lead to fluorescence quenching or

quz%ntum yield, and altered emission dynamics of molecular spectral distortion [16, 17].
emitters [6-9].

Among various organic luminophores, pyrene has
emerged as a model fluorophore for studies of molecular
photophysics, excimer formation, and environment-sensitive
fluorescence [10-12]. Its relatively high quantum yield,
spectral overlap with the LSPR band of Ag nanoparticles
(AgNPs), and well-known aggregation-dependent behavior
make pyrene an ideal candidate for exploring plasmon-
fluorophore interactions [13, 14]. The integration of AgNPs

Noble metal nanoparticles, particularly silver (Ag) and
gold (Au), have gained significant interest in nanophotonics
and sensing applications due to their ability to support
localized surface plasmon resonance (LSPR) — coherent
oscillations of electrons excited by incident light [1-3]. These
LSPR modes exhibit strong electromagnetic near field
enhancement, which can significantly modify the
photophysical properties of nearby fluorophores [4, 5]. This
phenomenon is a basis for plasmon-enhanced fluorescence

Understanding the concentration-dependent behavior of
AgNPs in these composite films is essential for the rational
design of plasmonic sensors, light-emitting devices, and
fluorescence-based imaging platforms. While previous works
have extensively examined distance-dependent and spectral
overlap PEF effects [18, 19], as well as specifics of plasmon-
enhanced monomer and excimer fluorescence of pyrene and
its derivatives [20, 21], the systematic study of nanoparticle
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concentration effects in pyrene-containing nanocomposite
films remains relatively underexplored.

In this work, we investigate the influence of AgNPs
concentration on the fluorescence emission of pyrene in
solution and embedded in a nanocomposite thin film matrix
based on polyvinylpyrrolidone. Using spectroscopic analysis
and electromagnetic modeling, we evaluate the dual role of
AgNPs as both enhancers and quenchers of pyrene
fluorescence. The obtained results provide new insights into
the optimization of plasmonic nanostructures and their
nanocomposites with fluorophores used in hybrid systems
for photonic and sensing applications.

2. MATERIALS AND METHODS
2.1 Materials

All chemicals were purchased from Sigma-Aldrich and
used as received. For the synthesis of AgNPs, silver
nitrate (product no. S6506), sodium citrate tribasic
dihydrate (product no. 71402), sodium borohydride
(product no. 452882), and hydroxylamine hydrochloride
(product no. 159417) were used. As a fluorophore, pyrene
(puriss. p.a., for fluorescence, > 99.0%, product no. 82648)
was used. As a polymer for the composite thin film
matrix, polyvinylpyrrolidone (PVP) (average mol wt
40,000, product no. PVP40) was wused. Ultrapure
deionized water (type I, R =18.2 MQ cm) from the water
purification system Adrona B30 Bio was used for the
preparation of the aqueous solutions. 2-Propanol (IPA)
(product no. 34863) was used to dissolve pyrene while
preparing aqueous solutions to the desired concentration.

2.2 Sample Preparation
2.2.1. Synthesis of AgNPs

The two-stage protocol for the synthesis of colloidal
AgNPs in an aqueous solution has been previously
reported by our group elsewhere [22]. Initially, silver
nitrate was reduced using sodium borohydride in the
presence of sodium citrate to produce seed nanoparticles
(~4 nm size). Their size was further increased to ~ 20 nm
by adding hydroxylamine hydrochloride and silver
nitrate. The resulting colloidal solution contained stable
spherical nanoparticles with a characteristic yellow color.

2.2.2. Preparation of Pyrene-AgNPs Solutions

Solutions with different pyrene-AgNPs volume ratios
were prepared by mixing 100 ul of 1 mg/ml pyrene
solution in TPA and 0-800 pl of AgNPs. To keep the same
conditions across all samples, we kept the total volume at
1 ml by adding water for the rest of volume.

2.2.3. Preparation of Solutions for the
Nanocomposite Matrix

50 pl of 1 mg/ml pyrene solution in IPA was added to
100 ul of 4 wt% PVP solution prepared in a 1:1
IPA/water medium and sonicated to achieve uniform
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dispersion of pyrene for better distribution within the
thin film. After that, different volumes of colloidal
solution of AgNPs in the range of 0-50 ul were added and
a necessary volume of IPA or water was added to keep
the total volume at 200 pl. When excited with a light
wavelength of 365 nm, prepared solutions exhibited blue
fluorescence emission with a variable intensity depending
on the solution composition (Fig. 1a).

2.2.4. Deposition of Nanocomposite Thin Films

The composite mixtures prepared as described in
subsection 2.2.3 were deposited onto glass substrates using
spin coating at 700-2000 rpm for 60-80s, resulting in
nanocomposite thin films exhibiting blue fluorescence
emission under 365 nm excitation (Fig. 1b). The most
homogeneous films were achieved while spincoated at
1100 rpm for 80 s. The solution was deposited drop by drop
when the substrate was already spinning. In the initial
stages, thermal annealing of the resulting sample was also
performed in an attempt to improve the film structure, but
this step was later found to be detrimental, as pyrene
degraded and lost its fluorescent properties at annealing
temperatures above 70 °C.

a b

Fig. 1 — Photographs of plasmon-enhanced fluorescence
emission of pyrene in the presence of AgNPs in (a) colloidal
solution and (b) nanocomposite thin film. Excitation light
wavelength is 365 nm

2.3 Fluorescence Measurements

Spectral fluorescence measurements were performed
using a RF-6000 spectrofluorophotometer (Shimadzu,
Japan) in the spectral range of 365 nm (excitation) and
400 — 600 nm (emission) from both the colloidal solutions of
AgNPs containing pyrene and PVP-based nanocomposite
thin films with embedded AgNPs and pyrene on glass
substrates. Samples were contained in spectrophotometric
polystyrene macro cuvettes (Sarstedt 67.754) and deionized
water or clear glass substrate were used as reference
samples.

2.4 Computer Modeling

To investigate the optimal parameters of
nanostructures in terms of PEF, namely, their size,
material, and distance between the fluorophore and the
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nanoparticle, numerical simulations were performed in the
COMSOL Multiphysics environment using the finite
element method (FEM). The model was based on a system
consisting of a point dipole emitter representing the
fluorophore molecule and a spherical metal nanoparticle
placed in a dielectric medium. The structure of the model
is shown in Fig. 2a: the yellow sphere represents the
nanoparticle, the black dot represents the fluorophore, the
green area is the dielectric medium, and the blue shell is
the perfectly matched layer, which ensures proper
electromagnetic wave attenuation at the simulation
domain boundaries. An external electromagnetic field was
propagating along the X-axis with an initial electric field
strength of Ex=1V/m. The corresponding finite element
mesh used for the numerical solution of the problem is
shown in Fig. 2b. The model allowed performing
simulations of the electromagnetic field distribution in a
nanoparticle-fluorophore system depending on the light
wavelength and system parameters, thus providing means
for the optimization of electric field strength at the
fluorophore location, which is known to be directly related
to the PEF efficiency [4, 23].

Nanoparticle
Dielectric
environment

Fluorophore

PML layer

100

50

-50

-

X

b

Fig. 2 — (a) Geometry of the model and (b) mesh refinement of
the simulation domain.
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3. RESULTS AND DISCUSSION

3.1 Computer Modeling of Electromagnetic Field
in a Nanoparticle-Fluorophore System

FEM simulations were performed as described in
subsection 2.4 for spherical Au and Ag nanoparticles of
different size and a point dipole emitter representing a
pyrene molecule. Initially, the interaction between a point
dipole and a spherical Au nanoparticle with a radius of
10nm was modeled at the radiation wavelength
corresponding to the LSPR wavelength for the given
nanoparticle (550 nm). The distance from the surface of the
nanoparticle to the dipole position was the variable
parameter. Simulation results presented in Fig. 3 show
that the electric field strength enhancement is maximum
and reaches about 100 at a dipole-to-surface distance of
5 nm. At a distance of 10 nm, field strength enhancement
decreases to approximately 40. At a distance of 20 nm and
more, the enhancement value further levels off and equals
around 20-30 with a maximum at the center of the dipole.

Dipole Distance = 5 nm Dipole Distance = 10 nm

Dipole Distance = 30 nm

Fig. 3 — Distribution of electric field strength enhancement near
a spherical Au nanoparticle with a radius of 10 nm and an
adjacent point dipole emitter for various dipole-to-surface
distances: a) 5 nm, b) 10 nm, ¢) 20 nm, d) 30 nm. A logarithmic
color scale is used

An analysis of the interaction between a spherical Au
nanoparticle and a point dipole depending on the
nanoparticle radius, which varied from 10 to 40 nm with
a step of 10 nm, was also conducted (Fig. 4). In all cases,
the dipole was placed at a distance of 5 nm from the
surface of the nanoparticle, allowing evaluation of the
influence of the nanostructure geometrical parameters on
the local electric field enhancement. As shown in Fig. 4,
the highest field enhancement is achieved for the
nanoparticle radius of 10 nm, which the radiation
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wavelength corresponds to the LSPR wavelength for.
Namely, for a nanoparticle radius of 10 nm, the field
strength enhancement reaches about 100; for a
nanoparticle radius of 20nm, the maximum field
strength enhancement decreases to approximately 30; for
a radius of 30 and 40 nm, the peak field strength
enhancement is about 50. This result is in agreement
with the LSPR wavelength dependence on the
nanoparticle size [24] and spectral distribution of the
LSPR-induced local electric field enhancement [25].

R=10nm R=20nm

I

Fig. 4 — Distribution of electric field strength enhancement near a
spherical Au nanoparticle with a radius of a) 10 nm, b) 20 nm, c¢)
30 nm, d) 40 nm and an adjacent point dipole emitter located at a
dipole-to-surface distance of 5 nm. A logarithmic color scale is used

The influence of the nanoparticle material on the local
electric field strength was studied by simulations
performed for spherical silver and gold nanoparticles with
a radius of 10nm at different radiation wavelengths
representing the fluorophore excitation and emission
(Fig. 5). The field strength was averaged across a plane of
5 nm along the X-axis and 6 nm along the Y-axis in order
to smooth the inhomogeneous field distribution near the
point dipole location. Simulation results show that the
average electric field strength enhancement during the
interaction of a fluorophore molecule and a spherical
plasmonic nanostructure with a radius of 10 nm under the
conditions of the plasmon-enhanced fluorescence
phenomenon depends on the material of the nanostructure
and is the largest for silver nanostructures in the near UV
(360 — 380 nm) and blue (470 nm) spectral ranges and for
gold nanostructures in the red spectral range (660 nm).
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Fig. 5 — Dependences of average electric field strength
enhancement on the dipole-to-surface distance for spherical a)
silver and b) gold nanoparticles with a radius of 10 nm at
different radiation wavelengths

3.2 Fluorescence Measurements of Pyrene-AgNPs
Solutions with Different AgNPs Concentration

According to modeling results for the 10-nm-radius
AgNPs obtained in subsection 3.1 that predict their higher
PEF efficiency in the near UV and blue spectral ranges
relevant for pyrene fluorescence in comparison to the
nanoparticles of other material and size, spherical AgNPs
with a diameter of 10—20nm were selected and
synthesized as described in subsection 2.2.1 for the use in
experimental studies. Solutions with different pyrene-
AgNPs volume ratios were prepared as described in
subsection 2.2.2 and their fluorescence spectra were
measured (Fig. 6). Pure pyrene solution showed 2.3 times
higher fluorescence intensity than 2:1 pyrene-AgNPs
solution and exhibited up to ~ 1.8 times lower intensity
than solutions with other pyrene-AgNPs ratios (1:1-1:8).
Therefore, the PEF effect can be achieved in a broad range
of the pyrene-AgNPs volume ratio in solution (1:1-1:8),
except for a 2:1 ratio when fluorescence quenching occurs,
with the ratio of 1:1 showing one of the highest intensities
with less material spent. Consequently, we chose the
pyrene-AgNPs volume ratio of 1:1 as an upper limit for the
further study involving nanocomposite thin films.
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Fig. 6 — Fluorescence spectra of solutions containing pure

pyrene (dashed line) and different pyrene-AgNPs volume ratios

in the range of 2:1 — 1:8 (solid lines). Volumes of solution

components in microliters are shown in the legend

The dependence of peak fluorescence intensity at 465
nm on the AgNPs volume in solution derived from the
measured fluorescence spectra was plotted and
approximated with a 4th order polynomial fit in Fig. 7 to
further investigate the trend of fluorescence intensity
changes for the different pyrene-AgNPs volume ratios. It is
evident that the highest fluorescence intensity (~ 1.8 times
higher than pure pyrene) is achieved for the AgNPs
volume of 200 ul (i.e. pyrene-AgNPs ratio of 1:2) and
further AgNPs concentration increase results in a gradual
fluorescence intensity decrease with a plateau for AgNPs
volume of 500-800 pul (i.e. pyrene-AgNPs ratio of 1:5-1:8) at
the intensity level of ~1.2 times higher than pure pyrene.

The processes of pyrene fluorescence quenching and
enhancement near AgNPs are governed by the electron
and energy transfer due to a concentration-dependent
separation of pyrene molecules from the AgNPs surface
[26], possible AgNPs aggregation [27], and increased
fluorescence excitation due to an enhanced electric field
near AgNPs [20]. In addition, the dependence of pyrene
fluorescence intensity on the AgNPs concentration in
Fig. 7 follows the known trend of fluorescence
enhancement on the fluorophore-nanoparticle distance
with quenching observed at a short distance followed by
enhancement at an optimal distance and then slow
enhancement decrease with distance increase [4, 19].

500000 —
’ = Intensity at 465 nm

450000 ) Polynomial Fit

400000 -
350000 -
300000 -

250000 Equation

= Intercept + B1"x" + B2'x
2+ B3'x"3 + BA'XM

Intensity (r.u.)

Intercept 238900 25049 + 69647 60025
81 263622157 + 919.87157
82 -10.82814 + 3.79269

83 0.0157 +0.00611

84 7.65048E-6 + 3.35541E-6
Residual Sum of Squ 1.18031E9
R-Square (COD) 0.94614

Adi. R-Square 0.90305

200000 -

150000

100000

T T T T T T T T
¢} 100 200 300 400 500 600 700 800
AgNPs volume (ul)

Fig. 7 — Dependence of peak fluorescence intensity at 465 nm on
the AgNPs volume in solution containing 100 pul pyrene
(symbols) and polynomial approximation (solid line)
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3.3 Fluorescence Measurements of Pyrene-
Containing Nanocomposite Thin Films with
Different AgNPs Concentration

Further studies were conducted to evaluate the
influence of AgNPs concentration on the PEF response of
pyrene-containing nanocomposite thin films prepared as
described in subsections 2.2.3-2.2.4. As it can be seen
from Fig. 8, the highest fluorescence intensity (~ 2.1
times higher than pure pyrene) is achieved for the
pyrene-AgNPs volume ratio of 1:1. In addition, there is no
significant difference in fluorescence intensity in the
presence of AgNPs, when pyrene-AgNPs ratios change
from 2.5:1 to 1:1. The absence of fluorescence quenching
of pyrene and increased PEF efficiency of the
nanocomposite thin films containing AgNPs, when
compared to pyrene-AgNPs solutions, implies the
significant role of the polymer matrix in providing an
optimal arrangement of AgNPs and pyrene molecules.

—— Pyrene(50)+AgNP(20)+IPA(30)+PVP(100)|
—— Pyrene(50)+AgNP(30)+IPA(20)+PVP(100)|
—— Pyrene(50)+AgNP(40)+IPA(10)+PVP(100)
/’\ —— Pyrene(50)+AgNP(50)+PVP(100)
\ Pyrene(50)+H,0(50)+PVP(100)

140000 ~
130000
120000
110000
100000
90000
80000 +
70000 +
60000
50000 +
40000
30000 +
20000 -
10000

Intensity (r.u.)

0 T T T T T T T T T |
400 420 440 460 480 500 520 540 560 580 600
Wavelength (nm)

Fig. 8 — Fluorescence spectra of pyrene-containing
nanocomposite thin films without AgNPs and with different
pyrene-AgNPs volume ratios in the range of 2.5:1 — 1:1. Volumes
of solution components in microliters are shown in the legend

4. CONCLUSION

PEF effect for a pyrene-AgNPs system was studied
theoretically and experimentally in solutions and
nanocomposite thin films depending on the AgNPs
concentration. Using FEM modeling in COMSOL it was
shown that the distance between AgNPs and fluorophore
molecules, as well as the size of the AgNPs, influence the
fluorescence emission due to the changes in electric field
strength enhancement. Specifically, simulation results
demonstrate that the highest PEF efficiency for pyrene
molecules can be expected at a distance of up to 5 nm
from the surface of AgNPs with a diameter of 20 nm.

The chemically synthesized AgNPs with an average
diameter of ~ 20 nm were used to achieve PEF in pyrene-
AgNPs solutions and nanocomposite thin films by tuning
the AgNPs concentration. It was found that the PEF
effect occurs in a broad range of the pyrene-AgNPs
volume ratio in solution (1:1-1:8, with a highest
enhancement of ~ 1.8 times at 1:2), except for a 2:1 ratio
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when fluorescence quenching is observed. In case of a
nanocomposite thin film, the highest fluorescence
intensity enhancement (~ 2.1 times higher than pure
pyrene) was achieved for the pyrene-AgNPs volume ratio
of 1:1. Moreover, PEF effect was also observed for pyrene-
AgNPs ratios from 2.5:1 to 1:1, which demonstrates the
importance of the PVP matrix for an optimal
arrangement of AgNPs and pyrene molecules. These
results provide new insights into the optimization of
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Bniue KoHIeHTpAaIii HaHOYACTUHOK CPidiia Ha IIa3MOH-NigcuwiIeHy ()II0OPECIEHIIIIO0 [IipeHy B PO3YHHi Ta

TOHKII HAHOKOMIIO3UTHIN ILIiBIIi
I1.B. Hemumos!, A.M. Jlonaruucekuii-2, B.B. Kysuemos!, B.K. Jlureun!, M.M. Xyrtbko!, B.I. Yeresnn!2

L Inemumym pizurxu nanienposionuxie im. B. €. Jlawrapvosa HAH YVrpainu, 03028 Kuis, Yrpaina

2 HasuanbHo-Haykosuli incmumym sucokux mexrnonoaiti KHY imeni Tapaca Illesuenxa, 01601 Kuis, Yipaina

V 1iit poGoTi DOCTimMKyeThesA BILIMB KOHIIEHTpAIll HaHodacTHHOK cpibna (AgHY) ma miaasmoH-migcuieHy
dumroopectienirio (ITT1M) mostekyst mipeHy B po3uynHax Ta BOYJOBAHUX Yy TOHKI HAHOKOMITO3UTHI ITIBKM HA OCHOB1
mosiMepis. BukopucToByoun 4dmciioBe eJIEKTPOMATHITHE MOIEJIIOBAHHS IJIA OIIHKMW BILMBY poamipy AgHY ta
BIICTAHI MK HAHOYACTUHKAMM Ta uoopodopamu Ha ederrusBHicTh [II1D, a Takox crcTeMaTUYHO 3MIHIOIYN
roumenTpamio AgHY B exciepumMeHTi, MM JOCTIIKYEMO, K IXHINM JIOKAJII30BAHUN IIOBEPXHEBUHU ILJIA3MOHHUMA
Pe30HaHC MOJIYJII0€ IHTeHCUBHICTE (DJIIOOPECIIEHIII] Ta CIeKTPaIbHI XapaKTePUCTUKY MPEeHY Y BOJHUX PO3YMHAX
Ta ToHKMX InBkax AgHY/mipen/mosiBiHiampoIioH, BUTOTOBJIEHUX METOIOM CIIHKoAaTHHTY. Hamri pesyiabrat
JIEeMOHCTPYIOTh HEJIIHINHY 3aJieskHicTh Mixk KoHIeHTpamiero AgHY ta inTeHcHmBHICTIO (iII0OpeCIeHITil Tipery, 3
onTUMAaJIbHUMHU 00'eMHuMHU crHiBBimHomeHHamu mipeH-AgHY 1:2 Ta 1:1, ari MakcuMmisyioThb Koedil[ieHT
mifgcusieHHs: uroopecHeHInil s po3unHy (~ 1,8 pasiB) Ta TOHKOI IIIBKM HaHOkomio3uTy (~ 2,1 pasis),
BigmoBigHo. OGroBOPIOETHCA POJIB IOJIMEPHOI MaTpulll A1 MakcuMmisaiii edpexry III1D ta 3amobiranHsa raciHHO
dumroopectienrii. 11 peayabraty moryuOJIOIOTE PO3yMIHHS MOMKJIHBOCTI HasamryBauus 11O y ribpumgamx
HAHOCTPYKTYpPaX Ta MiIKPEC/II0TL BAKJIMBICTD (DAKTOPY KOHIIEHTPAIl HAHOYACTUHOK y po3po0lIirl ed)eKTUBHUX
IUIa3MOHHUX (DIIIOOPECIIEHTHUX CUCTEM JIJISI CEHCOPHUX Ta (POTOHHUX 3aCTOCYBAHb.

Knwouosi ciaosa: Cpi6bri HamocTpykrypu, Ilipen, Ilmasmom-migcmnena duyopectenisa, JlokasmizoBaHuit
HOBEPXHEBUH IJIA3MOHHUM pe3oHanc, MeTos CKiHUeHHUX eeMeHTiB, HaHoKoMmo3uTHI MaTepiaim.
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