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ABSTRACT: The optical control of anisotropy in materials is highly advantageous for
many technological applications, including the real-time modulation of another light ©
signal in photonic switches and sensors. Here, we introduce three thiophene derivatives ~ *
with a donor—acceptor structure, which feature different positions of an electron-
acceptor nitrile group, and both photoalignment and luminescence properties.
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Quantum chemical calculations highlight the presence of trans-forms stable at room b D e
temperature and metastable cis-isomers. Besides photoluminescence peaked at 440— : ) | Weveenaniom)
460 nm and 0.4 ns lifetime, the three nonlinear optical chromophores exhibit AR O
photoinduced anisotropy of the refractive index closely depending on the specific s ¢ L ol
molecular structure, with higher values of birefringence at lower driving signal being s ¢ s .:}""
obtained for ortho substitution of the nitrile group. All-optical modulation of an W | 87" Photo-induced
1S 5. A 4 o anisotropy of n |

external light beam at rates of hundreds of hertz is demonstrated in the fluorescent
systems. This finding opens an interesting route to multispectral photonic switches

embedded in the active layers of light-emitting devices.

B INTRODUCTION

The management of light propagation and of light—matter
interaction benefits from the availability of materials whose
physical properties can be controlled and varied in real time by
means of external fields.' > The properties of various optical
materials and photonic devices such as absorption and
fluorescence,” 1ight—scatterir1g,5 optical gain and lasing,(”7 and
nonlinear optical (NLO) features®” can be effectively
modulated through electric and magnetic fields,"”"! mechan-
ical stretching,12’13 temperature,14 chemical interactions,'>*¢
pressure,'” or light."® Control achieved by light is especially
interesting because the so-enabled, remote modulation of the
properties of operating devices can be very fast and pushed at
high spatial resolution by employing focused laser beams. For
these reasons, light-responsive systems'’
expanding their fields of use, with recent examples including
photoswitchable dual-color” and white light-emitting”* nano-
particles, photochromic transparent wood for smart win-
dows,” anticounterfeiting systems,26 and UV sensors.”” In this
framework, achieving simultaneous optical control of light
intensity and photon generation by compact, multifunctional
systems would be of paramount importance, allowing passive
and active light modulation to be potentially combined in
super-resolution microscopy, optical computing and commu-
nications, multispectral sensing, diagnostics, and ana-
Iytics. 23252

are continuously
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Molecules designed to optimize their NLO properties are
highly relevant in this respect.’”® For instance, azobenzene
derivatives were largely used as building blocks of light-
responsive materials and surfaces.”’ Upon photoirradiation,
trans-to-cis isomerization is activated in azobenzenes, which
might lead to a neat photoalignment of chromophores along a
given direction. Such anisotropy, in turn impacting optical
absorption and refractive index, can be exploited for the passive
modulation of a polarized light beam,*” but it is not normally
accompanied by light emission, that is, by passive/active
multifunctionality. Other systems were reported, such as
stilbene derivatives, that exhibit photon emission combined
with NLO properties.””** Second-harmonic generation (SHG)
and light switching have been recently shown by pyrazoline
derivatives, that is, push—pull donor—acceptor molecules based
on the stilbene fragment.z’s’36 Overall, these studies indicate
that the SHG signal and photoinduced birefringence can be
tailored by specific moieties and by varying the electron-donor
and -acceptor units and their position.
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Scheme 1. Scheme of the Synthetic Route of the Th-oCN, Th-mCN, and Th-pCN Derivatives
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Here, we report on three new thiophene derivatives based
on stilbene, designed as push—pull molecules with an aromatic
electron-donor group and a nitrile acceptor group. The
derivatives differ for the position of the acceptor unit with
respect to an aromatic ring, close to the electron-acceptor
region. Quantum chemical calculations determine the available
isomers for each derivative and their structures. In addition to
light emission with sub-nanosecond lifetime, the molecules are
found to undergo photoisomerization upon optical pumping
with a beam resonant with the absorption band, which is
associated with molecular alignment and building-up of optical
birefringence, allowing the intensity of polarized light to be
switched at rates up to many hundreds of hertz. The
investigated compounds display different magnitudes of their
photoinduced birefringence, which provides a significant
design pathway for enhancing optical switching and for
combined passive/active light modulation by organic systems.

B EXPERIMENTAL METHODS

Materials and Characterization Techniques. Commer-
cially available reagents and solvents of analytical grade are
used without any further purification. Diethylcyanobenzylpho-
sophonate precursors (A—C in Scheme 1) are prepared
following the Arbuzov reaction,”” while the thiophene
derivatives were obtained by the Horner—Wadsworth—
Emmons reaction between phenylthiophenealdehyde and the
phosphonate derivatives A—C (Scheme 1). All reactions are
carried out under an inert nitrogen atmosphere. Nuclear
magnetic resonance (NMR) spectra are measured by using a
Bruker Avance DRX 300 spectrometer operating at 300 MHz
for '"H NMR and at 75 MHz for *C NMR. Mass spectra are
collected with the Bruker Biflex-III apparatus.

Synthesis of Thiophene Derivatives and Film Prep-
aration. For the synthesis of (E)-2-(2-(5-phenylthiophen-2-
yl)vinyl)benzonitrile (Th-oCN), (E)-3-(2-(5-phenylthiophen-
2-yl)vinyl)benzonitrile (Th-mCN), and (E)-4-(2-(S-phenyl-
thiophen-2-yl)vinyl)benzonitrile (Th-pCN), a solution of
potassium tert-butoxide (+-BuOK, 297 mg, 2.65 mmol) is
added dropwise to a solution of diethylcyanobenzylphospho-
nate (268 mg, 1.06 mmol) in 20 mL of dry tetrahydrofuran
(THF) in a three-necked flask under nitrogen (Scheme 1).
The mixture is stirred for few minutes and, subsequently, a
THF solution of S-phenylthiophene-2-carbaldehyde (200 mg,
1.06 mmol) is added. The resulting mixture is stirred for one
night and, after evaporation of THF, the resulting product is
dissolved in dichloromethane (DCM) and washed with an
aqueous NaCl solution. The organic phase is collected, and the
solvent was left to evaporate. The resulting product undergoes
silica gel chromatography column using petroleum ether/
DCM 3:1 (v/v) followed by petroleum ether/DCM 1:1 (v/v)
as the eluent to afford the resulting compound. The reaction
yield and the results of the NMR characterization of the Th-
*CN (x = o, m and p) compounds are reported in the
Supporting Information (Figures S1—S4).

Th-xCN-doped poly(methyl methacrylate) (PMMA, Sigma-
Aldrich) films are drop-cast on silica glass plates from DCM
solutions (2% dry w/w dopant/polymer ratio). After mixing,
stirring for 24 h, and drop-casting, films are formed under
solvent vapors during the next 24 h, and their thickness (4—S
um) is measured in different areas of the samples using a
DektakXT (Bruker) profilometer.

Computational Analysis. Quantum-chemical calculations
are performed using the Gaussian 09 program.”® Geometrical
optimization and harmonic vibrational analysis are carried out
by density functional theory with the B3LYP functional.”” The
standard Dunning’s correlation-consistent basis set augmented
with diffuse functions (aug-cc-pVDZ) is used.”” The nature of
the stationary points is checked by the calculation of the
vibrational frequency, obtained for all minimum energies and
found to have no imaginary values. The obtained relative
energies include zero-point vibrational energy corrections. The
abundances of the found conformers at room temperature are
calculated according to the Boltzmann distribution.

Absorption and Time-Resolved Fluorescence. Absorp-
tion and fluorescence spectra of Th-xCN in PMMA are
measured by the Jasco V-550 UV—vis spectrophotometer and
the Varian Cary Eclipse fluorescence spectrometer, respec-
tively. The investigation of the photoluminescence (PL)
lifetime is carried out by a femtosecond laser (Legend,
Coherent) and a streak-camera (C10910, Hamamatsu)
coupled to a spectrograph (Acton SpectraPro SP-2300,
Princeton Instruments). More specifically, the second
harmonic (4 = 400 nm) of the output beam of the
femtosecond laser system (wavelength: 800 nm, pulse
duration: 90 fs, repetition rate = 1 kHz) is focused on the
sample surface by a lens (focal distance, 100 mm), while the
emitted light is collected by the same lens in a backscattering
geometry and coupled to the monochromator by a second lens
(focal distance, 100 mm). The absolute fluorescence quantum
yield (®p) is measured by an integrating sphere (Lab-
Sphere).”" To this aim, the samples are optically pumped by
a 375 nm continuous wave (cw) diode laser (L6Cc, OXXIUS).

Optically Induced Birefringence. For the investigation
of the optical birefringence property that is induced optically, a
cw pump—probe experimental setup is used, similar to the one
typically utilized for the investigation of the optical Kerr
effect.”” This method relies on the measurement of the
variation of the polarization direction of a probe beam (lpmbe =
638 nm, i.e., in the Th-xCN transparency region), which is
induced by a pump laser beam (A, = 405 nm, ie,, in the
absorption band of the used molecules), as schematized in
Figure SS in the Supporting Information. To this aim, two
diode lasers of the L6Cc system (OXXIUS) are used. To
maximize the photoinduced birefringence effect, the pumping
beam polarization direction is rotated by 45° with respect to
the polarization direction of the incident probe beam by means
of a half waveplate. A cross-polarizer configuration is used for
the probe beam. More specifically, the probe beam is linearly
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Figure 1. Optimized geometries of the most stable conformers of trans- and cis-Th-oCN, Th-mCN, and Th-pCN calculated with the B3LYP/aug-
cc-pVDZ method. In-plane view (left) and out-of-plane view (right) are shown for each conformer by considering the plane containing the

thiophene group.
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Figure 2. Orientation of dipole moment vectors for the most stable conformers of trans- and cis-Th-oCN, Th-mCN, and Th-pCN. In-plane view
(left) and out-of-plane view (right) are shown for each conformer.
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Figure 3. Th-xCNs in PMMA. (a) Absorption (solid line) and PL (dashed line) spectra. (b) Exemplary 2-dimensional PL intensity map showing
the spectrally and time-resolved emission of Th-oCN. (c) PL temporal decay for Th-oCN (blue dots), Th-mCN (green dots), and Th-pCN (red
dots). The black continuous lines are a fit to the data by a monoexponential curve.

polarized by a first polarizer placed between the light source
and the sample, whereas a second polarizer (analyzer) with the
axis perpendicular to the first one is placed on the path of the
probe beam that is transmitted by a sample. The intensity of so
transmitted light is measured by a Si photodiode located
behind the analyzer (Figure SS). In such a configuration, the
intensity of the probe beam transmitted by an optically
isotropic material placed between the polarizer and the
analyzer is zero. In contrast, any anisotropy induced in the
refractive index of the Th-xCN samples will cause a rotation of
the polarization direction of the probe beam passing through
them, namely, a nonzero transmission through the analyzer.
The magnitude of the photoinduced optical anisotropy can be
calculated by the expression®>***

oo .2 ﬂdAn(Ipump)
probe — “probe sin

probe (l)
where Igmbe and Igmbe are the incident and transmitted

intensities of the probe beam, respectively, d is the sample
thickness, and An(IpumP) is the pump intensity (Ipump)—
dependent anisotropy of the refractive index, namely, the
difference of the refractive index for light polarized parallel and
perpendicular to the direction of polarization of the pump.
Two temporal regimes can be typically considered in the
experiments: one is related to the steady-state photoalignment
of molecules upon optical pumping. This can be evaluated by
the stationary amplitude of the probe signal detected by the
photodiode with the pump beam switched on. Indeed, thanks
to the many photoinduced conformational changes of the
active molecules (typically trans—cis—trans transformations), it
is possible to photoalign a significant population of the initially
isotropic molecules, with an associated increase of An typically
occurring on timescales (z,,) of seconds or minutes in solid-
state systems.””*** Such optically induced birefringence

25468

typically vanishes on timescales (7.5) comparable to 7, upon
switching off the pumping beam.™* Another interesting regime
is associated with variations of the pump intensity much faster
than 7., but sufficiently long to observe the effect of
conformational changes, which occur typically in sub-milli-
second timescale.>**** This regime, which is appealing for
fast light modulation, can be inspected by modulating the
pump intensity with a mechanical chopper (Figure S5) and
measuring the corresponding variation of the transmitted
probe intensity.

B RESULTS AND DISCUSSION

Quantum Chemical Calculations. The systematic scan of
the potential energy surface allows six minima for Th-oCN and

Table 1. Summary of the Photophysical Properties of Th-
x#CNs in PMMA“

A Vi Alss Oy TpL k, Kee
(am)  (om)  (am) (%) (ns) (nsT) (nsT)
Th-oCN 361 457 96 6 0.4 0.15 24
Th-mCN 357 460 103 S 0.4 0.13 24
Th-pCN 358 440 82 N 0.4 0.13 24
@bs and APL: peak wavelength of the absorption and PL spectra,

respectively, Alg: Stokes shift, ®@p: PL quantum yield, 7p: PL
lifetime, k, = ®p/7p, and k, = (1 — ®p)/7p: radiative and
nonradiative decay rates, respectively.

Th-mCN and four minima for Th-pCN to be found. The
optimized trans- and cis-conformers of Th-oCN, Th-mCN, and
Th-pCN are shown in Figure 1, whereas the structures of
conformers with higher energy are shown in Figure S6. The
relative energies, Gibbs free enthalpies, and abundance at the
room temperature of all the structures found for the three
compounds are summarized in Table S1 in the Supporting
Information. Trans-isomers are lower in energy and have a

https://dx.doi.org/10.1021/acs.jpcc.0c07455
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Figure 4. (a—c) Temporal evolution of the photoinduced birefringence, An, for the and Th-oCN (a), Th-mCN (b), and Th-pCN (c), respectively,
upon switching on and off the pump beam. Pumping intensities: 40 (a), 96 (b), 113 mW cm™ (c). The insets show the increase of An for various
intensities of the pump beam (reported in mW cm™2). (d) Dependence of An on the incident intensity of the pump beam, Loump (data collected

after 250 s with pump on).

planar configuration. Only these isomers are predicted to
contribute to the population at ambient temperature. In order
to rationalize the structure of the conformers, the energies
associated with the torsions along S—C1-C2—-C3, H1-C2—
C3—H2, and H2-C3-C4—CS (atom notation shown in
Figure 1) bonds are calculated (Figure S7). The estimated
energy barrier for trans — cis isomerization is about 80 kcal
mol™', and it is almost comparable for all the investigated
molecules, as can be appreciated by scanning the angle HI1—
C2—C3—H2 (Figure S7b,eh). Furthermore, the possibility of
rotation along S—C1-C2—C3 and H2—C3—C4—CS5 bonds
gives conformational flexibility to trans-Th-xCN, leading to
syn- and anti-conformers. Scan of the S—C1-C2—C3 bond
shows that the rotation of the thiophene ring has a small
energy barrier (~10 kcal mol™’, Figure S7a,d,g). Rotation of
the Ph—CN group along the H2—C3—C4—C5 bond has a
significantly higher barrier (~40 kcal mol™', Figure S7¢(fi).
Rotation barriers appear to be independent from the position
of the —CN group (Figure S7). For Th-oCN, the anti—trans—
syn conformer is identified as the global minimum with a
calculated abundance of 72%. For Th-mCN, anti—trans—anti
and anti—trans—syn isomers are very close in energy, and their
abundance at room temperature is comparable, that is, 45 and
42%, respectively. Substitution in the para position in Th-pCN
limits the number of conformers to four. The anti—trans
conformer was found as the conformer with minimum energy,
with 89% contribution to the population at room temperature.

The calculated values of the dipole moment for all the
optimized conformers are also summarized in Table S1. The
orientation of dipole moments for the most stable trans- and
cis-conformers is shown in Figure 2. The different position of
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the electron-acceptor unit impacts the spatial orientation of the
dipole moment. For the trans-form of Th-mCN and Th-pCN,
the dipole moment is in the plane containing the thiophene
group, along the direction from the donor to the acceptor unit.
trans-Th-oCN displays a significantly different orientation of
the dipole moment vector that is almost orthogonal to the
donor-to-acceptor unit direction (Figure 2). In addition, the
calculated dipole moments reported in Table S1 evidence an
impact of the different position of the electron-acceptor unit,
the trans-Th-pCN featuring the dipole with the highest
magnitude. Overall, these features are expected to determine
different properties at the solid state, where both steric and
electronic effects (including dipolar interactions) influence the
final packing of the molecules,***” with a possibly more closed
packed stacking for the para derivative (see also the different
color of the powders shown in Figure S1).

In the case of nonplanar cis-conformers, the vector of dipole
moment is oriented from the donor to the acceptor, out-of-the-
plane containing the thiophene group.

Spectroscopy. The absorption and fluorescence spectra of
Th-xCNs in PMMA are shown in Figure 3a. All the systems
show a double-band absorption spectrum, with a maximum at
~360 nm and another one at ~395 nm (for Th-mCN and Th-
pCN) and at ~410 nm (for Th-oCN), respectively. The PL
measurements show broad (full width at half-maximum, in the
range 65—70 nm) and featureless bands peaked at 440 nm (for
Th-pCN) and at 457—460 nm (for Th-oCN and Th-mCN),
respectively. All the Th-xCNs in PMMA show PL quantum
yields stable at 5—6%, and monoexponential temporal decay of
the PL with a lifetime (7p;) of about 0.4 ns (Figure 3b,c and
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Figure S. Amplitude of the modulated birefringence vs the
modulation frequency (fyop) of the driving, pump beam for Th-
oCN (a), Th-mCN (b), and Th-pCN (c), respectively. Insets:
exemplary temporal evolution of the optically modulated probe signal,
measured at fyop = 50 Hz and I,,,,,, = 40 mW cm ™2 for Th-oCN (a),

p
Toump = 95 mW cm ™ for Th-mCN {b) and Th-pCN (c), respectively.

Table 1), compatible with fast modulation of the spontaneous
emission (up to GHz rates).

Photoinduced Birefringence and Optical Switching.
The build-up of photoinduced birefringence, An, upon light
irradiation and its relaxation in dark conditions are shown in
Figure 4a—c. For all the Th-xCNs, we find an increase of the
photoinduced birefringence over time with the pump laser
active, followed by a decrease in absence of pump light, with
the first trend being related to the photoalignment of the guest
molecules in the PMMA matrix following trans-to-cis photo-
isomerization, while the latter being related to the thermal
relaxation of the metastable cis-isomers back to the trans-ones
that are stable at room temperature (Table S1). The
photoalignment properties are related to various factors,
including the molecular readjustments accompanying the
trans—cis—trans isomerization (Figure 1), which are tightly
dependent on the polymer host. Here, Th-mCN displays a
slower build-up of the anisotropy of the refractive index
(Figure 4b), which does not reach saturation in the
investigated time interval of 250 s. Instead, Th-pCN (Figure
4c) clearly shows a saturation of the birefringence at An = 5.2
X 107* upon optical pumping at Loump ~ 113 mW cm™,
Saturation occurs in about 100 s, almost independently of the

used pump (inset of Figure 4c). For the sake of comparison,
we recall that this timescale is 2 times faster than that in which
An saturation is reached in a host/guest system incorporating a
thiophene derivative with a nitro group as an electron-acceptor
unit [(E)-2-(4-nitrostyryl)-S-phenylthiophene, Th-pNO,].**

Th-oCN exhibits an even more effective kinetics of the
refractive index anisotropy build-up (Figure 4a), with An ~5.7
X 107* achieved by lower pumping intensity (40 mW cm™2).
In the framework of third-order NLO phenomena,” a linear
behavior with slope n, is expected for the dependence of the
photoinduced birefringence on the pump intensity, An = n, X
Iyump This is shown in Figure 4d for the three molecules here
investigated, showing that Th-oCN allows given An values to
be obtained by pump beam intensities about 2 and 3 times
lower than and Th-mCN and Th-pCN, respectively (see Table
S2) and much lower with respect to previously reported Th-
pNO,, for which a An ~ 1.52 X 10* was measured at Toump =
840 mW cm™2* This result is highly relevant in view of
realizing photoresponsive systems to control with low optical
intensity.

Finally, the modulation of the intensity of the probe beam by
optical control is evidenced in Figure 5. The temporal stability
and repeatability of the intensity modulation of the probe
beam are highlighted in the insets of Figure Sa—c and in Figure
S8. The decrease of the amplitude of the probe beam
modulation follows the decrease of the time interval during
which the active molecules are illuminated by the pump laser
light, which corresponds to the time interval, in which cyclic
conversion between trans and cis conformational states, and
the associated increase of optical anisotropy of the refractive
index occur. Interestingly, a modulation corresponding to An
of the order of 107¢ is still found at about 800 Hz, which is
interesting for many applications requiring intensity and/or
phase modulation of light beams, such as additive manufactur-
ing, imaging, optical communication, and computation.49’50 In
this respect, it is worth mentioning that the modulation of the
probe beam is promoted together with the modulation of the
PL intensity, whose lifetime is much shorter than the timescale
(~ms) here used to control the photoinduced birefringence.
This would enable concomitant and intrinsically synchronous
all-optical switching of light at multiple wavelengths, namely,
the wavelengths of the probe beams passing through the Th-
x«CN samples (638 nm) and of the sample PL (i.e., 440—460
nm).

B CONCLUSIONS

In summary, three light-responsive thiophene compounds
based on the stilbene group are introduced, varying the
position of their electron-acceptor unit. Quantum chemical
calculations allowed the most stable conformers to be
identified and their geometrical configuration and properties
to be determined. The Th-xCNs show blue PL with a sub-
nanosecond (0.4 ns) lifetime. The investigation of the third-
order NLO properties evidences effective photoalignment in all
the Th-xCN on a timescale of 10® s, with an associated
increase of the refractive index anisotropy. Such photoinduced
birefringence is exploited for achieving all-optical control on a
polarized light beam, and it appears to be more easily induced
in Th-oCN which makes it particularly appealing to be used
with low driving intensities. The possibility of concomitant all-
optical modulation of the light emitted by the photoactive
systems and of external light beams makes these compounds
highly promising for all those applications where synchronous
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modulation of multiple light signals is required such as
multidimensional analytical and imaging systems and photonic
networks.
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