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Molecules exhibiting photo-switching behavior are essential for the development of various photonic
and optoelectronic devices. In this study, we report the synthesis of five novel donor—n—acceptor
organic dyes, in which a stilbene moiety serves as a m-linker between the electron-donating and
electron-withdrawing units. To address the challenge of developing photo-switchable molecules
responsive to visible light, we performed fundamental optical characterization in both solution and solid
state. The photoisomerization capability was confirmed for all compounds through real-time absorption
measurements, enabling the calculation of E — Z isomerization kinetics. The presence of both isomeric
forms was further validated by 'H NMR spectroscopy. These experimental findings were supported by
quantum chemical calculations, which identified the most stable conformers and accurately predicted
their spectral properties. Moreover, pump—probe experiments demonstrated that irradiation with linearly
polarized light efficiently triggers photo-induced birefringence in dye-doped polymer systems, with a
notable “memory effect” observed for all studied compounds. Remarkably, the dyes are highly sensitive
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to light, and the birefringence saturation can be achieved at light intensities comparable to natural
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Introduction

Recently, one of the main research focuses has been the design
of photo-switchable molecules, due to their potential applica-
tions in various fields such as sensing, optoelectronics, and
photon energy storage' . Molecular photoswitching can occur
in a broad range of material systems, including liquid
crystals,”® metal-organic frameworks,>” and organic dyes.*’
Organic compounds, in particular, offer significant advantages
in comparison to other systems due to the relative ease of
tuning their spectroscopic properties.'® Additionally, they can
be integrated into diverse media, such as liquid solutions or
solid films,'>'* while maintaining their photoresponsive
behavior.

Among the various types of organic dyes, those featuring a
donor-n-acceptor (D-n-A) architecture can exhibit multiple
functionalities, depending on the specific molecular structures
and substituents used during synthesis."”"® Their modular
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daylight, highlighting their broad potential application in optoelectronic devices.

nature allows the design process to be compared to a “LEGO
block” concept, where different properties can be tailored by
simply varying the donor (D), n-bridge, or acceptor (A) compo-
nents within a common synthetic framework. Moreover, the
synthesis of these compounds is generally considered cost-
effective, which represents a significant advantage for potential
large-scale production and commercialization.

D-n-A molecules featuring vinyl m-linkers have attracted
significant attention due to their ability to facilitate precise
molecular-level control during photoisomerization.'*'* Materi-
als with reversible optical photoswitching,'® responsiveness to
visible light,"” tunable optical properties, and controllable
photoisomerization processes'® are currently of great interest
to researchers. These molecules are promising candidates for
intelligent optical materials,'>*® sensors,>** and optical data
storage,>®>* as well as applications in optoelectronics®® and
super-resolution microscopy.*® However, the alkene bond has
the drawback of requiring UV light to induce the photoisome-
rization transition between its two forms, which limits its
applicability.>® To overcome this limitation, substituting D-n-A
compounds with a strong electron-acceptor group, such as 2-
dicyanomethylidene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran
(tricyanofuran, TCF), can significantly red-shift the absorp-
tion spectrum, thereby enhancing the usability of these mole-
cules within the visible range of the electromagnetic
spectrum'®?,
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In this work, we present a family of five different D-n-A
structured compounds. Each molecule features a TCF acceptor
group and a poly-benzyloxybenzyl donor group, connected via a
vinylene linker to facilitate intramolecular charge transfer. It is
important to note that the presented compounds share a
structural similarity with dyes that have already been
published””. Motivated by the interesting properties of those
previously reported materials - such as solid-state emission
and red-shifted luminescence toward the infrared region - our
goal was to design and synthesize new compounds with
improved solubility, expecting them to exhibit similar optical
properties. To achieve this, we retained the same acceptor
group but modified the donor part of the molecules. For the
new family of dyes, we performed optical investigations like
absorption and emission spectral measurements, both in
solution and solid state, as well as photoluminescence lifetime
and quantum yield estimations. We performed quantum
chemical calculations to gain deeper insight into the photo-
physical properties of the investigated molecules, including the
identification of their stable conformers and the nature of the
ground-to-excited state transitions. Afterwards, we investigated
E < Z photoisomerization through absorption spectroscopy
and 'H NMR measurements in DCM and CDCl;, respectively.
Finally, in a pump-probe experiment, we demonstrated that
the synthesized molecules could function as efficient molecular
switches for inducing optical birefringence (An) in dye-doped
polymeric layers, even at very low pump intensities.

Results and discussion
Material synthesis

The synthesis of all five TCF-based derivatives was carried out
using the Knoevenagel reaction, as illustrated in Fig. 1. This
reaction was performed under microwave irradiation in anhy-
drous ethanol with a few drops of piperidine serving as a
catalyst. The synthesis and characterization of the dyes, includ-
ing "H NMR, "*C{"H} NMR, and high-resolution mass spectro-
metry (HRMS) analyses, which were performed on the
powdered samples, are summarized in Fig. S1-S15.

R1
R? o 0
. S CN
R3 R5
1 CN CN
2a R3 = OCH2C6H5
2b R%= R® = OCH,CgHs
2c R'=R? =R® = OCH,CgH5
2d R'=R®=R% = OCH,CgHs
2e R? = R® = R* = OCH,CgHs

Fig. 1 Synthesis scheme of molecules la—e.
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Optical properties

The optical properties were measured in solution as well as in
the solid state using powders directly obtained from the synth-
esis. Detailed experimental procedures can be found in the SI.

Optical properties in solutions

The absorption and emission spectra of compounds 1a-e were
measured in dilute tetrahydrofuran (THF) solutions. THF was
chosen due to its intermediate polarity. The concentration was
approximately 10> M for both absorption and photolumines-
cence (PL) measurements (see Fig. 2(a) and (b)). All compounds
in this series exhibit broad absorption bands ranging from
320 nm to 550 nm, which is characteristic of D-n-A systems.?”
The optical properties of the dyes in THF solution are summar-
ized in Table 1. As predicted, compound 1a displays the most
blue-shifted absorption maximum. This observation aligns
with the general principle of this molecular systems: increasing
the electron-donating strength of the donor segment typically
leads to a red shift in the absorption spectrum."’

Di-benzyloxy compound 1b shows a more red-shifted
absorption band with respect to that of 1a. Tri-benzyloxy 1d
shows an absorption maximum at 477 nm, while 1c and 1e
absorption is blue-shifted. This may be caused due to steric
hindrance, which reduces charge transfer between the donor
and acceptor groups.”® The molar absorption coefficient
reaches approximately 20000 M~ ' cm ™' for 1b-e, while for
1a, it is around 28000 M~* cm ™.

To obtain photoluminescence spectra, we excited solutions
with wavelengths matching absorption maxima (see Fig. 2).
Compounds la-e were characterized by a large Stokes shift
(from 2913 cm ™" obtained for 1d to 5478 cm ™" for 1e). However,
such a significant value of the aforementioned shift is typical
for molecules with this structural architecture. It is noteworthy
that the spontaneous emission of the investigated compound
family is placed mostly in the yellow region of light and in the
yellow-orange light range for 1e dye (see the CIE coordinates
and diagram in Fig. 2(c) and (d)). The quantum yields of
fluorescence (QYs) were calculated using a 10°' M NaOH
solution of fluorescein (QY = 79%) from ref. 29. The value of
QYs for la-e was relatively low, reaching 4.8% only for 1a.

EtOH
A

1a (75 %)

1b (63 %)

1c (35 %)

1d (85 %)

1e (57 %)

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Absorption and (b) emission spectra of 1la—e in ~10~> THF solutions. (c) CIE 1931 graph calculated for the emission spectra (d) with the x and y

coordinates placed under the squares filled with the corresponding colors.
the absorption spectra of each compound.

Details about measurements are presented in the Materials and
methods section in the SI.

Optical properties in the solid state

In all cases, the fluorescence obtained for solids shifts towards
the red region of light (Fig. 3(a)), which might be important
from an application point of view.***"

The fluorescence measurements were performed directly on
powders (see details in the SI). The emission maxima of 1la-e
are located between 587 nm (1c) and 641 nm (1e), which
corresponds to the orange-red region (see the CIE 1931 coordi-
nates in Fig. 3(b) and (c)). The most significant shift was
observed for 1e, with a value of 202 nm (7180 cm ™). 1b, which
differs in one ~OBn group from 1e at the meta position, shows a
relatively high value of the solid-liquid shift as well, namely,
168 nm (5974 cm ). On the other hand, 1c shows the lower
value of Stokes shift - 144 nm (5546 cm™'). The photolumines-
cence quantum yields for solids were determined using a direct
method utilizing an integrated sphere (see Methods details in
the SI). The values of the QYs in solids compared to those

This journal is © The Royal Society of Chemistry 2025

Emission was recorded at an excitation wavelength equal to the maximum of

estimated in solutions were significantly higher. Dyes 1a and 1d
achieve a similar quantum yield of ~8%. The most noteworthy
results are QYs up to 22% for 1b and 14% for 1d. Additionally,
we measured the lifetimes (7) of the PL for the powders (see Fig.
S16 and S17). Photoluminescence lifetimes for la-d were
estimated using a double exponential fit, where amplitudes
are expressed as the percentage of each time constant contribu-
tion. The longest exponential decay was measured for 1b, for
which values of decay times of 4.9 ns (75%) and 2.1 ns (25%)
were determined. The rest of the PL lifetimes for the dyes
oscillated around 1-2 ns. Additionally, we calculated the radia-
tive and non-radiative rate constants for the studied com-
pounds in the solid state. Since all of the presented
photoluminescence decay curves were best fitted with a bi-
exponential model, we decided to utilise the weighted-average
photoluminescence lifetime. The rate constants were calculated
using a simple approach, as presented below:**

J. Mater. Chem. C
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Table 1 Optical properties of 1la—e in solution and solid state
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Solution Solid state

Dye Jabs (nm)/e® M " em ™) Jemi® (nm) AJ (nm)/(cm ™) & (%) Aemi (NM) P (%) ¢ (ns)

la 434/27 942 548 114/4794 4.8 599 8.3 71 = 0.40 (50%)
T, = 1.20 (50%)

1b 453/22250 560 107/4218 <1 621 22 7, = 2.10 (25%)
T, = 4.90 (75%)

1c 443/21841 556 113/4587 <1 587 8.8 71 = 0.42 (86%)
1, = 0.89 (14%)

1d 477/25410 554 77/2913 <1 637 14 71 = 0.87 (46%)
1, = 1.80 (54%)

1le 439/21417 578 139/5478 <1 641 n.d. n.d.

4 THF solution. ® Using 10" M NaOH solution of fluorescein as a reference (QY = 79%).2° © Absolute quantum yield measured using a calibrated
integrative sphere in direct excitation. ¢ Values presented in parentheses are relative amplitudes of PL decay fitted with the two-exponential model.

(2)

where k; is the radiative rate constant, k,, is the non-radiative
rate constant, @ss is the fluorescence quantum yield estimated
for solid-state emission, and t,, is the weighted-average photo-
luminescence lifetime. It is important to note that for all dyes,
we clearly observe k,, > k;, indicating that non-radiative
processes are dominant. However, for compound 1b, which
exhibits the highest values of 7,, and &g, the ratio between k;
and k,, is the smallest, suggesting a higher fluorescence
efficiency compared to the rest of the dyes. For the values of
both rate constants and the averaged photoluminescence life-
times, please refer to Table 2.

Quantum chemical calculations

The representative sample of the energetically lowest conformers
of compounds 1a-e has been selected based on metadynamic
simulations at the GFN2xTB level.>*> Among several exchange-
correlation functionals tested (cf: Table S2), we chose PBEO, which
shows good agreement with the experimental spectra. The equili-
brium molecular structures were determined using the PBEO-
D3B]J functional with dispersion correction and assuming an aug-
ccpVDZ basis set and a PCM implicit solvent model, as imple-
mented in the GAUSSIAN 16 package. Vertical excitation spectra
were then calculated using the TD-DFT method (¢f Table 3). We
performed these calculations using a PCM model, focusing on the
results obtained for THF, primarily because the basic spectro-
scopic properties were measured in this solvent.

a) b)
CIE 1931
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= —1b
© 8x10°] —1c
> 1d
@ 6x10° 1e
9L
E 4x10°
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X
c)
1a 1b 1c 1d le
x = 0.597 x = 0.644 x = 0.564 x =0.677 x =0.669
y = 0.402 y =0.356 y = 0.435 y =0.323 y =0.331

Fig. 3

(a) Emission spectra of compounds 1a—e in the solid state; (b) CIE 1931 graph calculated for the emission spectra (c) with the x and y coordinates

placed under the squares filled with the corresponding colors. Emission was recorded at an excitation wavelength equal to the maximum of the

absorption spectra of each compound.
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Table 2 Average photoluminescence lifetime (t,,) and radiative (k,) and
non-radiative (k,,) rate constants for the studied compounds in the solid
state

Dye Tay (DS) ke x 10% (s71) ko x 10° (s
la 0.80 1.04 11.5
1b 4.20 0.52 1.86
1c 0.49 1.80 18.6
1d 1.37 1.02 6.23
le n.d. n.d. n.d.

Considering that the studied dyes have several plausible
rotamers, we performed a detailed conformational search for
the simplest molecule 1a and focused on the most stable
rotamers of the remaining compounds. Among the optimized
structures of 1a, we found E and Z isomers of the ethylenic
bridge (-HC—CH-) and bent- (b) and axial-like (a) conformers
of the methoxy bridge (-O-CH,-) in the -OBn group (¢f. SI). The
latter differ in the mutual orientation of phenyl rings (the
dihedral angle of the R-O-CH,-R is either ~180° in the ‘a’
form and ~75° in the ‘b’ form). The E isomers are found in two
nearly isoenergetic conformations, which differ in the orienta-
tion of the ethylenic bridge.

According to our calculations in the ground state, only the E’
and E’ isomers with the axial or bent orientation of -OBn
groups are likely to be present in the solution as the located Z
isomers that are over 20 k] mol " are less stable (see the SI for
details). Thus, in the case of compounds 1b-e, we focused on
the E’'b and E’b isomers. The most relevant results are shown
in Table 3, with more data reported in the SI.

Considering the size of the studied compounds, we chose 1a
for further studies of the photoisomerization mechanism.
Fig. 4 shows a schematic representation of the most likely E-
Z photoisomerization pathway of the E’'b isomer of 1a. To
obtain more reliable relative energies, the XMS-CASPT2/cc-
pVDZ energies were calculated using the BAGEL package®® at
the geometries obtained using the PBEO-D3BJ/def2-SVP/
CPCM(THF) approach implemented in the ORCA 6.0.1
package.® The E'b isomer, after photoexcitation to the S,
'nn* state having a significant charge-transfer (CT) character-
istic (from phenyl to TCF), undergoes structural relaxation
(mainly bond-length alteration) to the S; (E) state minimum
with a similar geometry. Further relaxation leads to an inter-
mediate structure with the ethylenic -HC—CH- bridge rotated
by 90°, which is close to the conical intersection with the
ground state (the S;-S, energy gap is only 0.2 eV at the PBEO-
D3BJ/def2-SVP/PCM(THF) level) and then to the Z'b isomer. To
further confirm this mechanism, we performed a simulation of
the emission band of the latter using the Adiabatic Hessian
approach implemented in the excited state dynamics®” subrou-
tine of an ORCA 6.0.1 package,*® which agrees well with the
experimental data (Fig. S18). The calculated fluorescence rate is
5.908 x 10% s™' (r = 1.69 ns). The character of the S; state is
essentially a HOMO-LUMO transition (see Fig. 4), and it
remains virtually unchanged throughout the E-Z photoisome-
rization process, although for the rotated S1 structure, it
becomes a dark state. The low wavelength shoulder of the

This journal is © The Royal Society of Chemistry 2025
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Table 3 Relative Sp energies (AEso), vertical excitation energies (Eqyc) Of
the bright S; state, the corresponding wavelengths and oscillator strengths
(fosc) Of the selected la—e rotamers (depending on the orientation of
phenyl rings in the donor part of the dye) calculated using the PBEO-D3BJ/
aug-cc-pVDZ/PCM(THF) method at the respective ground state local
minima. The experimental absorption spectra are also shown for reference

;Labs (nm)
Compound  AEg, (Kl mol™")  Eey (€V) Calc. Exp.  Fosc
1a (E'D) 0 2.783 445 434 1.63
1a (E"b) 2.57 2.733 454 1.39
1a (E'a) 3.39 2.776 447 1.70
1a (E"a) 5.57 2.729 454 1.48
1b (E'b) 0 2.613 474 453 1.52
1b (E"b) 2.16 2.579 481 1.24
1c (E'b) 0 2.722 455 443 1.52
1c (E"D) 2.33 2.669 464 1.24
1d (E'b) 0 2.704 458 477 1.63
1d (E"Db) 2.03 2.662 466 1.33
1e (E'D) 0 2.538 488 439 1.15
1e (E"b) 0.28 2.510 494 1.07

experimental absorption band may be due to the S, 'nn* locally
excited (LE) state, localized mostly at the TCF fragment, which,
according to PBE0O-D3BJ/aug-cc-pVDZ/PCM(THF) calculations,
lies at 3.55 eV (349 nm) for 1a. However, the computed
oscillator strengths are usually substantially smaller than that
for the bright S; state (0.02-0.06) — only for the 1b dye, the
computed relative oscillator strengths for S, — S; and S — S,
transitions correspond to the experimental relative intensities,
and for the E’'b isomer, they amount to 1.22 and 0.30, respec-
tively. The energy differences between rotamers are low enough
(see Table 3) that molecules at room temperature can freely
undergo rotameric transitions. Only the presence of isomeric
structural changes (E to Z and Z to E) can be identified in the
performed spectroscopic experiments. Thus, in the next sec-
tions of the article, we decided to streamline the nomenclature,
and we simply categorized all conformers as E and Z, depending
only on the rotation around the ethylene bridge (-HC—CH-),
without distinguishing between rotameric states.

Photochromism

The photochromic reaction based on photoisomerization
between stable conformers of the studied dyes, predicted in
quantum chemical calculations, was further investigated
experimentally by UV-VIS absorption measurements and NMR
spectroscopy. Finally, we also checked if cyclic photoisomeriza-
tion can lead to molecular photo-orientation and, thus, induce
optical birefringence.

Real-time absorption measurements

The photoisomerization process can be monitored by measur-
ing the intensity of the absorption band of the E and Z isomers
(see details in the SI). In our case, the reaction was carried out
in dichloromethane (DCM) solution with a concentration of
C = ~107> M. DCM was chosen as the solvent due to its
medium polarity and lack of light absorption in the UV region,
where the Z-isomers of the dyes are expected to absorb.

J. Mater. Chem. C
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Fig. 4 A schematic representation of the most likely E-Z photoisomerization pathway of dye 1a. The relative XMS-CASPT2(6,6)/cc-pVDZ energies were
calculated at the geometries obtained using a PBEQ-D3BJ/def2-SVP/PCM(THF) method. The rotated 'nn* (R) intermediate is close to the minimum-

energy crossing point (MECP) with the ground state.

Although the quantum chemical calculations were performed
using THF as the solvent model, the polarity of DCM is
comparable to that of THF. Therefore, we considered it reason-
able to compare the experimental and theoretical results,
assuming only a small margin of error between the two
solvents. The absorption of E isomers is located at around
~430-470 nm, while Z isomers can absorb the light near
~370 nm. By changing the wavelength of the light irradiation,
we can control the relative concentration of both conformers,
obtaining the typical photo-switching behavior. Thus, we used
the 455 nm light irradiation to force transformation for all of
the studied compounds. This transition can be observed in
absorption spectra as the E band decreases with the increase of
the Z band (see Fig. 5(a) and (b) for the representative com-
pound 1a). When we obtained the photostationary state for the
E — Z photoisomerization, we used 365 nm light to obtain a
reverse transition. The well-defined isosbestic points clearly
show that the isomerization reaction is carried out only
between the dyes’ isomers.

J. Mater. Chem. C

The photoisomerization degree (Table 4) for the E — Z
transition was obtained using eqn (3):

Ay— A4

S=" = % 100%, 3)

where 4, is the absorbance just before the irradiation and 4, is
the absorbance in the photostationary state at the maximum of
the E band. The degree of photoisomerization varies between
31 and 50% for different compounds and is shown in Table 4.
The kinetics data (Fig. 6(c)) present the determination of
the k for 1a, and Fig. S19 shows kinetics data for 1b-1e.
However, it is worth noting that, based on 'H NMR measure-
ments, the irradiation of the samples at 455 nm, which is
used to determine the S(%), results in a simultaneous decrease
in the signals corresponding to the E isomers and an increase
in the signals associated with the Z isomers. Nevertheless, the
whole process can be obtained by the calculation of the slope
coefficient in the linear function plotted as a logarithmic

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The electronic absorption spectra of compound 1a over the period of irradiation at (a) 455 nm and (b) 365 nm, (c) the dependence of
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Table 4 The kinetic rate constant (k) of the E — Z isomerization under
455 nm irradiation was determined for the studied compounds in DCM
solution (C ~ 107> M) at room temperature. The values are expressed in
s tand the corresponding isomerization times are expressed in seconds.
R? represents the goodness of fit of the linear regression, and S denotes
the photoisomerization degree (and it was calculated for the maximum
absorption wavelength for the E isomer)

E—>Z
Compound k(s k(s) R? S (%)
1a (229 £0.05) x 107> 4441 09947 42
1b (3.04 £+ 0.07) x 1077 33+1 0.9954 50
1c (343 4+0.14) x 107>  29+2 0981 31
1d (3134 0.05) x 107> 3241  0.9963  n.d.
1e (3.37 £ 0.11) x 107> 30+ 1 0.9898 a4
dependence of the time:*®
AO - Aoc
f)=In{——=) =kt 4
10 =m(P=4) =k @

where A(f) is the value of the absorbance as a function of time
and k is the kinetic constant, shown in Table 4. It is clear to see
that the slowest transition of the E-Z photoreaction is observed
for the 1a molecule, which can be determined by the most
favorable molecular arrangement obtained in the E form of the
isomer. Note that 1c and 1e have the fastest kinetic reaction
with respect to the other dyes.

The structural changes of all compounds were also studied
by 'H NMR analysis (the details of the experiment can be found
in the Materials and methods section of the SI). For all samples

This journal is © The Royal Society of Chemistry 2025

(see Fig. 5(d) and Fig. S20-S23), irradiation at 455 nm resulted
in a decrease in the doublet characteristic of the CHs of the
trans double bond (i.e., doublet at around 6.85 ppm, J ~ 16.4
Hz, marked with the red rectangle in Fig. 5(d)) and the
appearance of the new doublet characteristic of the CHs of
the Z double bond (i.e., doublet at 5.8-5.9 ppm, J - 12.1 Hz). For
the exact positions of the E and Z isomer doublets and their
relative integration values over time, see Table S5. Please note
that 1d was the only dye to exhibit the presence of Z isomers
immediately after dissolution, as observed in the "H NMR
spectra.

Photoinduced birefringence

The photoisomerization process can lead to the development of
optical birefringence in the sample. Typically, the optical
anisotropy for azo-dyes is obtained by molecular ordering
through the Weigert effect.®® Such optically induced birefrin-
gence can be used to construct optical valves or to store optical
data. As our previous experiments have shown, photoisomeri-
zation can be obtained for all of the molecules described here.
Thus, we decided to investigate if they can also generate optical
anisotropy. The experiment was carried out in the so-called
pump-probe optical setup for dye-doped polymeric samples
inserted between two crossed polarizers, where the DPSS diode
laser of wavelength 473 nm was used to induce optical birefrin-
gence while the He-Ne laser was probing the induced An
over time.

The details of the experiment and materials preparation are
provided in the SI. Afterwards, we can calculate the value of

J. Mater. Chem. C
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Fig. 6 (a) Impact of the external light on the changes in optical birefringence for 1a, (b) time constant for the growth curve measured for all of the

studied compounds, (c) saturable refractive index fit, and (d) linear dependence of changes in transmittance (AT) as a function of pump intensity (/).

photoinduced birefringence measured in a crossed-polarized
system, namely, An (Ipump, t), using the below equation:*°

An(Lyump, 1) = ;[;uolbe arcsm( AT (Lpump, )), (5)

where /,op is the wavelength of the probe laser, d is the
thickness of the sample, and AT (Ipump, t) is the sample
transmittance. In all of the cases, the measurements were
conducted on the polymeric layers made of the dye-doped
poly(methyl methacrylate) (PMMA) polymer with a concen-
tration of 2%. Nevertheless, for the whole family, we noticed
a typical exponential growth of intensity, which can correspond
to the optical birefringence caused by the multiple changes in
the molecular conformations.”' On the other hand, when the
laser pump is off, we cannot obtain the return of the material to
the initial value of An (see Fig. 6(a) and Fig. S24), confirming
the long-time thermal relaxation for the studied materials.
Both growth and decay curves have shown complex
dynamics and could only be fitted by the triple exponential
functions with considerable accuracy. All time constant values
were determined for the used power of the laser pump (~ 60.5
+ 6.9 mW cm™?) (see eqn (6) for the growth and eqn (7) for the
decay, and Fig. 6(a)). The values of the calculated time

J. Mater. Chem. C

constants are shown in Table S6,

Angr:Angr.(l ( = >)+An
(o158
(o)

An® = Ang + Ande . (exp( = )) + Angee

o) o ol 2)

where Ang"; and Anf< are amplitudes of growth and decay

curves, respectively, while t¥*; and {5 are the corresponding
time constants, ¢, is the time when laser light irradiation was
turned on or off, and An%° is a constant birefringence observed
after decay. It is worth adding that in all cases, we observed the
memory effect, and once the placed sample was irradiated by
the pumping laser, the birefringence never returned to the 0
value. Exemplary An dynamics for the 1a molecule with fitting
functions is shown in Fig. 6(a).

This journal is © The Royal Society of Chemistry 2025
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Table 5 The values of the An, Ig, Ang, and ¢ for 1la—e

Compound An SD? (An) I, (mW cm ?) SD? (Io) R Ang® E (%)
1a 2.7 x 1073 8.1 x 107° 20 2 0.9986 3.97 x 107* 14.65

1b 1.8 x 1073 1.0 x 107* 22 4 0.9937 2.58 x 1074 14.02

1c 9.0 x 10 * 3.4 x10°° 8 3 0.9914 2.22 x 10°* 24.69

1d 2.1 x 1073 8.5 x 107° 12 3 0.9902 1.72 x 1074 8.23

1e 2.0 x 10°° 8.0 x 107° 11 3 0.9939 4.44 x 1074 21.98

“ SD(—) is the standard deviation of value. b The An, was estimated from the extrapolated triple exponential decay fit over 1000 seconds to obtain a

plateau. © ¢ represents the percentage share of An, in An.

Growth time constants are shown in Fig. 6(b). It is clearly
seen that in the case of the growth curve, the shortest time
constant (t§") presents the highest amplitude, based on calcu-
lated An, which was estimated using eqn (6) (see Table S6). On the
other hand, the 8" and §" present the lowest amplitude, with a
value between 4 and 18 s for §" and with a range of 77 s to 194 s
for t§". When we consider the decay curve for all of the studied
compounds, we see a relatively equal distribution for each of the
time constants except for 1b and 1d, where the " presents a
visibly higher contribution than t§" and §" (Table S6).

Due to the observed saturation effect in photoinduced
birefringence (see Fig. 6(c)) at low power pump intensity, which
is due to the saturation of E isomer absorption, we propose to
fit obtained data with the following expression (see the deriva-
tion in the SI):

An

() '

where An(I) is the maximal birefringence for intensity I, An is
the maximal birefringence for the given system when I —» oo,
and I, is the saturation intensity. Note that the I, values measured
for all of the dyes are exceptionally small. For instance, compound
1c achieves its saturation level at the pump intensity as low as 8
mW cm ™ On the other hand, 1b presents I, ~ 22 mW cm™ > (see
Table 5). Moreover, the most striking fact is that available
birefringence values for the measured samples are on the order
of 107*~10?, which is a significant value with respect to other
systems utilizing small, isomerizable molecules for the generation
of optical birefringence.*>™**

Fast saturation and strong nonlinear character can be seen
as disadvantages in various optical modulators. Luckily, for the
mentioned application, typically, the value of interest is the
transmittance or transmitted light intensity. In Fig. 6(d), we
plot the transmittance AT obtained using crossed polarizers vs.
pumping beam intensity.

An(I) =

Discussion

The analysis of the optical properties of the studied com-
pounds, both in solution and in the solid state, shows that
only compound 1a exhibits a photoluminescence quantum
yield above 1% in solution. Please note that compound 1d
exhibited the lowest Stokes shift among the studied dyes (in
solution). This may be caused by the bonding effect of the -OBn
groups on the carbon-carbon double bond, which could

This journal is © The Royal Society of Chemistry 2025

disturb the planarity of the entire system. As a result, this
may interfere with the charge transfer between donor and
acceptor groups, disrupt electron delocalization, and thus
blue-shift the emission spectrum. (Please refer to Table S7 for
the corresponding calculations.)

Additionally, the photosensitivity of the materials was eval-
uated through real-time monitoring of their absorption spectra
under irradiation at two different wavelengths (455 nm and
365 nm). The results demonstrated full reversibility of isomer-
ization processes in liquid environments, with the kinetics of
the £ — Z transformations indicating a rapid response that can
be triggered even under daylight conditions. As previously
mentioned, the rate of isomerization depends on the molecular
structure, specifically the number and position of -OBn sub-
stituents. Compounds 1c¢ and 1e exhibited the fastest E —» Z
transitions, whereas 1a showed the slowest response.

Structural changes between the isomeric forms were con-
firmed by "H NMR spectroscopy. Note that the "H NMR mea-
surements were performed in deuterated chloroform - CDCl,
(unlike in the case of calculation and real-time absorption
measurements). Please note that Z-E photoisomerization can
occur in different solvents for all dyes, indicating their versa-
tility and making them ideal for photoswitching applications.
Notably, thermal relaxation back to the initial £ form was
observed only for compounds 1d and 1e, as confirmed by the
reappearance of characteristic signals in the "H NMR spectra
(considering the given time of 72 h). Please note that the
relative integration of the respective E/Z doublets presented
in Table S5 clearly shows a decrease in the integration of the
doublet corresponding to the Z-isomer over time. This observa-
tion indicates that thermal relaxation does occur for these dyes,
although it proceeds at a significantly slow rate. In contrast, for
compounds 1a, 1b, and 1¢, the doublet corresponding to the Z
isomer remained detectable even after 72 hours in the dark,
indicating a significantly slower thermal back-isomerization
process. This prolonged stability of the Z isomer suggests that
such compounds, particularly 1a-1c¢, may hold potential for
optical data storage applications, where long thermal relaxation
times are considered highly advantageous.*’

The typical nonlinear refractive index parameter (n,) could
not be accurately determined, as the system appears to reach a
saturation regime, where the birefringence response no longer
follows a linear dependence on pump intensity. Nevertheless,
for all of the studied compounds, we estimated the relevant
parameters using eqn (8) (see eqn (S11)), which accounts for
saturable absorption. This approach yielded excellent fits, with
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R values exceeding > 0.99 for all samples. Importantly, based
on these estimations, we determined the saturation intensity
values, which were remarkably low, below approximately
22 mW cm 2. We also calculated the maximum achievable
birefringence for each compound. In all cases, the change in
the refractive index (An) was found to be significantly high, in
the range of 10~ to 10>, This combination of high birefringence
and low saturation intensity highlights the strong potential of
these materials for use in low-power-consumption optical devices.
Furthermore, the evaluation of saturation intensity and maximum
birefringence provides a more meaningful assessment of the
materials’ utility in photoswitching applications than the
standard n, parameter alone.

The dynamics of birefringence changes during growth and
decay observed in our materials exhibit a complex, triple-
exponential behavior, which is relatively uncommon in the
literature. In the studied compounds, the birefringence build-
up process can be characterized by fast time constants ranging
from 0.28 to 1.20 s, depending on the specific compound (see
Fig. 6(b) and Table S6). The intermediate components vary from
4.91 to 18.8 s, while the slowest processes extend to tens or even
hundreds of seconds. As expected, the fastest components
generally contribute the largest amplitude to the overall bire-
fringence, whereas the slowest components have the smallest
contributions. These findings confirm the ability of the materi-
als to modulate optical signals effectively; however, the
presence of slower processes suggests the involvement of addi-
tional mechanisms in birefringence formation. These may
include thermal effects, photo-fluidization, or depth-
dependent absorption saturation, all of which require further
investigation and fall beyond the scope of this work. Regarding
birefringence decay, as previously mentioned, the systems do
not fully revert to their initial states after the removal of the
excitation light (see Fig. 6(a), Fig. S24 and Table 4), indicating a
residual birefringence or the so-called “memory effect”. This
behavior implies potential applicability in optical data storage.
To further quantify this effect, we introduced an additional
parameter, ¢ (see Table 4), which represents the percentage
contribution of the non-reversible birefringence component
(Ang) to the total induced birefringence (An). Notably, all
compounds demonstrated a measurable memory effect, with
the highest ¢ value (~25%) observed for compound 1c and the
lowest (~8%) for 1d. These results suggest that the materials
studied here could serve as multifunctional platforms: depend-
ing on the thresholding criteria, they could function either as
optical memory elements or as reversible optical modulators.
The abovementioned combination of fast transition (and even
saturation under the low value of power pump intensities) and
relatively low recovery with the material’s high and constant
birefringence are desired properties in development, for
instance, in telecommunication devices*® or modulators.*!

Conclusions

A new family of TCF-based D-n-A molecules were synthesized
via simple, cost-effective, and efficient synthetic routes. This
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series of compounds demonstrates a range of advantageous
optical properties, including strong solid-state photolumines-
cence and efficient photoswitching capabilities. The electronic
structures and the ability to form distinct, stable conformers
were further supported by quantum chemical calculations. All
synthesized compounds exhibited photoisomerization, charac-
terized by well-defined isosbestic points and reversible switching
behavior. Importantly, by tuning the number and positional
arrangement of -OBn substituents in the donor segment of the
molecules, we were able to modulate their photosensitivity,
particularly in relation to steric hindrance, which plays a signifi-
cant role in slowing the thermal relaxation to the more stable
isomer. Efficient photoisomerization and photoswitching were
observed in both liquid and polymeric systems at remarkably
low pumping intensities, comparable to natural sunlight
(~100 mW cm %), making these materials highly promising
for applications requiring low-power operation and moderate
switching speeds. Notably, all compounds demonstrated a mea-
surable “memory effect”, further underscoring their versatility.
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