Faraday Discussions

gt Faraday
PN Discussions

Amplified spontaneous emission from liquid crystalline
phase: anisotropic property and active modulation

Journal: | Faraday Discussions

Manuscript ID | FD-ART-06-2023-000122

Article Type: | Paper

Date Submitted by the

Author 18-Jun-2023

Complete List of Authors: | Tsutsui, Yusuke; Kyoto University, Molecular Engineering; JST,
Sakurai, Tsuneaki; Kyoto Institute of Technology, Faculty of Molecular
Chemistry and Engineering

Seki, Shu; Kyoto University, Molecular Engineering

SCHOLA

—

RONE™
Manuscripts




Page 1 of 7 FaradayiDiscussions

Amplified spontaneous emission from liquid crystalline phase:
anisotropic property and active modulation

Received 00th January 20xx, Yusuke Tsutsui, *® Tsuneaki Sakurai¢ and Shu Seki*?
Accepted 00th January 20xx

Amplified spontaneous emission (ASE) is considered to be a primary indication of optical gain in active media without
DOI: 10.1039/x0xx00000 an external resonator. Molecular materials with ASE is expected to be one of the suitable light sources for specific application
such as optical coherent tomography owing to their low coherence and flexible tunability. Concentration quenching of
emissive excited states has been a critical issue to boost quantum efficiency of molecular materials in their condensed
phases. The rod-like design of molecule with excited state intramolecular proton transfer (ESIPT) has been demonstrated to
overcome this issue in highly-concentrated molecularly doped system, as represented by C4alkyne-HBT (2-(4-(1-hexynyl)-2-
hydroxyphenyl)-benzothiazole). We designed ESIPT molecule-doped liquid crystalline (LC) system for optical amplification
via ASE regime with its wide tunability of emission intensity. Detailed ASE behaviour and optical gain of a LC blend of
C4alkyne-HBT and 4-pentyl-4’-cyano biphenyl (5CB) was evaluated to afford maximum optical gain of 16.5 cm with the
estimated ASE threshold of optical pump at 0.6-0.7 mJ cm™2. Although most of ASE studies focus on the homogeneous
solutions, solids, or crystalline states, ASE from soft-flexible LC phase is quite limited and advantageous for the design of an
external optical resonator/cavity structure. Optical excitation parallel and perpendicular to the director resulted in the
strong modulation of ASE. By using the profit of LC phase, ASE was adcitvely modulated under the external electric field by
the reorientation of molecular dipole moment.

Introduction

Considering the structural relaxation in photoexcited organic molecules, total relaxation processes can be inherently regarded
as a four-level system which provides an ideal platform for lasing application of the molecules. Historically, organic dyes have often
employed as lasing media, especially to keep broad band emission in spectral range required for the generation of ultrashort
pulse.’™* They have also been used as convenient tunable laser sources in broad spectral range thanks to plenty of rotational and
vibrational states of the dyes upon photoexcitaion.>® The major advantages of organic molecule/dyes are in the diverse range of
chemical structures designed for demanded optical properties such as wavelength, bandwidth, quantum yield, and lifetime.

Amplified spontaneous emission (ASE) is a process of light amplification of spontaneous emission accumulated with stimulated
emission. The gain of the amplification process is recognized as a prime indication of laser action in the media without external
cavity structure. ASE is expected as an excellent candidate for light source due to its low coherence and tunability for optical
coherent tomography (OCT).”8 ASE from randomly distributed organic dyes was well implemented as dye laser system with
solutions of the molecules.®-*! Recently, laser emission or ASE have been reported from solid or crystalline states of various organic
materials such as oligo-thiophenes,*?13 rylenes,'* sprobifluorene,'>-*7 and styrylbenzene-family.16:18-23

Although most of ASE studies started from solution states, shifting into solid or crystalline states of the media, ASE from liquid
crystalline (LC) phase is less studied so far.2*2> Liquid crystalline phase is especially advantageous to have a fast response to the
external stimuli such as electric field and temperature due to its fluidity and oriented dipole moment. This controllable orientation
of molecules in LC phase is expected to realize dynamic manipulation of optical gain and ASE processes by using itself as a lasing
media, which cannot be achieved in solution nor crystalline states. Choices of the guest molecules in the LC media enable the wide-
range modulation of emission property such as lasing wavelength and non-linear threshold. The key demand for the guest
molecules is to realize an interplay of high emissive nature and compatibility against host LC phases without aggregation under
heavily doped concentrations.
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A critical issue of the doped system has been concentration quenching from self-absorption, energy transfer, and aggregation
of guest molecules.?%27 To reduce self-absorption, one of the approaches is to reduce the overlap of absorption and emission
spectra, with the design of e.g. anti-Kasha emission and large structural relaxation at excited state. We focused on the excited
state intramolecular proton transfer (ESIPT) process where the proton transfer occurs from donor to acceptor moiety at its excited
state to realize large structural and energy relaxation. This is originated from the reversed free energy of different isomers in
electronic ground and excited states. Various structural frameworks are reported to exhibit ESIPT with presenting ASE behaviour
in solid or crystalline states.?4#28-32 Based on the representative ESIPT molecular motif of 2-(2-hydroxyphenyl)-benzothiazole (HBT),
we designed rod-like molecule with high aspect ratio: 2-(4-(1-hexynyl)-2-hydroxyphenyl)-benzothiazole (C4alkyne-HBT) showing
relatively high fluorescence quantum yield in various media.33 In this work, the detailed optical property of C4alkyne-HBT in liquid
crystalline media: 4-pentyl-4’-cyano biphenyl (5CB) have been studied as well as demonstrating anisotropic emission property and
dynamic control of the emission and optical gain.

Results and discussion
Optical property of C4alkyne-HBT
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Fig. 1 (a) Chemical structures of C4alkyne-HBT and 5CB. For C4alkyne-HBT, isomerization process is also shown. (b) Absorption and fluorescence spectra of C4alkyne-
HBT in toluene and ethanol. Excitation wavelength was set to 365 nm.

C4dalkyne-HBT was synthesized based on our previous paper33. This molecule exhibits keto-enol isomerism where the proton
on a hydroxyl group moves to the nitrogen of a benzothiazole ring with bond alternation (Fig. 1(a)). At its electronic ground state,
the enol form is more stable than its keto-form; the stability reverses at the first singlet excited state, driving isomerism from eno/*
to keto*-forms. This ESIPT behaviour induces large structural relaxation at excited state making its fluorescence observed at far
longer wavelength. It is shown in the Fig. 1(b) that the absorption (351 nm) and fluorescence (525 nm) in toluene were actually
well separated with the Stokes shift of 1.17 eV (= 9440 cm™ estimated from their maxima). The overlap of absorption and
fluorescence spectra is effectively suppressed to avoid concentration quenching due to the self-absorption and energy transfer.
The ESIPT process is largely affected by the surrounding media due to their different polarity, viscosity, and orientation to the
emitter molecule through the modulation in both static and dynamic energy landscape. When the solvent was replaced to more
polar ethanol, the new fluorescence band appeared due to the contribution of the eno/* and anion forms343>, The proton donating
ability of hydroxyl group in ethanol competes the ESIPT process of HBT to partially inhibits the ESIPT, resulting in the observation
of enol* emission at 380—420 nm. The anion emission may be overlapped at around 450 nm as a minor shoulder. The anion species
is generated at the excited state due to the hydrogen bonding between proton of the phenol group in HBT and oxygen in an ethanol
molecule.

Cdalkyne-HBT itself only shows the crystal to isotropic liquid phase transition at ~100°C without liquid crystalline phase, but is
highly soluble to conventional room temperature liquid crystal 5CB up to 14wt% (~12 mol% or 0.46 M) without aggregation owing
to its alkynyl group33. The LC blend samples were prepared by mixing C4alkyne-HBT into 5CB with the ratio of 1 and 14wt% to
observe the effect of doping level.

ASE property of C4alkyne-HBT and 5CB blend samples
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Fig. 2. (a) Experimental setup to collect variable length emission spectra from the LC blends. Emission spectra of C4alkyne-HBT/5CB blend with mixing ratio of (b) 1wt%
and (c) 14wt%. Pump beam size was adjusted from 1.5 to 5 mm with the pump fluence of 2 mJ cm=2. Insets show normalized emission spectra.

The fluorescence quantum yield of C4alkyne-HBT is relatively high as ® = 0.32 in 5CB, remaining unchanged under doping level
at 1wt%, 5wt%, and 14wt%. This is suggestive of homogeneous distribution of C4alkyne-HBT in the LC media and the negligible
concentration quenching in the present LC blend (LC host-guest system). ESIPT process in HBT is known to be quite fast in the sub-
picosecond regime,3¢38 and fluorescence rate is relatively slow as k, = 1.1 x 108 s! for C4alkyne-HBT in 5CB. This prompt
tautomerization populates the higher level effectively to realize inverted population, making C4alkyne-HBT as a fascinating
platform to model a four level emitter. We thus expected to observe ASE from this LC blend under high excitation density. Emission
spectra of LC samples at high pump fluence were obtained with the experimental setup shown in Fig. 2(a). The samples were
excited by nanosecond UV pulses (355 nm) with a rectangular shape where the short side was fixed at 1 mm and the long side was
varied in 1.5-5 mm with keeping the identical excitation density. The emission from the sample was collected along the long side
of the excited area. In this configuration, photons, generated by spontaneous emission, travel along the longer path to reach the
optical fiber with interacting with the excited molecules. Thus, the optical gain could be estimated by varying the optical length.3°-41
The obtained emission spectra of LC blends at variable length are shown in Fig. 2(b) and (c). These spectra showed sharp peak at
around 548 nm, and the intensity increases monotonically with enlarging pump area. Since the peak is close to the emission
maximum of keto tautomer, the emission is mostly contributed after the successful ESIPT process in 5CB (Fig. S1). Normalized
emission spectra are also shown in the insets of Fig. 2(b) and (c). In both cases, the full-width at half maximum (FWHM) decreases
monotonically to present narrower emission at longer optical path, suggesting the existence of optical gain in these media with
the pump fluence of 2 mJ cm™2. Although this fluence is the largest value used in our experiment, similar ASE behaviour was
observed with decreased fluences as shown in the following.
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Fig. 3. Full-width at half-maximum values of the emission spectra from (a) 1wt% and (b) 14wt% samples under the series of pump fluence.

FWHM values are plotted against pump fluence in Fig. 3. Increasing both in optical path length and excitation fluence reduced
FWHM values. However, FWHM is larger in 14wt% under the same condition. For example, at the fluence of 2 mJ cm=2, FWHM
decreased to similar values of 13—14 nm for the blend ratio of both 1wt% and 14wt%, but the maximum FWHM value at the lower
optical path was 1.5 times larger in 14wt%. This is also the case of dependence on excitation fluence, suggesting the larger ASE
threshold for 14wt%. The original FWHM observed with low enough excitation fluence was ~86 nm in 5CB (Fig. S3). The ASE
threshold, derived from a mid-point of FWHM between 13 and 86 nm, was approximately estimated to be ~0.6 (0.7) mJ cm—2 for
the 1(14)wt% sample.
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Fig. 4. Pump beam size dependence of integrated emission intensity from C4alkyne-HBT(1wt%)/5CB blend plotted in (a) linear and (b) semi-logarithmic scale. Pump
energy was varied from 27 to 100 uJ and shown with fitted profiles. (c) Optical gain of C4alkyne-HBT/5CB with concentration of 1 (red) and 14wt% (blue). The dotted
lines are the guides for eyes.

The intensity of the emission spectra at peak wavelength (~548 nm) was plotted against the length of the long side in
rectangular pump beam (Fig. 4(a)). Since the pump area was varied with keeping the excitation density as same value, the emission
intensity is expected to show linear relationship on the pump area (i.e. longer length of pump area) in the linear system. However,
non-linear behaviour was apparently observed in Fig. 4(a), indicating the appearance of ASE. The modulation in pump fluence from
0.54 to 2.0 mJ cm~ resulted in similar non-linear behavior. This relationship was well represented by one-pathway amplifier
equation with a and 8 as fitting parameters

gl =al+In(pl+1), (1)
where g, L, and |/ are optical gain, longer side length of pump beam, and emission intensity, respectively®**1. From the fitting,
optical gain for 1wt% blend was estimated to be g = 8.2-16.9 cm™ depending on the excitation fluence. This value is competitive
to those of the typical high performance fluorescent dyes such as coumarin family (7-50 cm™)*2, rhodamine (~10 cm™)%3,
diethylthiatricarbocyanine iodide (DTTC) (~2.5 cm™1)#4, and perylene family (~4-53 cm™1)4>4¢_ The emission intensity in the 14wt%
medium was similarly analysed to lead an estimate of optical gain as 3.8-15.5 cm™, depending largely on the fluence (Fig. S2).
Since the ESIPT process separates far apart the absorption and fluorescence bands, optical loss originated from reabsorption of
the emitted photon would be negligible in these devices.

To examine optical gain difference in detail, fluence dependence of optical gain is plotted in Fig. 4(c). At lower excitation density,
the optical gain of 1wt% blend surpassed that of 14wt%. This would be considered as a loss of excited energy via intermolecular
energy transfer under high concentration, or the excited state transient absorption. The optical gain of 1wt% tends to saturate at
higher excitation density, but it still holds to increase in the 14wt% device with a linear relationship. The reason for the saturation
in 1wt% could be considered in several ways. (I): Due to the less number of molecules, optical absorption would be saturated. The
number of photons at the highest excitation density of 2 mJ cm=2 is equivalent to 1.8 x 10* photons in the pump area (1 x 5 mm).
The number of emitter molecules in the volume along optical path (1 mm x 5 mm x 5 um) is estimated to be 5 x 10* and 7 x 10?>
molecules for 1 and 14wt%, respectively. The number of molecules reaches up to the comparable order to the number of photons
in 1wt% at highest excitation density. Since the number of excited molecules tend to be saturated in 1wt% blend, optical gain may
be saturated as well. To clarify this hypothesis, the transmittance at 355 nm was measured with various excitation density.
However, it resulted in the constant value of ~15% up to the highest excitation, suggesting that no saturation of excited states
presumed even in the 1wt% device. (II): The depth of the optical penetration is different for these devices. Considering the
extinction coefficient of ¥3 x 10* M~ cm~! at 355 nm and an order parameter S, = 0.46, the optical penetration depth is estimated
to be 1.8 and 0.13 um for 1wt% and 14wt%, respectively. Since the emission could only be collected at a limited angle, if the system
exceeds ASE threshold well enough, ASE may occur effectively for different direction as well, which saturates the optical gain at
specific angle. The 1wt% device results in higher possibility in this situation than 14wt% device due to its larger penetration depth,
hence the lower geometric anisotropic ratio.

Polarization dependence of amplified spontaneous emission

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig.5 Anisotropic emission measurement for 1wt% CAaIkKne—HBT/SCB blend sample with the fixed pump fluence of 1 mJ cm~2. (a) Definition of the rotation angle 9. (b)
Dependence of emission spectra on the polarization of the pump. Optical path length was fixed at 5 mm. (3 Emission spectra at perpendicular configuration (8 = 90°).
Optical path length was adjusted from 1.5 to 5 mm. (d) Comparison of emission Intensity under parallel and perpendicular excitation.

Liquid crystal is the molecularly oriented mesophase without the periodicity of the centre of mass. The orientational axis, called
as a director, is normally taken along the long molecular axis, and we followed this convention as shown in Fig. 5(a). Considering
the profit of liquid crystalline phase, orientational or anisotropic property of ASE would be of interests for the design of external
stimuli-sensitive devices. The polarization of the excitation was freely rotated with a half wave plate with the excitation density of
1 mJ cm~2, which is well above the ASE threshold at parallel excitation (9 = 0°) to the director. As shown in Fig. 5(b), mismatching
in excitation polarization from the director resulted in the monotonic decrease in the emission intensity. In addition, emission
spectra broadened at larger angles, indicating strong suppression of ASE (Fig. S3). This is also confirmed by the variable optical
length method discussed in the previous section. Fig 5(c) shows the dependence of emission spectra on optical path length (pump
area) at perpendicular excitation (8 = 90°), presenting no significant change in the spectral shape nor broadness of the spectra.
Compared to the parallel excitation, emission intensity at perpendicular configuration only resulted in linear dependence on pump
area (Fig. 5 (d)), indicating negligible ASE in this configuration. These results indicate that the LC blend of C4alkyne-HBT (emitter)
and 5CB (LC host) can be utilized as ASE emitter and modulator, which would potentially be applicable as an active lasing media.

Active control of amplified spontaneous emission
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Fifg. 6 (a) Emission Spectra of 1wt% C4alkyne-HBT/5CB blend under the application of the voltage. (b) Two dimensional map of emission spectra under the application
of square wave voltage (0.5 Hz, 10 V). (c) The time trace of emission intensity at 548 nm.

Here, using the orientational property to the external electric field, active control of ASE was demonstrated in liquid crystalline
phase: the advantage of LC media. The excitation density was set to 1 mJ cm~2, which is well above the ASE threshold. When the
voltage bias of 10 V was applied to the LC cell, significant suppression of ASE was observed as shown in Fig. 6(a). The molecules
are reorientated by the electric field due to their dipole moment so that the director of the molecules become collinear to the
propagation vector of the excitation pulse, resulted in the strong suppression in optical absorption under the voltage bias. Since
the net density of excited state reduces, the ASE pumping threshold dramatically increases under the application of the voltage,
resulting in the significant suppression in the optical gain. To show the switching ability of ASE clearly, 0.5 Hz square wave voltage
of 0-10 V,, was applied to the LC cell. As shown in the Fig 6(b), the ASE behaviour could be dynamically controlled. By taking the
emission intensity at 548 nm, the time trace shows quick response to the external electric field (Fig6(c)). These results are
originated from the profit of the LC phase, which will open the new avenue for the active control of optical gain and further
development for active optical materials and devices.

Conclusions
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Please do not adjust margins




FaradayDiscussions Page 6 of 7

Optical property of HBT-based emitter C4alkyne-HBT was evaluated and analysed in detail with variable doping level to 5CB.
ASE behaviour was clearly observed under the high excitation fluence with the narrowing of the spectra down to 13—-14 nm and
the non-linear increase in the emission intensity. ASE threshold was estimated to be 0.6—0.7 mJ cm= from the half-point of the
spectral FWHM. Optical gain coefficient was also estimated as 8.2-16.9 and 3.8-15.5 cm™ for 1wt% and 14wt% blends,
respectively, which is in the similar order as the typical organic laser dyes. In addition, anisotropic excitation response and active
control of ASE was observed thanks to the orientational property of the LC phase.

Experimental
Materials and sample preparation

C4alkyne-HBT was synthesized and purified based on the previous procedure33. Liquid crystal 5CB was purchased from Tokyo
Chemical Industry Co. Ltd. and used as received. C4alkyne-HBT was blended with 5CB with the concentration of 1 or 14wt% at
50 °C under argon atmosphere, cooled down to room temperature, and loaded into a 5-um thick LC cell purchased from EHC Co.,
Japan. The inner surface of the glasses of the cell are coated with patterned ITO and covered with the anti-parallel-directed
polyimide rubbing.

Conventional absorption and fluorescence measurements

Electronic absorption spectra were recorded on a JASCO V-730 spectrometer. Fluorescence spectra were measured on a JASCO
FP-8500 fluorescence spectrophotometer. Absolute fluorescence quantum yields (d) were evaluated on this spectrometer with a
JASCO ILF-835 fluorescence integrate sphere unit.

Amplified spontaneous emission measurements

The sample cells were excited from the front surface perpendicularly with the third harmonics of Nd:YAG nanosecond laser (355
nm, 10 Hz, pulse width of 7-9 ns for fundamental, LOTIS-TII LS-2131M). Excitation beam profile was variably adjusted with a manual
slit to be a rectangular of 1 mm x 1.5-5.0 mm. The emission was collected from the edge of the sample with a lens and an optical
fibre to be detected with a spectrograph and EMCCD (Andor, Kymera 328i and Newton DU970P-BVF). Square wave voltage (10
Vp.p, 0.5 Hz) was applied to the ITO cell by a function generator (Tektronix AFG1062) for the orientation control of the liquid
crystalline phase and emission spectra were acquired with 10 Hz.
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