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Solid and liquid stilbene forms were characterized using a range of techniques, including atomic force
microscopy, coherent anti-Stokes Raman scattering microspectroscopy and optical spectroscopy. The
obtained experimental results were analyzed by means of quantum chemical calculations and using a
non-negative matrix factorization algorithm. It was confirmed that pure cis-stilbene formed a
homogeneous fluid film on a glass substrate, whereas pure trans-stilbene formed crystals. Mixtures of
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the microscopic scale: stilbene molecules self-organized into microcrystals, which floated on the
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Introduction

Various photoinduced intra- and intermolecular processes
in organic compounds can be employed to design diverse
components of highly sensitive instruments. Nowadays, purely
organic compounds are utilized for detection in a broad
spectral range from IR rays’ to X-rays.” One of the most
fundamental light-induced reactions that plays an important
role in photochemistry and different biological processes is
photoisomerization. Stilbene molecules are classic examples
demonstrating such type of behaviour.? It is well known that
under UV irradiation, trans—cis isomerization of stilbene can
occur in liquid solutions.*® However, in solid glasses, such
conversion is impeded due to steric constraints.”” Such func-
tionality of stilbene has been utilized for practical purposes of
sensing. For instance, polycrystals obtained via hot pressing"’
of stilbene grains and single crystals grown via either melt
Bridgman-Stockbarger'" or solution-based'>™* technique have
been considered as candidates for ionizing radiation registra-
tion. Stilbene monocrystals are also well known for their UV-
detection ability.">™"”
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trans-Stilbene (Tstilbene; the molecular structure is shown
in Fig. 1c) crystallizes in the monoclinic centrosymmetric point
group 2/m. Its structure was first determined in 1937 by
Robertson and Woodward.'® Later refinements by Finder
et al.," Bernstein®® and Hoekstra et al.’" resulted in a good
understanding of Tstilbene’s properties in monocrystals. Mix-
tures of stilbene and polystyrene (PS) form technologically
stable films, which can be utilized for specific applications
such as sensing and screening; however, they show some
specific properties that are not well understood. Stilbene-
related spectroscopic data and variability of excitation relaxa-
tion rates in these films demonstrate unusual temperature
dependence® while the corresponding fluorescence spectral
shifts are highly dependent on the concentration of stilbene.’

Increasing stilbene concentration in the PS mixture leads to
clustering of stilbene molecules.’ This severely affects both the
absorption and emission properties of the materials. Although
clustering of stilbene was proposed in our previous
publication,’ the precise 3D morphology of the films at high
concentrations of stilbene molecules was not identified. Fun-
damentally, the self-assembly of stilbene into microcrystals
results from the interplay of stilbene-stilbene intermolecular
interactions and stilbene-PS intermolecular interactions.
Atomic force microscopy (AFM) is one of the highest resolution
approaches to directly study the surface morphology of sam-
ples, and thus, it can be efficiently used to detect the formation
of molecular clusters on the surfaces of films. However, the
inner molecular structure (either inside the clusters or in the
bulk of films) can be better resolved by applying different
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Fig. 1 Chemical structures of Cstilbene (a) and Tstilbene (c). CARS images, captured at a resonance frequency of 1635 cm™ for pure Cstilbene, (b) and
diluted solution of Tstilbene in DMSO (d) with a resonance frequency of 1600 cm™. Measured CARS spectra of pure Cstilbene and mono-molecular
Tstilbene (e). CARS spectrum of DMSO is shown for reference. Calculated Raman spectra of Cstilbene and Tstilbene molecules (f).

approaches. For instance, second- or third-harmonic genera-
tion optical microscopy provides a possibility to improve both
the spectral and spatial resolutions in 3D. Meanwhile, coherent
anti-Stokes Raman scattering (CARS) microscopy utilizes third-
order nonlinear spectroscopy effects and allows the detection of
distinct vibrational spectra,”>** so they can be utilized for
molecular recognition in optically transparent regions, which
is not possible in high-harmonic-generation microscopy. Com-
pared to regular bulk spectroscopic methods, optical imaging
provides the possibility to reveal structural heterogeneity on the
length scale of the optical resolution. Thus, it allows distin-
guishing different molecules with high fidelity and sensitivity.

In this paper, we demonstrate how Tstilbene microcrystals
are self-organized on polystyrene films. Previous studies using
transmission electron microscopy (TEM) demonstrated the
presence of small aggregates or even crystals, but it was not
possible to determine the position of the crystals with respect
to the PS matrix.® We utilized CARS and AFM techniques to
characterize the morphology of the stilbene clusters self-
assembled in PS films of variable thickness using various
stilbene concentrations. The results were supported by optical
spectroscopy approaches as well as by quantum chemical
calculations. To demonstrate the reliability of the obtained
results, appropriate examination of cis-stilbene’s (Cstilbene;
chemical structure is shown in Fig. 1a) properties was also
carried out. We show that when increasing the Tstilbene
concentration during the sample preparation, the samples
exhibited a smooth transition from mono-molecular properties
to those of monocrystals. In the latter case, Tstilbene clusters
were observed floating on the surface of the PS films. The
sample morphology could therefore be easily controlled with
high precision.

This journal is © the Owner Societies 2024

Experimental
Sample preparation

trans- and cis-stilbene, polystyrene, and chloroform were pur-
chased from Sigma-Aldrich, USA. Thin films of Tstilbene
(=96% Cy4H;,; powder, CAS: 103-30-0) in PS (neat powder;
analytical standard, for GPC, 200 000) matrices with different
mass ratios were used for steady-state spectroscopy, and AFM
and CARS microscopy analyses. The studied films were pre-
pared in the following way: PS powder was dissolved in chloro-
form (>99.8%) with 30 mg ml~" concentration. It dissolved
immediately, and the stock solution was further diluted with
chloroform to obtain solutions at varying concentrations of 15,
10, 5, and 3 mg ml ™. After that the Tstilbene was dissolved in
the PS solution (with different Tstilbene mass concentrations
with respect to PS of 0.5%, 10%, 20%, 60%, and 80%) and then
thin films were prepared on quartz substrates (15 mm X
24 mm), pre-cleaned with chloroform, via a spin-coating tech-
nique with the Spin-Coater KW-4A (Chemat Technology, USA)
device (70 rpm for the first 3 s and then 1200 rpm for 30 s).
Since chloroform evaporated during the spin-coating proce-
dure, solid glass-like thin films of Tstilbene in the PS matrix
were obtained.

For CARS microscopy, Tstilbene thin films (of the same
thickness and Tstilbene concentrations) were prepared on a
0.17-mm-thick cover borosilicate glass. Drops of Tstilbene in PS
and pure Cstilbene (>96% C;,H;,; liquid, CAS: 645-49-8) were
prepared on the same glass for comparison.

Atomic force microscopy (AFM)

The surface topography was characterized in the tapping mode

by TESP probes (with a nominal spring constant of 42 N m ™,
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Bruker, USA) with the AFM system Dimensionlcon (Bruker,
USA). The film thickness was determined by visualization of the
scratched area and post-image analysis (Nanoscope Analysis
1.9, Bruker, USA). The image resolution was kept at 128 pixels
or higher.

Coherent anti-Stokes Raman microspectroscopy (CARS)

Microscopic characterization of the stilbene samples was per-
formed by exploiting a polarization-resolved CARS technique®*
using a custom-built single-wavelength CARS microspectrom-
eter as described elsewhere.”> The CARS signal in the spectral
range of 780-840 nm was generated by mixing picosecond
pulses of fixed (1064 nm) and tunable (900-935 nm) laser
beams and focusing it on the sample. The power of incident
radiation on the sample plane was about 1-5 pW. Operation of
the microscope in a polarization-resolved mode was implemen-
ted by placing an achromatic half-wave-plate (HWP)
(AHWP05M-980, Thorlabs, Sweden) in the optical path in front
of the sample.?® The direction of the linear polarization of the
incident laser beam was changed by rotating the HWP in the
range from —180° to +180° in increments of 10°. For each HWP
position, a full image of the object was acquired. The imaging
was performed using the commercial Olympus IX71 micro-
scope in combination with the piezo scanning system P-
517.3CL (Physik Instrumente, Germany) running in the raster-
scanning regime. The oil immersion objective (NA = 1.42,
spatial resolution &~ 0.5 um) was utilized for imaging.

Optical spectroscopy

Absorption spectra were measured with a V670 spectrometer
(Jasco Corporation, Japan). The baseline, i.e., absorption of the
pure PS matrix on the substrate, was removed from all the
recorded spectra. Fluorescence excitation spectra were mea-
sured with an FS5 spectrofluorometer (Edinburgh Instruments,
UK). The excitation source was a xenon lamp, and the band-
widths for emission and excitation were 0.15 nm and 2 nm,
respectively.

Steady-state and time-resolved fluorescence (fluorescence
decay kinetics) were recorded on an F920 spectrophotometer
(Edinburgh Instruments, UK). All the samples were excited at
300 nm with a picosecond pulsed diode PLED-300 (the beam
diameter was about 0.4 mm, resulting in a beam area of
0.13 mm?). While measuring the samples containing Tstilbene
crystallites, the illuminating beam position on the film was
focused to cover only a few of them. The 2-nm spectral slit was
chosen, while the time resolution was 200 ps, excitation pulse
duration was 850 ps, excitation power was 0.08 mW, and pulse
repetition rate was 5 MHz. All the fluorescence (FL) spectra
were corrected for the instrument sensitivity. Since for the
highest concentrations, the optical densities at the excitation
wavelength were around 1.0, some reabsorption effects could
take place. However, this would lead to only small changes in
the spectral behavior.® All the FL decay kinetics were fitted as a
convolution of the instrument response function (IRF, see
Fig. 5b) with mono- and double-exponential decay kinetics.
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IRF for the F920 device was measured the same way as the FL
decay kinetics.

Computational details

Quantum chemical calculations of the molecular structure and
properties of separate Tstilbene and Cstilbene molecules were
done at the density functional theory (DFT) level using the
B3LYP and CAM-B3LYP functionals in conjunction with the cc-
pVDZ basis set, as implemented in the Gaussian 16 package.>®
Such an approach has been shown to demonstrate good agree-
ment with the experimental data.®®*¢*” These computational
approaches align with those utilized in our earlier investiga-
tions of stilbene and analogous molecules.®® The vibrational
properties were computed at the optimized electronic ground
state of the molecule, while structures with imaginary frequen-
cies were excluded from the computational study.

Two-component analysis of the fluorescence spectra and decay
kinetics data were performed using a multiplicative update
algorithm®® for the non-negative matrix factorization.”® In short,
all the collected FL spectra were simultaneously fitted as a two-
component superposition as follows:

F(n) = $i()-Caln) + S:(2)-Can), (1)

where S, ,(4) denote the spectra of these two components (FL
spectra of the molecular and crystallite forms of Tstilbene,
respectively), and C; ,(n) represent the relative weights of these
spectral components in the total FL spectrum of the nth
sample. The optimization was repeated 500 times starting from
the random non-negative initial matrices S and C and choosing
the best result. A similar two-component decomposition was
also simultaneously performed for the FL decay kinetics K(¢,n),
measured for various samples at various wavelengths.

Results
CARS and AFM microscopy studies

The CARS spectra of Cstilbene and Tstilbene molecules were
studied first for comparison. Pure Cstilbene (Fig. 1a) in ambi-
ent conditions was in a liquid phase. Thus, Cstilbene formed a
thin liquid droplet on the substrate and could be scanned in
the CARS microscope, which detects CARS signal at a specific
frequency and at some specific spot on the sample. The
scanned CARS signal intensity from the Cstilbene sample is
presented in Fig. 1b and showed a homogeneous background,
implying an ideal homogeneous liquid, as expected. The CARS
spectrum presented in Fig. le exhibited characteristic single-
molecular features: two main peaks at 1604 and 1634 cm ™. The
bands were sharp, with the linewidth full-width at half max-
imum (FWHM) equal to 14 cm™ . Since the Cstilbene does not
associate with other molecules, its signal was used as a refer-
ence, while further study was related to Tstilbene.

The CARS measurements of pure molecular Tstilbene
(Fig. 1c) were more cumbersome as Tstilbene tends to form
large clusters or aggregates. Dissolving Tstilbene in DMSO at
small concentrations prevented the clustering, so the Tstilbene-

This journal is © the Owner Societies 2024
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in-DMSO droplet was studied as a sample containing molecular
non-aggregated Tstilbene. The CARS microscopy image of the
droplet also showed a homogeneous profile with no structural
patterns (Fig. 1d), which confirmed the homogeneous distribu-
tion of Tstilbene in the droplet. We additionally recorded the
CARS spectrum of pure DMSO, which is shown in Fig. 1e with
the dashed blue line. Notice that in the 1500-1700 cm ™"
spectral region DMSO showed no fine structure of the spec-
trum. Hence, the CARS spectrum of Tstilbene showed sharp
peaks at slightly shifted positions compared to Cstilbene: 1599
and 1635 cm™'. Additionally, the intensities of the two peaks
were reversed compared to Cstilbene. The FWHM of the
Tstilbene 1635 cm™" band was 28 cm ™.

This intensity-reversal property was confirmed by the single-
molecular B3LYP/cc-pVDZ DFT calculations shown in Fig. 1f.
Since here we aimed just to understand the major qualitative
differences in the Raman spectra of the ¢rans and cis config-
urations of stilbenes and the origin of each observed band, the
calculation result is presented without any scaling factors
(though a better quantitative correspondence between the
measured and calculated spectra could be obtained by rescal-
ing the wavenumbers of the latter by 0.9685).”° Note that
changes in the splitting and intensities between the two main
peaks for Cstilbene and Tstilbene were also confirmed. As
follows from our calculations, Cstilbene exhibited a narrower
energy gap between the two Raman bands compared to Tstil-
bene. Both Raman bands were predominantly associated with
C—C stretching and C-H bending modes: the higher frequency
bands at 1696 cm™' for Tstilbene and at 1691 em™" for
Cstilbene were primarily attributed to C—C stretching vibra-
tions, corresponding to the double bond structure inherent in
the stilbene molecule. Conversely, the active Raman bands
at lower frequencies (1646 cm ' for Tstilbene and 1650
and 1653 cm™ " for Cstilbene) represent symmetric and anti-
symmetric vibrations and were dominated by C-H bending
modes emanating from the phenyl rings.

Tstilbene in PS films formed clusters of various sizes
depending on the concentration, as has been revealed by TEM
previously.” Similar but much higher resolution images were
obtained by scanning CARS microscopy at 1600 cm ™ * resonant
frequency, as shown in Fig. 2. The clear formation of um-sized
clusters could be observed at 60% or higher concentrations.
Such clusters were observed in all the samples, except at the
small 0.5% Tstilbene concentration.

CARS spectra were recorded for all the samples at various
spots of the obtained CARS images. Surprisingly, the character-
istic Tstilbene peaks did not depend on the spot position.
Hence, the CARS spectral shape was not affected by clusteriza-
tion. Our previous calculations® demonstrated that clusteriza-
tion leads to a permanent twisting of the Tstilbene molecules.
Apparently, this twisting does not affect the molecular vibra-
tional characteristics. Also, similar spectra and model calcula-
tions were obtained in ref. 30 and 31 for similar stilbene-like
dimers. While the dimers in those studies due to chemical
constrains could not be exactly matched with our samples,
similar ring twisting was observed as in our studies.

This journal is © the Owner Societies 2024
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Next, we applied AFM to measure the thickness of the films
and to survey the films’ surface landscape. The obtained AFM
images, presented in Fig. 3a, demonstrated that the Tstilbene
aggregates were rather bulky and were located on the surface of
the PS. Essentially, the PS matrix acts as a glue, which keeps the
relatively large Tstilbene aggregates attached, making the
whole sample similar to crumbs scattered on a surface. More-
over, intermediate Tstilbene concentrations demonstrated the
formation and growth of various sizes of clusters, which could
be controlled by varying the thickness of the PS film and the
concentration of Tstilbene in the initial solution.

CARS spectrometry has one additional advantage compared
to AFM and TEM: the polarization of the excitation laser field
can be employed. If the CARS signal intensity does not depend
on the polarization, the sample is isotropic. However, that is
not the case in the presence of molecular ordering.
Polarization-resolved CARS images must be post processed in
order to extract microscopic information about orientational
ordering on the angular distribution of Raman scatterers inside
the object.”” For this purpose, a region of approximately 1 pm?
was selected here in the image of the object, and the amplitude
of the CARS signal was averaged over the area. This procedure
was performed with images recorded for each direction of
linear polarization of the incident laser beam. The obtained
values were then plotted, revealing a dependence of the CARS
response on the angle of the linear polarization direction of the
incident beam.

CARS is essentially a third-order nonlinear optical response,
where the material interacts with the excitation optical field
three times, and the fourth interaction generates the output
field. In this terminology, the CARS field amplitude, defined by
ESXARS) = (OARS)E ByE,, can be described by the following
equation,

A oc (i 3) s - 9) (i B) -0 (@)

where [; is the i-th interacting transition electric dipole

moment, while @, .. ., § are unit vectors indicating optical field
polarization directions. Assuming that polarization of the
detection (last interaction) is fixed, the excitation field corre-
sponds to three polarizations &, ﬁ, 7, and the dot product is
written in the form (f;-@) = |{i|cos®, where 0 is the angle
between the excitation field and the transition dipole moment.
Thus we immediately come to the result that the amplitude
depends on the third power of a harmonic function:

2SS o cos®0 (3)

The spectrometer essentially measures not the amplitude,
but rather the intensity, which is given by the amplitude
squared. The net CARS intensity as a function of excitation
polarization direction thus should behave as

1R o cos® 0 4)

For a completely disordered stilbene, as expected, the mod-
ulation of the amplitude of the polarization curve disappears,

Phys. Chem. Chem. Phys., 2024, 26, 23692-23702 | 23695


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02291b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 August 2024. Downloaded on 1/13/2026 4:50:13 AM.

(cc)

View Article Online

PCCP Paper
CARS image at 1600 cm"" CARS spectra Polarized CARS signal
[ " - 100
o 12} —20% Tstilbene 670-nm PS film g 20% Tstilbene 670-nm PS film
(6] ---PS film O 80
S of ) ” -
- = N AV I
¥ 3 07 Ve Y
(a) 5° L 5 10 ’
2]
? 3 LN AN ®
4 corm e ¥ 20
< - <
(6] O 0
$ 1400 1600 1800 180 90 0 90 180
Wavenumber, cm™ ¢. deg
» 200 100 -
e 60% Tstilbene 670-nm PS film ® 60% Tstilbene 670-nm PS film
3 . -
o 150 . O 80 n /‘; CARS‘5 signal
° o '\‘_ \— ~cos’d
B 100 T 60 ‘ |
(b) LA
dof V7 4
S % A S/
1200 1400 1600 1800 0 =0 6 90 180
Wavenumber, em™! 6, deg
2 50 80% Tstilbene 670-nm PS film Q120 80% Tstilbene 670-nm PSS film
r-? 01000- % —=— CARS signal
5 40 “o e \ s
-— - \\ \— ~cos'§
= 30 <00 b R ]
S c ‘|\ sl \
C 220 2 500 1 f L /
g 10 2 250 \\_ /J /‘“
< < RN
L 1 RS e &...‘,
10200 1400 1600 1800 0 180 90 0 90 180

Wavenumber, em™!

P
N
o
=)

200

(d)

CARS signal, 10° CPS

Wavenumber, cm™!

80% TStilbene 175-nm PS film w 600 80% Tstilbene 175-nm PS film
eoint 1°100 S 500 —a— Point 2
e POINS * 6
Point 2 o A . ~cos'§
——Point 3 ~ 400 / \‘! % —v— POII‘\[?
_— ~ cos’y
< 300 4
k=
(2]
» 200
% 100
0 f © 0 " LI
1200 1400 1600 1800 -180  -90 0 90 180

¢, deg

Fig. 2 Left: CARS images of various films of Tstilbene and PS mixtures at 1600 cm™. Middle: CARS spectra at the selected points indicated with arrows.
Right: Polarized CARS signal measured at 1600 cm™* at the same selected spatial point. Each data point is the result of averaging over an area of about
1 um? at the chosen position of the sample (a)—(d). The types of films are indicated in the middle panels.

as we observed in the films with a lower Tstilbene concen-
tration (see Fig. 2a). On the other hand, the polarization-
resolved measurements of the 80% Tstilbene 670-nm film
revealed a strong dependence of the CARS signal on the
polarization direction of the incident laser beam (see the right
panel in Fig. 2¢). The obtained dependence is typical of highly
oriented molecular structures. The modulation of the CARS
amplitude of the polarization curve had a contrast of about
1:250, and could be well approximated by a cos® § function, in
accordance with theory. Thus, it can be concluded that the
specific stilbene pm-sized clusters were indeed Tstilbene
monocrystals.

The 175-nm film with 80% Tstilbene concentration (see
points 1 and 3 in Fig. 2d) did not contain properly shaped
microcrystals, compared to the 670-nm film (note the non-
vanishing constant background for the polarized CARS mea-
surements, typical for the completely disordered molecular

23696 | Phys. Chem. Chem. Phys., 2024, 26, 23692-23702

stilbene, as shown in Fig. 2a). This data indicated the extensive
presence of mostly the glassy form of stilbene, with the separate
molecules or their small aggregates exhibiting very weak order-
ing. On the other hand, polarization measurements at the point
corresponding to the very strong CARS signal (point 2 in
Fig. 2d) showed a completely modulated response and the
curves were well approximated by cos® 0, suggesting also the
presence of some micrometer-sized monocrystals of stilbene in
the polymer film.

Finally, for the matrix of the 670-nm film of polystyrene and
a 60% concentration of stilbene (see Fig. 2b), the polymer film
was composed of unstructured stilbene unevenly distributed
within the polymer. The polarization curves were also modu-
lated but contained a steady component of about 1/3 of the full
amplitude. As already mentioned, this steady component
occurred due to the non-resonance contribution of the mole-
cular orientationally disordered stilbene, polystyrene, or/and

This journal is © the Owner Societies 2024
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(a) AFM representative 30 um x 30 um topography images of Tstilbene-containing PS films. (b) Intensity profiles (the distance in the Z direction

from the film surface) along the red lines indicated in (a). (c) CARS images of the same films at 1600 cm™ in the similarly sized 30 um x 30 pm range.

the glass substrate at the frequency of stilbene resonance.
Moreover, the fitting result (over the alternating component)
showed some deviations from the cos®0 function, indicating
that the CARS response originated not from a single crystal but
arose from the polycrystalline stilbene with a partially disor-
dered structure.

Spectroscopy studies

Tstilbene molecules efficiently absorb light in the near-UV
spectral region. The blue lines in Fig. 4 show the absorption
spectra of various films recorded by transmission measure-
ments. Notice that isomerization into Cstilbene was not possi-
ble due to the solid state of the film. The absorption spectrum
contained a broad band at around 300 nm [the measured
optical density (OD) of this band for various samples is pre-
sented in Table 1] and barely depended on the sample. This is
surprising since the morphology of the samples varied signifi-
cantly. It is well known that upon aggregation molecules often
form new intense bands, usually denoted as J or H bands

This journal is © the Owner Societies 2024

depending on their position with respect to the mono-
molecular band. Here the sample with microcrystals had the
same absorption spectrum as the one containing only molecu-
lar stilbene. One possibility for such a situation is that mole-
cules in the crystal were resonantly non-interacting, thus
intermolecular excitons were not formed and, therefore, the
absorption spectrum was not affected by molecular crystal-
lization. The other possibility is that this measurement does
not collect signals from the crystals.

Contrarily to the absorption spectra, the fluorescence spec-
tra of the samples, also presented in Fig. 4, exhibited a strong
dependence on the Tstilbene concentration and the film thick-
ness. At a low Tstilbene concentration, there were three distinct
bands at around 337, 353, and 370 nm. As the Tstilbene
concentration or film thickness was increased, the bluest band
disappeared while the two remaining bands shifted to longer
wavelengths. Since these changes occurred monotonically, they
should represent the increasing amount of the Tstilbene crys-
tallites in the films. To check this assumption, we performed a
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Fig. 4 Steady-state absorption (blue lines), FL excitation (orange lines), and FL (dark cyan lines) spectra of Tstilbene films, dependent on the
concentration of Tstilbene in the PS matrix of the 175-nm film thickness (a), and on the film thickness for 80% Tstilbene (b). All the spectra were

normalized and shifted along the linear vertical axis for clarity.

Table1l Steady-state and time-resolved optical spectroscopy parameters of Tstilbene-containing PS films. The last column shows the mean FL lifetime

Tstilbene concentration in PS, wt% Film thickness, nm OD at 300 nm ApL, NM 74, 1S (%) 75, 1S (%) Tave, NS
0.5% 175 0.02 353 0.71 (100%) — 0.71
10% 175 0.17 355 0.26 (100%] — 0.26
20% 175 0.30 357 0.28 (100%) — 0.28
60% 175 0.38 361 0.19 (80%) 1.65 (20%) 0.48
80% 45 0.11 360 0.30 (87%) 1.68 (13%) 0.48
80% 75 0.29 361 0.38 (75%) 1.62 (25%) 0.69
80% 175 0.68 361 0.51 (61%) 1.50 (39%) 0.90
80% 300 0.76 361 0.51 (36%) 1.48 (63%) 1.12
80% 670 1.53 361 — 1.60 (100%) 1.60

simultaneous fit by decomposing the measured FL spectra of
all the samples into two components: one representing the FL
spectrum of the molecular Tstilbene, and the other corres-
ponding to the Tstilbene crystallites, with varying only the
relative amplitudes of both components. To maximize the
unambiguity of such decomposition, the FL spectrum of the
molecular Tstilbene was fixed to the one obtained for the 175-
nm films containing just 0.5% of Tstilbene, when no crystallites
were formed. However, no such simple direct attribution for the
crystallite spectrum was possible, since the spectra of all the
samples contained a smaller or larger contribution from the
monomeric Tstilbene - hence more detailed mathematical
analysis based on the non-negative matrix factorization algo-
rithm was needed. Using this method, the FL spectrum of the
Tstilbene crystallites and the weighting amplitudes of both
components were then determined simultaneously for all the
measured samples (see the Experimental section for the math-
ematical details).

The results of this spectral decomposition are shown in
Fig. 5a and b and clearly demonstrate that the fluorescence

23698 | Phys. Chem. Chem. Phys., 2024, 26, 23692-23702

signal in the Tstilbene films was indeed a superposition of two
components: one originating from separate Tstilbene mole-
cules, and another related to the crystallites. The “pure” FL
spectra of these two Tstilbene forms are shown in Fig. 5a with
dark yellow and green lines, respectively.

As already mentioned, such a superposition was not
observed in the absorption measurements, which were
obtained by transmission detection. One possibility for explain-
ing this discrepancy is that Tstilbene crystals efficiently absorb
the whole field, so that detection of the optical transmission
signal is available only from the PS matrix with a single-
molecular Tstilbene and small aggregates of Tstilbene in it.
The absorption characteristics of Tstilbene crystals can be then
accessed from the FL excitation spectrum, which additionally
takes into account photons absorbed by the crystals. The
measured FL excitation spectra for various samples are shown
in Fig. 4 with orange lines. In this case, additional spectral lines
at 330 and 340 nm appeared at large concentrations of Tstil-
bene (especially for the 670-nm sample, where the crystals
dominate the spectra). The spectra suggest that the crystals

This journal is © the Owner Societies 2024
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Fig. 5 Results from the two-component analysis of the measured fluorescence spectra and kinetics. (a) The measured FL spectra and their fits are
shown with black circles and red lines, respectively. For clarity, all the spectra are shifted along the linear vertical axis. Decomposed normalized FL spectra
of the molecular and crystallite forms of Tstilbene are also shown (dark yellow and green lines, respectively). (b) Relative weighting factors of crystallite
Tstilbene in different samples, corresponding to the 2-component fits of the FL spectra shown in panel (a). (c) The determined FL decay kinetics of the
monomeric stilbene (dark yellow line, obtained from the measurements of the 175-nm films prepared at 0.5% stilbene concentration), small molecular
aggregates (blue line), and crystallites (green lines). For clarity, all the measured FL decay kinetics at the main peak of the FL spectrum (circles) and their
fits (red lines) are shifted along the logarithmic vertical axis; the gray line represents IRF. (d) Relative contributions of crystallite and aggregate FL decay
kinetics in various samples shown in panel (c). Upper bars correspond to the kinetics measured at the main spectral peak (around 360 nm) and lower bars
represent the results for the kinetics measured at the secondary right peak (around 375 nm).

show a sharp absorption edge at ~340-350 nm with the lowest concentration quenching effect.*** It is noteworthy to men-
energy exciton peaking at 340 nm. tion, however, that this timescale was at the detection limit of

For completeness, we additionally present the fluorescence our spectrometer, thus the true FL decay kinetics might be even
decay kinetics in Fig. 5c, measured at the main peak of the faster. Further increasing the Tstilbene concentration, however,
corresponding fluorescence spectrum. For clarity, all the resulted in bi-exponential FL decay, with a new slow decay
kinetics were shifted vertically by factors of 10. At the smallest component of ~1.6 ns. The relative amplitude of this slow
Tstilbene concentration (0.5%), the FL kinetics exhibited a component gradually rose with increasing the Tstilbene
mono-exponential decay with a lifetime of ~710 ps (see concentration and film thickness. Then the whole decay
Table 1). At a slightly larger Tstilbene concentration, the FL  kinetics became almost single-exponential for the 670-nm films
lifetime dropped down to ~ 260 ps, indicating the formation of and 80% Tstilbene. Such a behavior again suggests additive
small Tstilbene aggregates and hence the manifestation of the contributions of the fast and slow components originating
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from the small aggregates and crystallites forms of Tstilbene
present in all the samples (except for the 0.5% Tstilbene-
containing film, representing only molecular non-aggregated
species). Again, the assumption was validated by global decom-
position of all the FL decay kinetics, measured in various
samples at several distinct wavelengths representing the corres-
ponding peaks in the FL spectra, into the weighted sum of two
components, similar to the spectral decomposition performed
earlier. The results of such a decomposition are shown in
Fig. 5c and d. Note that no strict one-to-one correspondence
between the weighting factors for crystallites in the spectral
(Fig. 5b) and temporal (Fig. 5d) plots was expected, since
various spots on the films, containing various amount of
crystallites, were illuminated in different measurements. Since
no third spectral component was needed for the spectral
decomposition described above, we can conclude that the FL
spectrum of molecular stilbene - both purely monomeric and
arranged into small molecular aggregates - remained the same,
but severely changed when larger crystallites were formed.

In summary, all the measured kinetics could be described as
originating from completely distinct fluorescing species of
Tstilbene: pure molecular contribution (mean lifetime 7, =
0.71 ns), contribution of small aggregates exhibiting concen-
tration quenching (e = 0.26 ns), and long-lived contribution
from the crystallites (t,ye = 1.64 ns), shown with dark yellow,
blue, and green lines in Fig. 5c, respectively. It is also interest-
ing to mention that the ratio of the crystallite contributions in
the same sample at two different wavelengths (c¢f. upper and
lower bars in Fig. 5d) approximately scaled with the ratio of the
intensities of the normalized FL spectra of the crystallites and
aggregates (shown in Fig. 5a) at the corresponding wavelengths.
Such a scaling, of course, should be expected, thus it indirectly
supports the feasibility of our two-component analysis, applied
independently to the FL spectra and FL decay kinetics. All the
decay times and amplitudes are listed in Table 1.

Discussion

A complete broad-spectrum characterization of stilbene mole-
cules in various compositions was described in the previous
section, covering the vibrational and electronic transition prop-
erties and how are they affected by aggregation and crystal-
lization. Both the CARS and AFM data (Fig. 2 and 3) indicated
the formation of ordered crystal structures when the relative
concentration of Tstilbene molecules in the PS films increased.
However, it has to be stressed that CARS and AFM provide
different information: AFM visualizes the surface roughness
without referring to the chemical nature of “mountains” and
“valleys” (they could be properties of polystyrene as well, and
AFM would not make such a distinction). On the other hand, in
the present study, the CARS microscope was tuned specifically
to be sensitive to one type of molecule - stilbenes. Additionally,
our studies using polarized CARS measurements showed the
formation of Tstilbene microcrystals spontaneously in the PS
films, which was not possible using solely AFM. It is also
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important to point out that the CARS microscope detects the
signal from the whole volume, while AFM detects only the
surface profile.

Additionally, CARS spectroscopy directly provided a possibi-
lity to discriminate between Cstilbene and Tstilbene molecules.
This analysis allows a definite attribution of the molecular
composition to either the cis- or trans-form. Moreover, as
follows from our CARS studies shown in Fig. 1, Cstilbene was
not present in the aggregate formation of Tstilbene.

The sensitivity of CARS microscopy depends on the interplay
of the CARS spectra of different components. Surprisingly, the
Raman spectra of Tstilbene in the mono-molecular and crystal
forms were almost identical. The detected signal variation came
from the differences in the sample thickness and macroscopic
ordering of the molecules, the latter being utilized for the
detection of crystals.

Absorption and fluorescence spectroscopy were employed
only for the trans-stilbene-based samples. We found an extre-
mely efficient absorbance of the Tstilbene microcrystals, which
seemed to absorb nearly all the incident field. Therefore, their
contribution was not reflected in the absorption measure-
ments, while it was supported by the fluorescence excitation
spectrum. Such type of absorption is characteristic of crystals.
The crystal spectra were described by a specific edge in the
absorption spectrum, above which all the photons with shorter
wavelengths are absorbed due to the crystal band structure.
Although we made no experiments for the absorption measure-
ment of Tstilbene monocrystal, our fluorescence excitation
measurements showed this tendency.

The fluorescence spectrum could be clearly assigned to the
superposition of the two components, which we attributed
to the mono-molecular and crystalline components. The
mono-molecular component disappeared at a high Tstilbene
concentration (80%) and the fluorescence decayed mono-
exponentially. Keeping in mind that the optical field was still
absorbed by independent Tstilbene molecules and by micro-
crystals, excitation transport between single molecules in the
film and crystals was very efficient, as was proposed in our
previous paper.® Two types of fluorescence centers dominated
at high concentrations and all the emission events took place in
these types of centers. One type primarily could be assigned to
single isolated molecules, while the other was related to crys-
tals, although their assignment to specific structural motifs
remains obscure.

Overall, specific conditions of the sample preparation led to
variations in the density of the microcrystals and a variation of
their sizes. Most importantly, we found that stilbene crystals
were created on the surface of the polystyrene film. Conse-
quently, this became the main reason why stilbene-styrene
interactions were not observed and, thus, did not play a
major role.

Changing the sample preparation conditions allowed a fine
control of the sample properties, as reflected in the optical data
shown in Fig. 4 and 5. Evidently, the film thickness affected the
sizes of the crystals. The thickness as a geometrical parameter
may be the primary cause leading to the larger microcrystals
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(and heterogeneity of their distribution) on the film surface
(Fig. 2 and 3). Thicker samples contain much more Tstilbene
molecules within their diffusion length, hence larger micro-
crystals can form. This could be utilized for the precise pre-
paration of specific Tstilbene microcrystals. The controlled
microfabrication of Tstilbene nano- and microcrystals with
their unique properties is a promising field for device
fabrication.

The fluorescence decay dependence on the stilbene concen-
tration and on the sample thickness (Table 1 and Fig. 5)
supported the conclusion that microcrystals were gradually
formed with increasing the stilbene concentration containing
sinks of excitations, while the signal corresponding to the
crystals became dominating as soon as crystals appeared. An
additional third component of the fluorescence decay could be
attributed to the Tstilbene aggregates. While the decay compo-
nent of the crystals was the slowest, the kinetics corresponding
to the aggregates was the fastest one. Most probably some type
of fast decaying fluorescent traps were inherent for the aggre-
gates and were not connected to the crystals.

The molecular skeleton of Tstilbenes and similar molecules
is known to create orientational disorder in their crystals.>®
Dynamic disorder with the pedal motion was proposed to occur
at higher temperature, even in the molecules that showed no
traces of the disorder at room temperature. However, this
dynamics is not expected at room temperature, while it is a
natural source of the static disorder at room temperature
conditions. This causes a localization of the crystal states,
and this may be a reason why the fluorescence spectra at high
Tstilbene concentrations were broad and structureless and
correlated with the fluorescence spectra of the aggregates.

Conclusions

The packing of functional blends of guest molecules in host
molecular films is still poorly understood. It is well recognized
that molecular packing and the overall film morphology are
responsible for variations in the quantum efficiency of organic
solar cells, while a slow relaxation of the morphology is usually
related to device degradation. We demonstrated that the appli-
cation of CARS microscopy not only provides the possibility to
distinguish between different molecular conformers, but,
together with AFM as well as absorption/fluorescence spectro-
scopy, allows a very precise description of the bulk morphology,
and determination of the microcrystalline domains; thus,
allowing assigning the characteristic spectroscopic properties
of the crystalline domains and of the medium among such
microstructures.
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