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Abstract

Organic photoluminescent materials, such as fluorescent polymers and small fluorescent molecules, are
widely used in optoelectronics, sensing, bioimaging, and related fields. However, their practical
application is often limited by aggregation-induced fluorescence quenching in concentrated solutions or
solid-state environments. To enable rational use of such materials, spectroscopic tools capable of
detecting spectral manifestations of aggregation are essential. In this study, we proposed the use of
synchronous fluorescence spectroscopy (SFS) to investigate aggregation-related spectral features in
various polymer matrices containing phenyl-based chromophores and some aromatic compounds,
including 9,10-diphenylanthracene, pyrene, anthracene, and naphthalene. SFS exhibited high sensitivity
in identifying aggregate-related spectral features, including excimer-like emission and bathochromic
shifts, both in solid matrices and liquid media. The results demonstrate that SFS is an effective diagnostic
tool for probing aggregation behavior and optimizing the photophysical properties of polymeric
luminescent materials.

Keywords: Spectral manifestations of aggregation, dimer, excimer, synchronous fluorescence
spectroscopy

Introduction

Over the past decades, intensive experimental and theoretical studies have led to the
widespread use of organic photoluminescent materials, particularly aromatic fluorescent
molecules, in diverse applications such as sensing (Weldeab et al., 2018) M and imaging
(Saremi et al., 2020) @, Yamagishi et al., 2021) B, optoelectronics (Li et al., 2015) [,
fluorescent bioprobes (Liu et al., 2018) B, molecular imaging (Lichon et al., 2020) ],
(Korneev et al., 2019) [, OLED (Li et al, 2019) ® etc. The traditional organic
photoluminescent materials contain predominantly w-n-conjugated structures. And although
they have use for many years, some moments greatly impeded their practical applications in
optoelectronic devices and biological applications, including a strong tendency to aggregate in
concentrated solutions and the solid state, leading to fluorescence quenching (Jiang et al.,
2021) B,

Luminescent molecular systems for most optoelectronic applications are used as thin polymer
films (Bu et al., 2023) % (De et al., 2017) [*Y, whereas for chemical and biological
applications they are used in solutions and physiological environments where they exhibit high
emission. In the solid state, due to strong m-m stacking interactions that promote excimer
formation, the emission of such systems is significantly quenched.

Currently, two major branches for creation of such materials are distinguished: polymers chain
with fluorophores in their structure and polymers with phenomena of aggregation-induced
emission. In the first case, the conjugated polymer contains a fluorophore imparting
photoluminescent properties to the final material, offering tunable structures, robust
mechanical properties and other unique properties, but these materials cannot avoid the
aggregation-caused quenching (ACQ) problem (Huang et al., 2019) 2, In the second case,
polymers exhibit high fluorescence efficiency in the solid state due to the fluorescent
aggregates formation-aggregation-induced emission (AIE). The main technique for AIE
polymers designing is the integration of aggregation-induced emission materials into polymer
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structures or attaching emitting polymer pendants by
polymerization and modification (Ahumada et al., 2022) [*31,
The advantage of polymers containing fluorophores is their
intense photoluminescence, which determines their wide
application, including in optoelectronic devices. But the
nature of the polymers causes a stable tendency of
fluorophores to aggregate, leading to strong quenching of
fluorescence, which significantly limits their practical
application. The formation of aggregates leads to broad and
featureless bands appearing in fluorescence spectra (Fakis et
al., 2006) (14,

Fluorescence spectra of condensed systems containing
aromatic chromophores are characterized by variations in the
manifestations of different forms of aggregates (Yuzhakov,
1992) 81 (Ma et al., 2021) 181 (Heo et al., 2022) [,
However, the identification of bands in the fluorescence
spectra of such systems, as well as the determination of the
nature of the electronic states, presents significant challenges.
Among the associated forms of such systems are molecular
excimers, whose spectral bands are difficult to distinguish.
Excimers are dimers formed by two identical atoms or
molecules, which unstable in the ground state and formed
only at excitation system. Planar aromatic molecules are easy
to form excimer in the concentrated solution or solid state,
because of the intermolecular n-r interactions. After pyrene,
the first aromatic molecule exhibits excimer fluorescence in
solution, other aromatic systems (benzene, naphthalene,
anthracene, etc.) have been also recorded, forming excimer
structures in rigid media of solid polymer systems (polymer
films), in crystals, supramolecular systems, etc (Schillméller
et al., 2021) 81 (Gao et al., 2018) [%. In a crystal, such
systems wusually tend to form infinite herringbone
arrangement, despite this is far from only a single and pure
excimer formation. The most desirable aggregation mode in
crystal is an isolated aromatic dimer with the perfectly
cofacial -m stacking.

Spectral manifestation of excimers formation is an emission
band with an anomalously large Stokes shift to longer
wavelengths. This phenomenon is not accompanied by
qualitative changes in the absorption spectra of the studied
systems. The absorption spectra of the molecules forms the
excimers are similar to the monomer molecule absorption
spectra, indicating the absence of aggregation in the ground
state (Zhao et al., 2022) 2%,

Excimer emission is characterized by a bathochromic shift of
the fluorescence spectra resulting from the interaction
between molecules in close contact. The shift magnitude
depends on the molecular interactions and molecular packing
structure (Lee et al., 2016) 4. The excimer formation and
their fluorescence can be modulated by the concentration of
the corresponding monomers and external factors such as pH,
environmental  temperature,  solvent  polarity  and
intermolecular interactions (Hoche et al., 2017) %2, (Li et al.,
2014) 231, This allows the use of the molecular systems with
excimer emission for a various applications (Chen, 2022) [24],
(Dai et al., 2024) [?°], (Casier & Duhamel, 2022) [?¢],

Although many experimental and theoretical studies have
focused on the relationship between the aggregate structure
and emission properties of a wide range of chromophore-
containing polymeric materials, a better understanding of the
spectral manifestations of excimer formation remains a key
topic for the targeted rational design of organic m-conjugated
materials with desired optoelectronic properties.

Considering the significant number of experimental and
theoretical studies on the relationship between aggregate
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structure and the emission properties of a wide range of
chromophore-containing polymeric materials, there is a need
to consolidate existing data for the targeted and rational
design of organic =-conjugated materials with desired
optoelectronic properties. An important step in this process is
the application of methods for reliable identification of
spectral bands in the fluorescence spectra of such systems. A
simple and elegant method to differentiating the fluorescence
spectra of compounds in solution — synchronous fluorescence
spectroscopy — was first proposed by Lloyd (1971) 7 and
later developed for solid samples, including polymers and
their complexes with chromophore molecules, inorganic
compounds, and coordination complexes by Vo-Dinh (1978)
(28] Cabaniss (1991) I, and others (Tian et al., 2025) [,
Considering its numerous advantages, this method has been
employed in the present work.

The aim of this study is to investigate the spectral
manifestations of aggregation in polymer systems containing
phenyl chromophores, as well as polymers containing 9,10-
diphenylanthracene, pyrene, anthracene, and naphthalene,
using synchronous fluorescence spectroscopy.

Materials and Methods
A series of model systems were prepared for spectral
measurements, as follows:

1. An aqueous solution of a copolymer of polyvinyl alcohol
(PVA) with 9-anthraldehyde (1.5g L™!) with a molar ratio
of PVA and fluorophore of 4.3 : 100 (Fig. 1);

2. A solid solution of anthracene in polymethyl
methacrylate (PMMA) at concentrations of 0.5% and 2%
(Fig. 2);

3. A solid solution of  9-vinylanthracene in
PolyDiethyleneglycol-bisallyl carbonate (PDEAC) (Fig.
3);

4. A copolymer of 9,10-dibenzanthracene with PVA (Fig.
4);

5. A pyrene solution in chloroform and water (saturated and
diluted 1000-fold), (Fig. 5, 6);

6. A composition of cycloaliphatic epoxy resin (UP-612)
with 20% naphthalene (Fig. 7);

7. A copolymer of methyl methacrylate (MMA) with
naphthyl methacrylate in concentrations of 0.1 and 0.5
mol% (Fig. 8);

8. Benzene solution;

9. Polystyrene films.

Polymer films based on PVA

Polymer films were prepared by treating a PVA solution with
the low-molecular-weight luminophore 9,10-dibenzanthracene
at a molar ratio of PVA to luminophore of 1000:1 in an N,N-
dimethylacetamide (DMA) medium. p-Toluenesulfonic acid
(5% by weight of PVA) was added as a catalyst, and the
reaction was conducted at a temperature range of 100-140 °C.
The resulting polymer solution was poured into excess
acetone. After stirring in acetone for 1 hour, the polymer
precipitate was filtered and air-dried for 6 hours. The dried
polymer was then redissolved in hot water and purified by
reprecipitation, repeating this process three times with excess
acetone. The purified polymer was dried in a vacuum at 50 °C
to a constant weight. The resulting polymer films were used
for subsequent spectral measurements.

Polymer samples based on PMMA
The solid solutions of anthracene in PMMA at concentrations
of 0.5% and 2% were prepared using a two-stage bulk
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polymerization method. In the first stage, polymerization was
carried out at 50c for 24 hours, followed by post-
polymerization at 115 °C for 6 hours. Azoisobutyronitrile was
used as the initiator at a concentration of 0.06 mol%. The
polymerization process was carried out under an inert
atmosphere  (nitrogen) to prevent oxidation. After
polymerization, the resulting solid polymer was purified by
washing with acetone to remove unreacted monomers and
anthracene. The purified solid solution was dried in a vacuum
at 50 °C to a constant weight.

Polymer samples
methacrylate

To obtain a copolymer of methyl methacrylate (MMA) with
naphthyl methacrylate at concentrations of 0.1 and 0.5 mol%,
the MMA monomer was first purified by distillation and
filtration through membrane filters to remove impurities.
Naphthyl methacrylate was then mixed with the purified
MMA in the indicated desired molar ratios. The
polymerization mixtures were degassed by subjecting them to
several freeze-thaw cycles to remove oxygen and prevent
premature polymerization. The degassed mixtures were then
placed in glass molds under a vacuum to ensure uniformity.
Polymerization was carried out at a controlled temperature,
and after completion, the samples (1 mm thick plates) were
removed from the molds. The resulting copolymers were
washed with an acetone to remove unreacted monomers and
were then dried in a vacuum at 50 °C until a constant weight
was reached.

based on MMA with naphthyl

Polymer samples of cycloaliphatic epoxy resin with 20%
naphthalene

A composition of cycloaliphatic epoxy resin (UP-612) with
20% naphthalene was prepared by dissolving 20 g of
naphthalene in the resin under heated to 50-60 °C. The
naphthalene was completely dissolved under stirring until a
homogeneous solution was obtained. To ensure a uniform
dispersion, the mixture was stirred for an additional 30
minutes at the same temperature. Afterward, the composition
was cooled to room temperature and degassed under vacuum
to remove any air bubbles that may have formed during the
mixing process.

Solid samples of 9-vinylanthracene in PDEAC

A solid solution of 9-vinylanthracene in poly(diethyleneglycol
bisallyl carbonate) (PDEAC) was prepared via thermal bulk
polymerization under a stepwise temperature increase in the
range of 85-120 °C. Prior to polymerization, 9-
vinylanthracene was added to diethyleneglycol bisallyl
carbonate at a concentration of 1% and stirred at room
temperature until a homogeneous solution was obtained. The
mixture was then poured into glass molds. Polymerization
was initiated at 85 °C for 6 hours and continued with gradual
heating to 120 °C over the next 12 hours. Diisopropyl
peroxydicarbonate was used as the initiator at a concentration
of 0.1%. After polymerization, the solid samples were cooled
to room temperature, removed from the molds, and used
without further purification for spectral measurements.

Polystyrene films

Polystyrene films were prepared by dissolving polystyrene in
chloroform to obtain a 5% solution. The solution was cast
onto clean glass substrates and allowed to dry at room
temperature under ambient conditions. After solvent
evaporation, the films were additionally dried in a vacuum
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oven at 40 °C for 12 hours to ensure complete removal of
residual solvent. The resulting transparent films were peeled
off and used for fluorescence spectral measurements.

Spectral measurements

Fluorescence and synchronous fluorescence spectra of the
studied samples were recorded using a PerkinElmer LS-45
fluorescence spectrometer. Both the excitation and emission
bandwidths were set to 5 nm. The spectral range was 200-700
nm. The measurement error for band positions was+2 nm, and
the spectral band half-width was 5 nm. Synchronous
fluorescence spectra were recorded at a scanning rate of 240
nm/min with various monochromator offset values (A))
ranging from 0 to 30 nm, as determined by the intensity of
scattered light from the excitation source by the object of
study.

Thin quartz cuvettes of the “spatula” type were used for
measuring the fluorescence intensity of liquid solutions. The
excitation of fluorescence was performed under frontal
illumination of the cuvette, with the incident light directed
perpendicularly to the sample surface.

As is well known, the fluorescence intensity of concentrated
solutions and solid samples is significantly reduced due to the
inner filter effect. Therefore, during the recording of
synchronous fluorescence spectra, the excitation light beam
was directed onto the sample cuvette at an angle between 30°
and 60° relative to its front surface. The use of this geometry
is a standard practice in solid-state synchronous
spectrofluorimetry (Samokhvalov, 2020) B, In our studies,
the planes of both the cuvette and the polymer films were
oriented at an angle of approximately 30° between them and
the direction of the excitation light beam.

To suppress scattered light from the excitation source, during
the recording of synchronous fluorescence spectra in the
"without wavelength offsets between the excitation and
emission monochromators" mode, film polarizers with a

working range of 200-750 nm, supplied with the
spectrometer, were used.
Solid solution samples were placed in the cuvette

compartment using a special holder. The orientation of the
samples was adjusted to be optimal for recording fluorescence
via reflection with minimal losses due to reabsorption of
emission.

Results and Discussion

Aggregation of chromophores, which commonly occurs in
highly concentrated solutions or in the solid state, typically
leads to fluorescence quenching — a phenomenon known as
aggregation-caused  quenching  (ACQ). This effect
complicates the study of absorption spectra, as measurements
must be conducted outside the monomer absorption band to
avoid distortions. In contrast, fluorescence-based techniques
are widely regarded as the most effective tools for
investigating the spectral manifestations of aggregation in
aromatic chromophores.

To assess the aggregation behavior of aromatic chromophores
in various environments, we conducted a series of
fluorescence and synchronous fluorescence spectroscopy
measurements on the prepared systems. The key findings are
presented below.

In fluorescence spectroscopy, an emission spectrum is
obtained by scanning the emission wavelength (Aem) While
keeping the excitation wavelength (Aexc) fixed. However, this
conventional method often produces unsatisfactory results due
to poor spectral resolution. The resulting emission spectra
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typically consist of broad, overlapping bands (often exceeding
50 nm in width), which complicates the identification of
individual fluorescent species, including aggregates (Silveira
& Barbeira, 2022) B2, To overcome these limitations, the
present study employed synchronous fluorescence
spectroscopy (SFS) to investigate the spectral manifestations
of aggregation. This technique enables the differentiation of
spectral contributions from different components in the
system (e.g., monomers and aggregates) by simultaneously
scanning both the excitation and emission wavelengths
(Samokhvalov, 2020) 311,

Depending on the scanning speeds of the radiation and the
excitation of the monochromators (Aem and Aexc) and the type
of maintained difference between them (AL), several methods
of synchronous fluorescence have been developed. These
methods are used both for spectroscopic studies and for
determining certain thermodynamic parameters and the
kinetics of polymer crystallization, which are associated with
the evolution of macromolecular structure during the melting
and crystallization process (Luo et al., 2014) 31, In this study,
depending on the sample, synchronous fluorescence spectra
were recorded with various monochromator offset values (AL)
ranging from 0 to 30 nm.

Fluorescence and SFS Spectra of Model Systems

Figure 1 shows the effect of the wavelength offset between
the excitation and emission monochromators on the
appearance of the SFS spectra of an aqueous solution (1.5 g L
1) of a PVA copolymer with 9-anthraldehyde, at a molar ratio
of PVA to luminophore of 4.3 : 100.

—CH,— ?;“—(CEF?H— CHz—?H‘;
OH

0\ /0
CE

¢Ce®

1 ] i
400 450 500 -

Fig 1: Fluorescence spectra of an aqueous solution of a copolymer of
PVA with 9-anthraldehyde recorded at excitation wavelength Aexc =
360 nm (curves 1) and SFS (curves 2 and 3) at Areg =Aexc (2) and Areg
= Aexc+10 nm (3). Wavelengths are indicated according to the
registration scale.

The type of bond between the anthracene moiety and the main
chain in this copolymer does not facilitate the formation of
complexes between adjacent chromophores along the polymer
backbone. As a result, its fluorescence in aqueous solution
exhibits a monomeric character (Fig. 1, curve 1). The
synchronous fluorescence (SFS) spectrum of the copolymer
solution, recorded without any wavelength offset (AL = 0 nm),
also displays a single band with a maximum at approximately
Amax = 410 nm (Fig. 1, curve 2). When recorded with a
wavelength offset of AL = 10 nm, the SFS spectrum of the
same solution (Fig. 1, curve 3) appears slightly broadened,
and its maximum undergoes a bathochromic shift of about 4
nm compared to the AL = 0 nm spectrum. Nevertheless, no
distinct structural features are observed in this spectrum.
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In solid films of this copolymer, the extended n-system of the
anthracene moieties promotes strong polymer aggregation,
leading to the appearance of an aggregate band in the SFS
spectra within the 450-500 nm range. The fluorescence of
these aggregates closely resembles that of anthracene
aggregates embedded in PMMA (Fig. 2, curve 2). The
pronounced red shift observed in the fluorescence spectra in
the solid state may also be attributed to excimer formation
(Congrave et al., 2021) 34,

In
i

700 750 A7

Fig 2: Fluorescence spectra of a solid solution of anthracene in
PMMA (2%) at excitation Aexc = 360 (1) and Aexc = 420 (2) nm and
SFS spectra of a solid solution of anthracene 0.5% (3) and 2% (4) in
PMMA. Wavelengths are indicated according to the registration
scale.

Figure 2 shows the fluorescence spectra of a solid solution
(2%) of anthracene in PMMA at different excitation
wavelengths: Aexc = 360 nm (1) and Aexc = 420 nm (2). We
suggest that the intense maximum around ~400 nm (curve 1)
should be associated with the fluorescence of the monomer,
while the broad band in the bathochromic region around
~450-500 nm (curve 2) may be attributed to the fluorescence
of the excimer.

However, in the SFS spectra of the anthracene solid solutions,
the aggregate band appears only around ~430 nm. It should be
noted that in the concentration range of 0.5-2%, the SFS
spectra exhibit an intense band with a maximum at ~Amax =
400 nm (Fig. 2, curves 3 and 4), indicating the formation of
one type of aggregates. A comparison of spectra 3 and 4 in
Fig. 2, normalized to the maximum of the monomer band, one
can easily conclude the concentration dependence of the
fluorescence spectra of the formed aggregates.

We also investigated the aggregation behavior of 9-
vinylanthracene in a PDEGBAC matrix. Figure 3 presents the
fluorescence and SFS spectra of the PDEGBAC-9-
vinylanthracene polymer system (solid solution, 0.1%). As
evident from Figure 2, the spectral aggregation pattern of 9-
vinylanthracene in the PDEGBAC matrix exhibits both
similarities and distinctions with the solid solutions of
anthracene in PMMA (Fig. 2). Since 9-vinylanthracene is
predominantly in the form of a solid solution in the polymer,
it is evident that a small portion of it copolymerized, as
indicated by the weak bands in the fluorescence and SFS
spectra at ~A = 380 nm (Fig. 3).

The aggregates in the SFS spectra (Fig. 3, curve 4) are
represented by a weak long-wavelength band. Upon excitation
at the maximum of this band, a broad band of excimer-like
fluorescence appears, similar to the long-wavelength
fluorescence band observed in solid solutions of anthracene in
PMMA.
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Fig 3: Fluorescence spectra of polymer composites PDEGBAK-9-
vinylanthracene recorded at excitation wavelength Aexc = 360(1),
420(2) and 440(3) nm and SFS at Areg= Aexc+10 nm (4) Wavelengths
are indicated according to the registration scale.

9,10-Dibenzanthracene is generally a chromophore that is not
prone to aggregation. The benzene substituents at the 9,10-
positions of anthracene moiety extend out of the plane of the
anthracene core, which creates steric hindrances preventing
the overlap of the chromophores' ©-systems. However, it can
be assumed that within a polymeric matrix, in PVA films, the
chromophore adopts a more planar conformation. This
planarity likely facilitates aggregate formation, and typical
bands of aggregates are observed in the spectra of the
copolymer of this structure (Fig. 4).

~CH:-CH);

o

4
A nm

1 L 1 1
350 400 450 500

Fig 4: Fluorescence spectra of a PVA copolymer film with a 9,10-
dibenzanthracene derivative at excitation wavelength dexc = 360(1),
450(2) and 520(3) nm and SFS at Areg=hexc + 20 nm (4). Wavelengths
are indicated according to the recording scale.

The fluorescence excitation spectrum (Aexc = 450 nm) in the
long-wavelength region is slightly broadened and exhibits a
bathochromic shift (curve 2) relative to the monomer
excitation spectrum (curve 3). In the SFS spectra, several
weak components appear in the long-wavelength region
(curve 4), which are associated with the formation of
aggregates (Fig. 4).

Among the numerous aromatic chromophores prone to
aggregate formation, pyrene is the most typical representative.
The spectral manifestations of its aggregation in various
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systems have been investigated in detail by Bains et al.,
(2021) B51) Yuzhakov (2007) 1361, Duhamel (2012) B7. It is
known the pyrene monomer emission is characterized by a
combination of five main vibronic bands caused by n—n*
transitions. In addition to the monomer peaks in the range
from 425 to 550 nm, centered on ~ 460 nm, a broad
unstructured band appears, associated with excimer-type
emission (Pifieiro et al., 2015) [3€],

Since pyrene excimer emission is highly sensitive to the
surrounding environment, several approaches have been
developed to spatially restrict excimer formation. These
restrictions can affect both the efficiency of excimer
formation and the kinetics of their relaxation. One such
approach involves precise control of the intermolecular
distances between pre-associated pyrene molecules, which
can enhance emission intensity. The first studies in this area
appeared in 2003. Notably, Thomas et al. (2003) ¥ employed
mesoporous silica to investigate the impact of spatial
confinement on pyrene excimer formation.

To illustrate the spectral manifestations of pyrene
aggregation, we used two examples in this study: the spectra
of pyrene in liquid solutions of chloroform and water.

Figure 5 presents the fluorescence and synchronous
fluorescence spectra of a saturated pyrene solution in
chloroform (Fig. 5a) and a 1000-fold diluted solution (Fig.
5b), recorded with wavelength offset between the excitation
and emission monochromators of AA =30 nm.

In

300 750 500 350 A

I

=

A, nin

00 250 500 550
Fig 5: Fluorescence spectra of pyrene solutions in chloroform:
saturated (a) and 1000-fold diluted (b) at excitation wavelength

Aexc=337 nm (1) and SFS at Areg= Aexc+30 N (2). Wavelengths are

indicated according to the registration scale.

The concentration dependence of the spectra is revealed not
only by comparing the intensities of the excimer and
monomer emission bands in conventional fluorescence
spectra (Fig. 5 and 6, curve 1), but also by analyzing the
positions of the monomer and aggregate bands in the
synchronous fluorescence spectra (SFS). In the SFS, a
pronounced aggregate band appears in the ~400 nm region,
while the narrow, intense band at 375-390 nm corresponds to
the pyrene monomer. Additionally, the SFS display a series of
low-intensity bands in the 440-480 nm range, corresponding
to the excimer fluorescence.

Similar fluorescence and SFS spectra of aqueous pyrene
solutions are presented in Figure 6. An intensity band of
aggregates is clearly observed in the ~400-410 nm region,
while weak excimer fluorescence bands appear in the 430-480
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nm range. The SFS spectra were obtained using the same
value of Areg = Aex + 30 nm for both solvents, indicating that
the solvent nature does not affect the band shapes, nor the
separation between the excitation and emission maxima under
our experimental conditions. However, Sunuwar et al. (2024)
1401 reported a strong influence of certain solvents on the
position of bands in the SFS spectra of pyrene. The separation
between the excitation and emission maxima (AL) was 40 nm,
50 nm, and 60 nm in water, n-hexane, and ethanol,
respectively.

In

200 350 300 550 A nm

Fig 6: Fluorescence spectra of a saturated pyrene solution in water at
excitation Aexc=337 nm (1) and SFS in the registration mode Areg =
dexc+30 nm (2). Wavelengths are indicated according to the
registration scale.

The spectral pattern of aggregation of a naphthalene solid
solution in an epoxy polymer matrix (epoxy resin UP-612)
(Fig. 7), as copolymers of naphthyl methacrylate with methyl
methacrylate (Fig. 8), is rather complex. The monomer
fluorescence of naphthalene in the solid solution (Amax ~340
nm) is similar to that observed in liquid solutions of
naphthalene, which have been extensively studied Rasouli et
al. (2016) U, Zeng et al. (2023) . The maximum of the
excimer band of naphthalene in solution is at Amax = 390 nm.
In the conventional fluorescence spectrum of the solid
solution (Fig. 7, curve 1), the excimer band does not exhibit a
distinct maximum. However, in the SFS spectrum, within the
excimer fluorescence range (370-470 nm), a series bands of
aggregates is observed (Fig. 7, curve 2).

3

2

In
'y

]

A, nm

300 350 200 250
Fig 7: Fluorescence spectra of the composition epoxy resin + 20%
naphthalene under excitation at Aexc = 260 nm (1), and SFS at
Areg=hexct 10 nm (2). Wavelengths are given according to the

detection scale.

Figure 8 shows the fluorescence spectra of MMA copolymers
with naphthyl methacrylate. As can be seen, the monomer
fluorescence of the naphthyl fragments in the MMA-naphthyl
methacrylate copolymer is represented by a broad band at
~330 nm.
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Fig 8: Fluorescence spectra with excitation Aexc =280 nm (1, 2) and
SFS (3, 4) of MMA copolymers with naphthyl methacrylate: 0.1
mol% (1, 3) and 0.5 mol% (2, 4). Wavelengths are indicated
according to the registration scale.

By comparing spectra 1 and 2 in Figure 8 of the MMA
copolymers with naphthyl methacrylate with a different
chromophore concentrations, the position of the excimer
fluorescence band can be determined, which has a maximum
at Amax = 350 nm. The SFS spectra of these samples (0.1 and
0.5 mol%) demonstrate a concentration dependence, also for
the aggregate bands (curves 3 and 4).

The most accessible system for studying the aggregation of
phenyl chromophores is benzene. However, the high optical
density in the benzene monomer fluorescence band creates
some difficulties for fluorescence spectra registration.
Moreover, the registration of SFS spectra is not possible due
to the intense background from the scattered light of the
excitation source. Therefore, we registered the fluorescence
spectra of benzene at a right angle to the light transmission in
a 1 cm cuvette. The obtained spectra are shown in Figure 9.

O

In

300

1
350 A nm

Fig 9: Fluorescence spectra of benzene with Aexc = 254 nm (1) and
SFS in the registration mode Areg = dexc + 10 nm (2). Wavelengths are
indicated according to the registration scale.

It can be assumed that the spectra are significantly
reabsorbed. The monomer fluorescence band of benzene is
completely absent, while the excimer fluorescence is
represented by a slightly structured band with maxima at Amax
= 312, 328, 344 nm (Figure 9, curve 1). The cause of this is
likely the formation of aggregates, which are more clearly
detected in the SFS spectra (Figure 9, curve 2).
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The fluorescence spectra and SFS spectra of benzene can be
compared with the spectra of polystyrene film, shown in
Figure 10.

In

—CH—CH -

A, nmn

780 320 360

Fig 10: Fluorescence spectra of polystyrene film with excitation Aexc
=254 nm (1) and SFS in the registration modes Areg=hexc (2, 3) and
Areg=Aexc+10 nm (4, 5). Wavelengths are indicated according to the

registration scale.

Spectra 3 and 5 were obtained using polarizers. This method
involves registering spectra with polarizers oriented
perpendicularly, which are placed on the excitation and
detection monochromators. Generally, this approach is used
for recording SFS spectra of objects that are characterized by
significant light scattering. However, in this case, the
application of such a method is due to the significant
structural differences of the aggregates, which cannot be
identified by other methods.

The fluorescence spectrum of a polystyrene sample (Fig. 10,
curve 1) contains weakly distinguishable bands of the
monomer and excimer, although its appearance is typical for
the emission of polymers of this type. At the same time, the
SFS spectra of polystyrene sample (Fig. 10, curves 2-5)
demonstrate the formation of several types of aggregates of
chromophore fragments. Differentiation of the aggregates
becomes possible when comparing SFS spectra obtained in
different scanning modes (curve 2 and 3, curve 4 and 5), and
with the use of polarizers (curve 3 and 5).

Generalization on Component Identification in SFS
Spectra

Based on spectral studies of a model series of polymer
systems containing different chromophores, it is possible to
generalize the approach to component identification in SFS
spectra. The analysis shows that all SFS spectra of the studied
systems contain aggregate bands of the chromophores, which
are bathochromically shifted relative to the corresponding
monomer bands. The confirmation of this regularity is the fact
that the spectral features of aggregation are common both for
different chromophores and for different systems (Yuzhakov,
1992) M1 Thus, it can be stated that the aggregates of
aromatic ~ chromophores have to vary  degrees
bathochromically shifted 0-0 transition bands and their
fluorescence is predominantly excimer-like.
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Obviously, the emergence of excimer-like fluorescence is due
to the formation of aggregates with different structures, which
contain varying numbers of chromophore moiety, depending
on the nature of the studied object. In the case of copolymers
or homopolymers like polystyrene, the simplest form of an
aggregate is a dimer, consisting of two molecular subunits
connected through non-covalent =-m interactions. The
probability of forming more complex structures, consisting of
three or more closely positioned chromophore groups, is
minimal due to steric hindrances (Pompetti et al., 2024) 3, In
liquid solutions, especially in saturated ones, as well as in
solid solutions of chromophores in polymers, aggregates can
be complexes with numerous molecules or even
microcrystals. In solutions of tetracene in THF and
dimethylformamide, the formation of dimers connected by
covalent bridges — allowing for variation in chromophore
distance and relative orientation — was reported by Miller et
al. (2023) 41,

Tetracene films and crystals have a well-defined and rigid
intermolecular geometry, governed by electrostatic or van der
Waals forces, and chromophore aggregation occurs in the
form of different microcrystalline formations, which vary in
fluorescence color (Yan et al., 2020) [*3],

The predominant form of pyrene aggregates is the dimer.
Pyrene dimers, formed via covalent or supramolecular
interactions, readily generate “static excimers” which
typically result in enhanced emission. Such emission
enhancement can be achieved through precise control of
intermolecular distances between pre-associated molecules.
Since pyrene excimer emission is highly sensitive to the local
environment, spatial confinement (via encapsulation or
incorporation into a polymer matrix) can enhance excimer
fluorescence, as demonstrated by Pifieiro et al. (2015) [,
Thomas et al. (2003) [*],

Thus, the excimer-like fluorescence of various aggregates
represents the fluorescence of dimers capable of relaxing into
an excimer geometry (Hoche et al., 2017) 22,

It should be noted that the components in the SFS spectra
obtained under different registration modes, especially in the
hreg = hexc, Cannot reflect the population of energy levels of
different aggregate states, since after excitation the aggregates
are capable of relaxing into the most stable structure for them.
The SFS spectra of pyrene solutions in water and chloroform
are particularly illustrative in this regard (Fig. 5, 6). In both
solvents, the SFS spectra exhibit an intense band of
aggregates with a maximum at 400 nm. In the region of the
excimer fluorescence maximum, these spectra also show a
series of relatively intense bands.

The systems considered in this study, in addition to common
features of the spectral manifestations of chromophore
aggregation, also exhibit individual characteristics. In the
synchronous fluorescence spectra (SFS) of solid solutions of
anthracene in PMMA (0.5-2%), a single dominant spectral
maximum at 400 nm is observed (Fig. 2, curves 3 and 4),
which may suggest the formation of single type aggregates.
The conventional fluorescence spectra show no bands with a
pronounced Stokes shift; only in the more bathochromic
region (Fig. 2, curve 2) does a broad band of the excimer-like
fluorescence appear, presumably due to aggregates of a
different structure. This indicates that these aggregates in the
excited state do not relax to the excimer geometry and are, in
fact, T-type dimers. As is known, anthracene dimers can have
four possible structures: normal dimer, twisted dimer, offset
dimer and T-shaped dimer (Zhao et al., 2018) 61,
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However, based on the band position of the 0-0 transition, it
can be assumed that the dimers in solid solutions of
anthracene in PMMA adopt a "sandwich™ structure in the
ground state, which promotes excimer formation and leads to
the appearance of a broad fluorescence band with a significant
Stokes shift.

The spectral pattern of aggregation for 9-vinylanthracene in
PDEGBAC (Fig. 3) and for the PVA copolymer with 9,10-
dibenzanthracene (Fig. 4) differs from that observed in solid
solutions of anthracene in PMMA by the absence of well-
defined aggregate bands. In the SFS spectra of these systems,
the formation of aggregates leads to the appearance of a long-
wavelength tail band, and excitation into this band results in
excimer-like fluorescence occurs. This difference is likely due
to the presence of substituents on the anthracene core, which
introduce steric hindrance and prevent the formation of T-type
aggregates.

The studied chromophores' — anthracene, 9-vinylanthracene,
9,10-dibenzanthracene-have the lowest excited singlet S1
state of 'L, nature. The high intensity of So—S: transitions in
the monomers makes the monomeric component dominant in
the SFS spectra. In pyrene, naphthalene and benzene
molecules, the lowest singlet excited state (Si) has the
character Ly, which explains the significantly lower intensity
of the transitions bands. This likely explains the
predominance of aggregate spectral bands in the SFS spectra
of systems containing these chromophores, especially at
sufficiently high concentrations (Figs. 5-7, 9, 10).

The spectral features of chromophore aggregation in MMA
copolymers with naphthylmethacrylate differ somewhat from
the systems discussed above (Fig. 8). In the SFS spectra, the
aggregate components exhibit a slight bathochromic shift
relative to the monomer band, and their intensity is
comparable to that of the monomer.

Conclusions

Conventional  fluorescence  spectroscopy has certain
limitations when analyzing multicomponent systems due to
the spectral overlap of excitation and emission bands.
Synchronous  fluorescence  spectroscopy  (SFS), by
simultaneously scanning excitation and emission wavelengths
with a constant wavelength interval (AML), significantly
improves spectral resolution and allows for better
discrimination of individual components within complex
systems. This method provides enhanced spectral resolution,
suppresses scattering interference, highlights subtle spectral
features, and improves selectivity in detecting specific
fluorescent species. In this study, the capabilities of SFS were
demonstrated for the differentiation of monomeric and
excimeric emission bands in various systems, including both
solution and solid-state polymer matrices. The results clearly
show that SFS enables precise identification of aggregate-
related spectral features, such as bathochromic shifts and
excimer-like emission that are often masked in conventional
fluorescence spectra. Overall, SFS proves to be a highly
effective and sensitive spectroscopic tool for probing
aggregation phenomena in chromophore-containing polymer
systems and can significantly contribute to the rational design
of luminescent materials with tailored photophysical
properties.
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