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Variability of the fluorescence spectra of trans-stilbene in
polystyrene matrix depending on stilbene concentration
is caused by nano-crystallization of twisted trans-stilbene
molecules.
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Variability in the spectral properties of solid conformations of stilbene under various external conditions
still remains obscure. The photophysical properties of trans-stilbene solution in solid polystyrene glass
have been studied by absorption and time-resolved fluorescence. Concentration-induced quenching
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has been observed for small concentrations of stilbene. At large concentrations, the spectroscopic
characteristics become split between the two phases of the sample: single-molecule properties are
responsible for absorption, while the micro-crystalline phase dominates in fluorescence. Ab initio and
molecular dynamics analyses suggest permanent twisting of the stilbene molecular structure upon
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Introduction

Technologically promising organic molecules display various
specific photoinduced intra- and inter-molecular transforma-
tions, such as, for instance, trans-cis isomerization or variability
of fluorescence lifetimes depending on environmental condi-
tions. Stilbene (Scheme 1) is a pronounced example of such a
type of molecule."™ Stilbene molecules have been extensively
studied from the mid-60s of the last century under various
conditions such as in solutions and supersonic jets, at different
pressures and at various temperatures.>> ' They can be found in
two forms, namely, cis and trans forms. The process of cis-trans
isomerization upon photoexcitation of stilbene is well established
and is characterized by means of fluorescence decay lifetime in
different solvents.>***'® These molecules are usually considered
model molecules for studies of photoinduced intramolecular
isomerization processes. By means of time-resolved Raman
spectroscopy and high-quality quantum chemistry calculations
it has been recently confirmed that the isomerization process
reflects a smooth gradual evolution along a reaction coordinate.*®

Solid stilbene compounds are usually of trans-stilbene (Tstilbene)
form and have been used in engineering scintillating devices and
possess the ability to distinguish between the effects caused by
different illumination.'”” However, knowledge of their internal
structure is still lacking. Possible technological applications
require extensive knowledge of photophysical processes of
various complex heterostructured materials based on stilbene.
The variability in the spectral properties of solid conformations
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crystallization, which supports spectroscopic phase separation.

of Tstilbene with temperature'®?! in aggregated form>>>* has

been investigated for many decades, but still remains obscure.
From our recent studies it has been found that the temperature
dependence of the steady-state and time-resolved fluorescence
of solid-state systems and films of Tstilbene is attributed to
cooperative exciton state formation in condensed phases, when the
molecular isomerization process is suppressed.®> For comparison,
time-resolved fluorescence measurements have also been per-
formed for stilbene solutions in chloroform and for stilbene in a
polystyrene matrix, which specifically behaves as a highly viscous
solution. Sensitivity of the fluorescence decay lifetimes for different
samples at various temperatures suggests the emergence of
aggregation-induced exciton diffusion in solid forms of Tstilbene,
which specifically shapes the fluorescence spectrum. It is demon-
strated that this type of excitonic dynamics dominates over
different single-molecular excitation decay pathways in the solid
phase.?®

However, detailed studies of aggregate formation of Tstilbene
molecules is still lacking. Here, we present comparative studies of
the absorption and fluorescence spectra as well as the fluores-
cence kinetics of Tstilbene solutions in a polystyrene (PS) matrix
as a function of the solute concentration. Our results reveal the

VI

trans-Stilbene PS

Scheme 1 Structures of cis-stilbene, trans-stilbene and polystyrene (PS).

cis-Stilbene

Phys. Chem. Chem. Phys., 2023, 25, 21183-21190 | 21183


https://orcid.org/0000-0001-5884-4538
https://orcid.org/0009-0004-2054-108X
https://orcid.org/0000-0003-1343-8880
https://orcid.org/0000-0003-0087-9791
https://orcid.org/0000-0002-1356-8477
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp03015f&domain=pdf&date_stamp=2023-08-02
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03015f
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025032

Open Access Article. Published on 17 July 2023. Downloaded on 12/4/2025 7:13:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

formation of nano-crystals in concentrations above 20%. The
experimental data are analysed and interpreted together with
ab initio and molecular dynamics (MD) computational analysis.
Our results demonstrated that at high concentrations Tstilbene
properties could be attributed to two phases, which are observed
experimentally. Calculations reveal molecular packing upon
crystallization and suggest that absorption occurs in the single-
molecule phase, while fluorescence is dominated in the micro-
crystalline phase. Such separation could possibly be employed in
optical quantum technologies.

1. Materials and methods

1.1. Experiments

Tstilbene molecules (molecular structure is shown in Scheme 1)
were purchased from Sigma-Aldrich. For film preparation we
used polystyrene (PS, glass transition point T, = 112 °C,
M, =200 000) as the host material doped with stilbene molecules
at different concentrations. A polystyrene matrix (Scheme 1) is
used as a solid solvent because it is transparent in the spectral
region to the red from 280 nm and has minimal effects on both
absorption and fluorescence in the case of a single, non-
aggregated sample.>® Films were prepared in a UV-isolated room
using chloroform solutions (initial PS concentration for all
solutions was the same, 8 mg mL ") by spin-coating (1000 rpm
for 40 s, with KW-4A apparatus) onto clean 15-24 mm quartz
substrates. The average film thickness ranged from 120 to
160 nm. The concentration (weight percentage) of Tstilbene
varied from 0.5% to 80%.

Absorption spectra were recorded using a Jasco V670 spectro-
meter. Steady-state fluorescence spectra and fluorescence decay
kinetics were recorded using a time-correlated single photon
counting spectrophotometer (Edinburgh Instruments F920) with
a time resolution of about 100 ps. A picosecond pulsed diode
PLED-300 emitting about 850 ps duration pulses in sub-
nanoseconds was used for excitation at 300 nm with an average
power of 0.08 mW m > and with a 10 MHz pulse repetition rate.
All fluorescence spectra were corrected for instrument sensitivity.

The optical density at the excitation wavelength was in the
0.01-0.9 range. The measurement error did not exceed 1-2%.
The fluorescence decay kinetics were approximated using one-
component or two-component exponentials taking into account the
instrumental function with different characteristic decay times.

Note that stilbene could be found in two molecular forms,
cis- and trans-stilbene, and these two forms can be inter-
changed when irradiated with UV light in liquid solutions. This
is highly unlikely in our preparations because our samples are
solid films. However, even if cis-stilbene existed in the films,
spectroscopically it exhibits blue-shifted absorption (peaked at
270 nm) compared to Tstilbene (it has multiple absorption
bands at 267, 288, 300, 312, and 327 nm). So cis-stilbene could be
only weakly excited in our fluorescence experiment. Additionally, cis-
stilbene fluorescence spectra are characterized by one broad fluores-
cence band with a maximum at 430-440 nm and a very low
fluorescence quantum yield, which could be easily filtered out.*®
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1.2. Computational details

Quantum chemical calculations have been used in our previous
studies on stilbene®*>** and similar molecules,”” where the
details of the theoretical analysis are described. Density func-
tional theory (DFT) calculations on Tstilbene clusters have been
performed using the Gaussian 16 package.’® The B3LYP and
CAM-B3LYP functionals in combination with the cc-pVDZ basis set
have been used. Initially equilibrated clusters were generated using
the classical molecular dynamics (MD) approach with AMBER 21
software>® (together with the Packmol package® for structure
generation). MD force fields are not optimized for Tstilbene,
hence, the force field was reoptimized for the molecular models
described below. Two types of models were used (i) when a single
entity (“molecule”) in MD is a single Tstilbene and (ii) when the
single “molecule” in MD is a Tstilbene dimer. The reference
Tstilbene molecules and dimers are optimized by DFT at the
B3LYP/cc-pVDZ level. Partial atomic charges were determined
using the RESP procedure as it is required in the antechamber
program from AMBER.” An MD simulation box (size 350 x 350 x
350 A3), filled with 100, 250, 500 and 1000 Tstilbenes, was used for
MD simulations. MD simulations were performed at room tem-
perature for 140 ps.

2. Experimental results

Detailed analysis of the fluorescence and absorption spectra of
the films containing different concentrations of the Tstilbene
molecules was carried out. The absorption spectra of the films
presented in Fig. 1A contain three main peaks at 300 nm,
312 nm and 327 nm. By increasing the Tstilbene concentration,
it is possible to distinguish the additional peaks at 267 nm and
288 nm. Absorption at 260-270 nm, which clearly manifests
itself at the lowest concentrations (0.5-2%), is mainly deter-
mined by the PS matrix. The absorption intensity at the stilbene
region (290-340 nm) linearly increases with the increase of the
concentration of Tstilbene, while this linear dependence dis-
appears when the concentration exceeds 5% (see the inset of
Fig. 1A). At larger concentrations the background of white light
(presumably due to light scattering) becomes visible and it
grows with the concentration.

Fluorescence spectra were recorded for the same set of
samples. For this purpose, the excitation wavelength of the
samples was tuned to 300 nm, which corresponds to the absorp-
tion peak of the Tstilbene molecules. As shown in Fig. 1B, the
fluorescence spectra do not demonstrate considerable variation
with concentration at its lower values (less than 50%). At higher
concentrations the fluorescence spectrum is largely red-shifted
with changes in the peak structure and redistribution of intensi-
ties. The integrated fluorescence intensity also depends on the
concentration of stilbene, as shown in Fig. 2. The initial linear
increase of the fluorescence intensity with the increase of the
stilbene concentration (up to 10%) should evidently support the
attribution of the fluorescence signal to the molecular emission at
these concentrations. A subsequent decrease of the fluorescence
intensity at higher concentrations (>10%) is accompanied by
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(A) Normalized absorption spectra of trans-stilbene in the PS matrix; in the inset, the dependence of the absorption at 312 nm on the trans-

stilbene concentration in the PS matrix is shown. (B) Normalized fluorescence spectra of trans-stilbene in the PS matrix under 300 nm excitation.

variation of the fluorescence spectrum. Such intensity and spectral
changes with the concentration might be caused by gradual
aggregation of the stilbene molecules.

Fluorescence kinetics are more sensitive to the concentration of
the stilbene molecules in the sample, as shown in Fig. 3. An
interplay between three distinct processes depending on the concen-
tration is evidently distinguished. The fast exponential decay com-
ponent is dominating at lower concentrations. The corresponding
decay time gradually reduces from 0.75 ns at the lowest concentra-
tions to 0.17 ns at 40%. Starting from 60% the kinetics become
nonexponential demonstrating the emergence of the second
type—slow—ns timescale kinetics. We found that the decay
becomes slow and again exponential in the pressed sample (third
type kinetics), when the polystyrene matrix is absent.

The data of the analysis of the fluorescence kinetics corres-
ponding to different fluorescence bands are presented in
Table 1. Two fluorescence bands were studied at 340 and
360 nm. Our experimental data showed that up to 5% concen-
tration, the decay behaves identically—increase of the concen-
tration leads to faster decay. At higher concentrations (10—
40%), the 360 nm band shows an additional slow component,
while the 340 nm band still retains the mono-exponential
character. The decay time of the fast component at the two
wavelengths is the same. According to our experimental data,
we found that the 340 nm band still shows properties of a
separate molecule, while at 360 nm, there is an overlap with the
fluorescence from the aggregated species. Complete aggrega-
tion is achieved at the pressed sample. In this case we find a
new slow mono-exponential decay. We concluded that this
result correlates with the fluorescence spectrum (Fig. 1B). The

This journal is © the Owner Societies 2023
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Fig. 2 Integrated fluorescence intensity of trans-stilbene dependence on

concentration in the PS matrix under 300 nm excitation. Molecular
structure of trans-stilbene is also shown.

fluorescence spectrum of the pressed sample has no intensity
at 340 nm.

In order to check the validity of the results, we have decomposed
the fluorescence spectra into two components: the molecular
spectrum, corresponding to the 0.5% concentration sample, and
the spectrum of the aggregated species, corresponding to the
spectrum obtained at 80% concentration. Fluorescence at inter-
mediate concentrations is then assumed to be given by the weighted
superpositions of these two components. The reconstructed spec-
trum is presented in Fig. 4A. The recorded experimental spectra are
shown as well. This result nicely demonstrates that by varying
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Fig. 3 Fluorescence decay kinetics of trans-stilbene in the PS matrix at 340 nm (A) and 360 nm (B) under 300 hm excitation. Dependences of the
fluorescence decay constants (z; and 1,) on the stilbene concentration in the PS matrix are presented in the insets.

Table 1 Photo-physical properties of trans-stilbene in the polystyrene matrix at room temperature

Trans-stilbene concentration

Absorption band

Fluorescence band

in PS, % wt positions, nm positions, nm 7%, ns 7,°%°, ns 7,°%° ns 7,°%°, ns
0.5 300, 312, 327 336, 352, 372 0.75 (100%] — 0.75 (1000/0) —

1 300, 312, 327 337, 353, 372 0.64 (100%) — 0.65 (1000/0) —

2 300, 313, 328 337, 353, 372 0.52 (100%)  — 0.53 (100%)  —

5 286, 300, 312, 327 338, 354, 372 0.3 (1000/0) — 0.31 (1000/0) —

10 286, 300, 312, 327 338, 353, 373 0.27 (100%)  — 0.26 (93%) 4.2 (7%)
20 287, 300, 312, 327 338, 353, 373 0.27 (100%] — 0.25 (850/0) 3.9 (15%)
40 267, 288, 300, 312, 327 338.5, 355, 374 0.17 (100%)  — 0.18 (98%) 2.4 (2%)
60 267, 288, 300, 313, 328 339, 359, 377, 400 0.19 (91%) 1.6b (9%) 0.21 (47%) 1.8 (53%)
80 268, 288, 300, 313,329 340, 360, 379, 400 — — — 1.4 (100%)
Pressed 345, 365, 380, 403 1.6 (100%) 2.2 (100%)

stilbene concentrations, the stilbene molecules aggregate into
complexes (or nanocrystals) and the resulting sample consists of
two phases—the molecular part and the aggregated part. The two
phases have different fluorescence spectra and different fluores-
cence kinetics. This is confirmed by the images shown in Fig. 4B

Fluorescence >
7777

Fluorescence

30 0 80

400
Wavelength, nm

420 440

Fluorescence

Fluorescence

80 %

B0 400 420
Wavelength, nm

440

obtained by transmission electron microscopy (TEM), which
demonstrate the emergence of crystallized formations in the
solution as the concentration is increased. At low concentrations
the sample is homogeneous. At 10% concentration 20 nm nanos-
tructures can be observed. They combine into larger aggregates at

Fig. 4

(A) The normalized fluorescence spectra obtained (black line) and reconstructed (red line) at different concentrations of trans-stilbene in the PS

matrix. Fluorescence spectra filled in blue demonstrate a molecular part of trans-stilbene fluorescence and those of aggregates (or nanocrystals) in pink.
Note that there is still a small contribution of molecular fluorescence at 80% concentration. Amplitudes of decomposition are presented in Fig. 6. (B). TEM

images of the same films.
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60-80% concentrations. It should be noted that TEM images
suggest the presence of a molecular phase which is not crystal-
lized, but it shows almost no fluorescence compared to the
crystallized part. Hence, the fluorescence is mostly from 100-
300 nm crystalline forms. The crystallization is confirmed by
diffraction patterns.

Our experimental data showed that Tstilbene molecules
demonstrate aggregation-induced quenching of the excited
state for the single-molecular form in low concentration solu-
tions. In this case the shape of the absorption spectrum does
not change with concentration. A completely different picture
follows from fluorescence at high concentrations in a polycrys-
tal state where the fluorescence becomes red-shifted and the
fluorescence decay kinetics are slow. It is important to relate
the spectral properties to the microscopic structure. Two micro-
scopic levels of structural reorganization are possible upon
crystallization: (1) reorganization of the molecular structure
within a single molecule and (2) emergence of intermolecular
interactions upon packing. In order to study these properties we
performed a hybrid computational study by using density func-
tional theory (DFT) and molecular dynamics (MD) simulations.

3. Calculations and analysis

In our previous study the quantum chemical analysis of Tstilbene
dimers was carried out*® and it was shown that dimerization leads

A

R,A

T
30 60 920 120

—-174.7

73.60
R
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to a slight twisting of dihedral angles starting from the planar
Tstilbene geometry***® Additional quantum dynamics (QD) calcu-
lations over an 80 fs time scale demonstrated the persistence of the
+15° twisting at room temperature. This indicates that the twisted
configuration remains stable, even when considering the fluctua-
tions. However, this did not lead to a conclusive picture regarding
Tstilbene aggregation on a large scale.

To consider Tstilbene packing in large clusters we employed
MD simulations. As the first attempt we performed the “tradi-
tional” MD analysis by considering Tstilbene molecules as
independent entities. The obtained MD trajectory showed no
indication of Tstilbene clusterization (Fig. 5A). The possible
reason for this is the absence of dipole moments in single
Tstilbenes; hence, the electrostatic intermolecular interactions
are weak. In this case, only n-stacking interactions,**** which
typical MD simulations do not take into account, may be
necessary for clusterization. To check this hypothesis we per-
formed MD simulations by taking the whole DFT-optimized
Tstilbene dimer (where n-stacking interactions are in place) as a
single “supermolecule”. This type of MD simulation resulted in
various types of clusters within 1.5 ps with 4-6 Tstilbenes in the
clusters, which remained stable for at least 1 ps (Fig. 5B).

The obtained clusters from MD simulations were taken as
initial structures for further quantum chemistry refinement
using DFT. DFT geometry optimization was performed for one
specific six-Tstilbene cluster using the CAM-B3LYP functional
(Fig. 5C) (and B3LYP for comparison). We note that all Tstilbene

B 124
e
o
T T T
600 1200 1800
t, fs
D b3
o ——E, unrelaxed
0.20 — =—E,relaxed
0.15
angles
3 in dimer
W 0.0
<
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fixed C-C angle, deg

Fig. 5 Molecular dynamics simulations and global minima according to DFT studies: (A) — trans-stilbene parametrized as monomers can create
temporary dimers even in 100 ps simulations time line; (B) — trans-stilbene parametrized as dimers can create many complexes even in its first 2 ps of the
simulations; (C) — dihedral angles after optimisations with the B3LYP computational level for chosen complexes of the 6 trans-stilbenes from MD
simulations (figure B); (D) — potential energy surface of a single trans-stilbene molecule with respect to twisting along the single-bond (f angle). In figures
(A) and (B), the distance R is chosen between dimers and two atoms labelled as (A) in figure (D).
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molecules in the refined cluster turned into a permanently
twisted (by 10-40 degrees) form. This result correlates with
our previous study where we showed that dimerization of
stilbene results in molecular twisting.?®?” Fig. 5D indicates that
such twisting is not accidental. Twisting Tstilbene along the
single bond using unrelaxed conditions (when hydrogens are
fixed) yields the double-well potential energy surface with a
minimum exactly at 30 degrees away from the ideal planar trans
configuration. Such an unrelaxed configuration is available even
for a single Tstilbene molecule via thermal activation at room
temperature.

To relate the structural information to that from spectro-
scopy, we have also calculated the excitation energies of single
Tstilbene and of the Tstilbene cluster. We find that the cluster
has six nearby excitations with energies shifted by —0.118 (0.0),
—0.078 (1.44), —0.048 (0.27), 0 (1.22), +0.032 (0.44), and +0.092
(1.04) eV from the single-stilbene optical transition (oscillator
strength in D> is given in parenthesis; the single stilbene
oscillator strength is 0.97 D?). Notice that the lowest energy
excitation has zero oscillator strength (is optically dark). This is
the same result as for the Tstilbene dimer.***” The cluster thus
should act as the excitation quencher, because an energetically
favourable state is not fluorescing. The next state is also red-
shifted, and it is optically brighter than that of the single
molecule. Neither of these states has the CT character; hence,
they are purely excitonic.

The computational results correlate with our spectroscopy
data. First of all, the molecular packing in clusters is not
compact, so molecules do not form extended molecular crystals.
As a result, the disordered molecular clustering results in excita-
tion energies scattered around the molecular transition. The fine
restructuring due to aggregation is not observable due to the
broad absorption bands. However, the cluster shows red-shifted
low energy excitations, which correlates with the red-shifted
fluorescence spectrum in aggregated stilbene. More importantly
this result correlates with the slow fluorescence decay in the
aggregate form due to the vanishing oscillator strength of the
lowest energy excited state of the stilbene cluster.

Discussion and conclusions

Detailed studies of the variability of the Tstilbene absorption
and fluorescence spectra in the PS matrix depending on the
concentration are carried out experimentally and by means of
relevant hybrid MD simulations and DFT modelling. As follows
from our experimental data the absorption spectra do not vary
much with concentration. This implies that (i) either stilbene
molecules remain weakly perturbed by each other in the course
of aggregation and, thus, molecular features are not affected in the
electronic ground state even at high concentrations or (ii) only
non-crystalline regions of the solvent efficiently absorb the light.
However, fluorescence shows a completely different picture: the
spectrum barely depends on the concentration up to 60%, while a
substantial shift of the fluorescence spectra emerges at higher
concentrations. Naturally, this spectral shift is attributed to the
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formation of aggregates in the PS matrix which is supported by
observations from the TEM measurements. Indeed, these data
demonstrate that some evidence of stilbene crystallization can be
observed even at low concentrations (starting from 10%) with the
growth of microcrystals in size at higher concentrations. The
modelling data support these observations.

The inconsistency of the sensitivity between absorption and
fluorescence spectra depending on concentrations can be
understood in terms of the origin of molecular orbitals. Due
to molecular symmetry, the dipole moment of the molecule in
the electronic ground state is absent and, thus, the intermole-
cular interactions are weak even at relatively short distances.
A different picture emerges when considering fluorescence. The
excited state potential surface is known to be completely flat in
trans configurations.">>®'22%23 The molecule thus easily
experiences different configurations in the excited state. How-
ever, such molecular twisting is restricted in the crystalline
state of our samples.

The integrated fluorescence intensity presented in Fig. 2 is
yet another complicated dependence that is difficult to explain
in this context. At low concentrations <5% separate molecules
should certainly dominate in the fluorescence spectra and,
thus, the intensity should linearly increase with the concen-
tration. At 5% the only thing that can happen is related to the
formation of small nanoparticles, most probably dimeric struc-
tures. Apparently, such small nanoparticles act as fluorescence
quenchers (which follows from calculations of the clusters and
dimers®®). The relative content of dimers grows up to 20% of
the stilbene concentrations, resulting in a decrease of the
fluorescence yield. These species could not be observed in the
fluorescence spectrum, so they do not display any contribution
in the spectra shown in Fig. 1B. For concentrations from 20 to
40%, a different kind of aggregate (nano-crystals) starts to
dominate. These nanocrystals are fluorescent and the fluores-
cence yield increases as their concentration increases. At con-
centrations >40% the excitation migration becomes efficient
resulting in equilibration among fluorescent and quenching
species, so that the fluorescence intensity stays almost con-
stant. Notice that at these concentrations light scattering is also
very efficient and so this is an additional factor that may restrict
the growth of fluorescence intensity.

It should be noted that stilbene crystals were present with
polystyrene in the investigated materials. From a theoretical
point of view the formation of stilbene crystals in polystyrene is
puzzling and the influence of polystyrene is still not clear.
Styrene monomers are structurally similar to stilbene. So pre-
sumably stilbene should interact with styrene very similarly to
with another stilbene. In this case the sample would remain
homogneneous at all concentrations of stilbene. As shown in
Fig. 4B at high concentrations, there are strict boundaries of
the crystalline phase. This implies that stilbene molecules
combine with other stilbenes and “pushes’ styrene out so that
stilbene-only crystals are formed. It turns out that inter-stilbene
interaction must be higher than that of stilbene-styrene. This is
supported by Fig. 6, which indirectly shows the fractions of
single-molecular phase stilbene and of crystallized stilbene.
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Fig. 6 Molecular (blue triangles) and aggregate (red triangles) parts of
fluorescence trans-stilbene dependence on concentration in the PS
matrix. The points present amplitudes in decomposition of Fig. 4A.

The result is highly non-linear, thus showing that the single-
molecule phase stays appreciable until very high concentra-
tions (up to 80%). As a result, the single-molecule phase is
maintained from a moderate local stilbene concentration up to
very high concentrations (up to 80%) in the whole sample. The
single-molecule phase of Tstilbene corresponds to the flat
molecular structure and is responsible for the concentration-
independent absorption spectrum. Notice that we were unable
to obtain the absorption spectrum of the pressed sample. As
molecules crystallize, they become twisted and their absorption
diminishes. As the crystal contains excitations lower than those
in the single-molecule phase, the crystal becomes an excitation
acceptor, thus being responsible for fluorescence.

Phase separation is also observed in the fluorescence spectra.
Most notably they are different at two wavelengths. Both at 340 and
360 emission wavelengths fluorescence exponentially decays at
small concentrations (0.5-5%), while the decay rate increases with
concentration. The increase of the decay rate with concentration is
not easy to explain. Phenomenologically the effect is called concen-
tration quenching. On a microscopic level, this behaviour can be
explained by assuming excitation energy transfer from fluorescent
monomers to quenching sites (dimers or similar aggregates).
The increasing concentration effectively leads to shortening of the
distance between monomers and dimers so the transfer rate to
the quencher increases and the decay time becomes smaller. The
exponential regime suggests that the process is one-step transport
limited by transfer time.

Increasing the concentration further makes the fluorescence
kinetics become non-exponential indicating an excitation diffusion
process, ie., multistep energy transport to excitation quenchers.
This continues until larger crystals are formed (at concentrations
above 80%); these crystals demonstrate their own decay kinetics
which is exponential again, while much slower. At this regime the
diffusion to the quenchers (possibly on the surface of microcrys-
tals) is faster than the decay time at the quencher sites. These
quencher sites, corresponding to nanocrystals, are different from
quenchers at low concentrations of stilbene aggregates since their
lifetime is different.
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Concluding our study suggests the following picture: stil-
bene solid solution demonstrates formation of two phases as
the concentration is increased. The first phase corresponds to the
ideal solution of stilbene molecules in a PS matrix. The molecules
are in the trans state, and spectroscopically they behave as isolated
from each other. This phase demonstrates concentration-induced
quenching. This effect may be due to dimerization: the dimers are
disordered and the molecules twist away from the pure trans
configuration, as suggested by calculations—correspondingly they
become fluorescence centers. Excitations easily diffuse among
molecules in the aggregates. At even larger concentrations the
second nano-crystalline phase becomes dominating. The regularity
of the crystal supports extremely fast excitation diffusion. Fluor-
escent sites at this phase are not known; however, they are all the
same—the fluorescence decay kinetics is purely single-exponential.
The two phases are distinct not only by their physical state but
at long times after excitation can be associated with specific
optical processes: nanocrystals are responsible for fluorescence,
while the single-molecule phase is responsible for absorption.
Such properties may be important for optical quantum technol-
ogies where excitation becomes separable from de-excitation.
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