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Synergistic enhancement of luminescence and ferroelectricity
(SELF) was explored in a (Z)-isomer of tetraphenylethene derivatives
containing two clipping units in (Z)-configuration (TPC2-(2)). TPC2-
(Z) was synthesized utilizing a ‘body core’ precursor, which exclu-
sively afforded (Z)-configuration. High-resolution transmission
electron microscopy measurements indicated that TPC2-(2Z) formed
a layered morphology in film, with well-ordered crystalline struc-
tures, which was ascribed to the (2)-clipped self-assembled struc-
tures. The film exhibited good photoluminescence performances
with 45.6% quantum yield. Simultaneously, the film exhibited
high ferroelectricity as inferred from high remnant polarization
(P, = 2.54 nC cm~2) and saturated polarization (3.56 pC cm™2) along
with a longitudinal piezoelectric coefficient (dsz = —23.8 pm V1),
indicating that TPC2-(Z) exhibits excellent SELF. Owing to its
fluorescence and thermal stability, we fabricated light-emitting
electrochemical cells (LEC) that exhibited maximum 890 cd m—2
at V., of 3.9 V. This was more than 40% enhanced performance
compared to that of the (E)/(Z) mixture. A new self-powered,
stimuli-sensitive electroluminescent device was demonstrated with
TPC2-(Z2), where the piezoelectrically tunable LECs effectively
‘switched on’ luminescence, showing 120-fold increased brightness
after 254 bending at 1 Hz, compared to the ‘off’ state without
bending. These results underscore that Z-clipping is an effective
method for enhancing SELF and could create new self-powered,
stimuli-sensitive electroluminescent devices.

1. Introduction

Displays and interactive devices have been in great demand
recently, and the exploration of display materials with more
than two different properties has attracted increased academic
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New concepts

Previously, the concept of ‘synergistic enhancement of luminescence and
ferroelectricity (SELF)’ was reported by our group. However, an (E)/(Z) stereo-
mixture of TPC2 lacks ferroelectric properties, whereas TPC1 and TPC4
exhibited excellent SELF properties. Here, we report a straightforward synth-
esis of the (Z)-isomer of TPC2 utilizing a ‘body core’ precursor, which afforded
only the (Z) isomer of TPE (TPC2-(Z)). TPC2-(Z) was capable of forming films
through a solution process upon Z-clipping of the self-assembling units of the
‘DOS’ group in the film. The TPC2{Z) thin films exhibited exceptional
properties with a high fluorescence and recorded high remnant polarization
along with a high longitudinal piezoelectric coefficient. This multifunctional
property of TPC2-(Z) was demonstrated in a piezoelectric device coupled with
a light-emitting electrochemical cell (LEC) structure. The electroluminescence
of TPC2-(Z) responded to piezoelectric stimuli generated by the TPC2-(Z)
film, where the piezoelectrically tunable LECs effectively ‘switched on’
luminescence, showing a 120-fold increase in brightness after 254 bending
at 1 Hz, compared to the ‘off’ state without bending. This indicates that the
Z-clipping could be a promising way to realize SELF properties and create a
new self-powered, stimuli-sensitive electroluminescent device.

and industrial interest owing to their functional tunability and
good processing ability. Currently, the coupling of strong and
clear luminescence emission, with other physicochemical
properties, such as thermal conductivity," ferroelectricity,>?
semiconductivity’ and photochromic properties,>® is being
researched to endow luminescent organic materials with
multi-functionality. Particularly, materials combining ferroelec-
tric and luminescent properties may be applied to self-powered
displays,”® photoelectric sensors,’ actuators for optical and
memory devices,'™'" and energy harvesting materials."> The
demand for dual functionality is growing because of its multi-
ple advantages. If a single material possesses multiple
properties with diverse functionality, it can replace multiple
materials required to cover this functionality. This finding can
contribute to the ‘miniaturization’ of devices, while reducing
manufacturing costs. In addition, application of new synergis-
tic properties can be expected. For example, human-interactive
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sensing displays have developed from a combination of two
or more devices into a single device, enabling scaling-down
and simplifying the display. Technology with molecular-level
synthesis precision is essential for future technological
advancements. Accordingly, the development of electrically
conductive and piezoelectric materials is underway. These
materials can enable the scaling down of devices by decreasing
their weight and power consumption."?

In particular, materials showing synergistic enhancement of
luminescence and ferroelectricity (SELF) have recently gained
increasing attention, due to their ability to enable electric field-
controlled luminescence, and vice versa. These materials show
promising applications, including non-volatile memory with
optical readout™*™® and optoelectronic devices like LEDs and
modulators, where polarization tunes emission properties.'”
Ferroelectric-luminescent materials also enhance electric field-
tunable sensors and photovoltaic or photocatalytic energy
conversion.'®° While doped and composite materials such
as Nd*"-doped PMNT ferroelectric crystals® and Tm/Yb co-
doped nanocomposites®® have been explored, they face struc-
tural incompatibilities and charge defects by dopants, disrupt-
ing polarization switching.***

Furthermore, ferroelectric and luminescence behaviour are
challenging to realize simultaneously because of their trade-off
relationship, thus, very few materials have been shown to
possess such dual functionality.>**> Such a relationship
between these properties is explained by the semiconducting
characteristics of the materials, which contribute to their
luminescence, often causing depolarization, thus compromis-
ing the ferroelectric properties of the materials.>® Recently, a
dual functionality ‘SELF’ was reported in metal-free pure
organic single molecules and its performance in an electro-
luminescent (EL) device and energy harvesters using tetraphe-
nylethene (TPE) derivatives was reported for the first time.””
TPE and its derivatives exhibit aggregation-induced emission
(AIE) enhancement, in which the non-planar four-winged pro-
peller shape of TPE restricts intramolecular rotation and
motions that leads to non-radiative quenching, thus enhancing
fluorescence in a highly aggregated state.”®*° In addition, a
long alkoxy chain facilitates a highly ordered self-assembly of
molecules.””*® For example, decyloxy-substituted conjugated
tristilbene and its derivatives are known to form a self-
assembled supramolecular structure with a unique honeycomb
shape motif.>**** TPCn-TPE coupled with n clips (TPCn) has
been reported to exhibit SELF. Among TPCn, TPC4 achieved an
electroluminescence intensity of over 1290 cd m ™2, far exceed-
ing the indoor readability (200-300 cd m™?),>* when employed
in a light-emitting electrochemical cell (LEC). Simultaneously,
it exhibited ferroelectric properties, with a remnant polariza-
tion of 2.27 uC ecm™2.>” However attaching four clips to the TPE
core is challenging as it requires a significant amount of clips
and its ferroelectric properties need improvement for practical
device applications. To address this, we investigated the
potential impact of isomeric structures on improving ferro-
electric performance, utilizing a double-substituted TPE isomer
(TPC2), in which two DOS groups are attached to the TPE core.
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In the previous report TPC2 contains (E) and (Z) mixtures,
resulting in poor ferroelectric behaviour.>” The intramolecular
dipole of the (E) isomer is generally weaker than that of the (2)
isomer because in the former, high-priority substituents point
in opposite directions, cancelling their dipole moments to
some extent.>* In contrast, the direction of the dipole moment
of the (Z) isomer could be focused in the direction in which
substituents are facing. Similarly, azobenzene is well known for
its cis-trans configuration conversion under UV irradiation. The
dipole moment of trans-azobenzene (E) is 0 D, but that of cis-
azobenzene (Z), formed under UV irradiation, is 3.0 D.**> Our
group has previously calculated the theoretical dipole moment
of TPC2-(E) and TPC2-(Z) as 0.08 D and 3.32 D, respectively.””
Therefore, the pure (Z) isomer of TPC2 is expected to exhibit
enhanced ferroelectric properties. Furthermore, when the
dipole moments of individual molecules are organized to form
a macro-dipole through supramolecular assembly, this arrange-
ment could further amplify ferroelectric behaviour in a film.*®
Such (Z)-clippings could induce TPE body aggregation to
improve luminescence through AIE, thus enabling the dual
function of the materials.>” For fully-substituted TPEs (4 sub-
stitutions), intermolecular TPE-to-TPE core interaction could be
hindered by the spatial overlap of free substituents.*®

Moreover, the double bond-containing (Z) isomer is more
advantageous than (E) for spatial intramolecular interaction or
conjugation owing to the small distance between cis-position
substituents.>**° This also leads to enhanced intramolecular
charge transfer (ICT), resulting in higher quantum yield.*>*"
Specifically, in TPE-based molecules, each protruding phenyl
group and bonded substituent is twisted, forming a through-
space conjugation. This type of intramolecular conjugation is
known to stabilize ICT states by minimizing non-radiative
charge recombination and decay,”” which is applicable to
host-guest coordination or ion-detection systems.**** In addi-
tion, a (Z) isomer in a solid state has been reported to exhibit a
photoluminescence (PL) quantum yield five times higher than
that of the (E) isomer, primarily because of different energy
levels in excited states. Therefore, although the (E) isomer
should form more ordered self-organized structures and exhibit
higher thermal stability,** the (Z) isomer appears promising for
exploring new SELF molecules.

However, the synthesis of the (Z) isomer with a long clip is
challenging because (Z) to (E) isomerization is favourable in
solution or under light.*>*® This in situ isomerization of the
energetically less stable (Z) into a more stable (E) isomer occurs
significantly upon conversion of the central double bond of the (Z)
isomer to a single-bond, and that state enables nonradiative
intramolecular rotations and vibrations into (E). Thus, the McMurry
coupling reaction often results in a mixture of (E) and (Z) isomers
when TPE derivatives are asymmetrically substituted.*®

Herein, we report the synthesis of the (Z) isomer of TPC2
utilizing a ‘body core’ precursor, which afforded the pure (2)
isomer of TPE (TPC2-(Z)). TPC2-(Z) was used to prepare films
through a solution process upon Z-clipping of the self-
assembling units of the 4-[3,5-bis-(3-decyloxy-styryl)-styryl]-
phenyl (DOS) group. The obtained thin films exhibited

This journal is © The Royal Society of Chemistry 2025
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exceptional SELF properties with a high fluorescence and
significantly enhanced ferroelectric properties as compared to
the isomer mixture. The SELF properties of TPC2-(Z) were
demonstrated in a piezoelectric device coupled with an LEC
structure. The results indicate that the Z-clipping of tetraphe-
nylethenes could be a promising way to realize SELF properties
and create new stimuli-sensitive EL devices.

2. Results and discussion

2-1. Synthesis and characterization of TPC2-(Z)

TPC2-(Z) was synthesized by attaching two equivalents of ‘clip’
to the TPE2PhCHO-(Z) core (Fig. 1a). To obtain the pure (Z)-
specific geometry of a TPE derivative, we utilized a synthetic
strategy involving the substitution of a (Z)-specific precursor
with a clipping DOS group while maintaining the (2)
structure.”” First, the TPE2PhCHO-(Z) precursor was synthe-
sized by constructing a (Z)-form stilbene derivative. We con-
structed a ‘body core’ that would be chemically extended with
fixed Z-geometry. This was achieved via Miyaura borylation
reaction between diphenyl acetylene and bis(pinacolato)-
diboron. Diphenyl acetylene reacted with bis(pinacol)diborane
over tetrakis(triphenylphosphine)platinum(0) as a catalyst in
N,N-dimethylmethanamide (DMF), yielding a white solid, (2)-
1,2-diphenyl-1,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
ethene, in good yield (88%), which was comparable to the
previously reported values for the synthesis from bedaquiline
analogs.*®

a) -
O KO,\
XS + |

K(t-BuO) (3.5 eq)
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Next, 4-formyl-4’-bromobiphenyl (referred to as ‘leg’) was
synthesized via Suzuki-Miyaura coupling*®*° of 1,4-bromoio-
dobenzene with 4-formylphenylboronic acid over tetrakis(triphenyl-
phosphine)palladium(0) as a catalyst in good yield (75%). The (2)
configuration of the purified TPE2PhCHO-(Z) was verified
through 'H NMR following the previously reported methods>
(Fig. S1, ESIt). The synthesized (Z)-form ‘body core’ precursor
and 4-formyl-4’-bromobiphenyl legs were then conjugated via
Suzuki-Miyaura coupling with [1,1 bis-(diphenylphosphino)ferro-
cene]dichloropalladium(u) as a catalyst in 1,4-dioxane, yielding a
deep-yellow solid, TPE2PhCHO-(Z) (56%) (Fig. 1a). To synthesize
the clip, which is a basic motif of DOS, 3-hydroxybenzaldehyde was
alkylated to decylbromide under basic conditions in DMF. Conse-
quently, 3-decyloxybenzaldehyde was obtained in good yield (81%)
using the previously reported method.>*> After purification, it
reacted with triethyl phosphite in the presence of potassium tert-
butoxide (--BuOK) in anhydrous tetrahydrofuran (THF), yielding the
clip as a white solid.*" Finally, two equivalents of clip were coupled
with TPE2PhCHO-(Z) via the Horner-Wadsworth-Emmons reac-
tion, yielding a pale green solid, TPC2-(Z). The overall synthetic
scheme is given in Fig. S2 (ESI}).

Spectroscopic methods and matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry were
used to characterize TPC2-(Z) (Fig. S3 and S4, ESIT). In "H NMR
spectra, no noticeable differences were observed in aliphatic
regions of the (E)/(Z) isomers. Despite the presence of multiple
aromatic protons from the ring and substituents, which could
potentially overlap, it is notable that the peaks between 7.0 and
7.7 ppm were distinguishable from other aromatic protons (ArH).
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Fig. 1 (a) Synthetic scheme of TPC2-(2) and its structure. (b) *H NMR spectra of TPC2-(2) around aromatic regions. Inset is the 2D-NOESY spectrum of
TPE2-(2). (c) TGA result of TPC2-(Z) under nitrogen at 10 K min~* of heating rate. (d) UV-Vis absorption (dotted line) and the normalized PL spectra of

107> M solution of TPC2-(2) (black) and TPC2-(E + 2) in CHCls.
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These peaks displayed clear shifts between the isomers
(Fig. S5a, ESIT).

The multiple shifts at 6 = 7.57 ppm in Fig. 1b, as well as
Fig. S5a (ESIf) for the E and Z mixture, correspond to the
resonances of the proton H; due to the electron-withdrawing
property of the neighbouring stilbene group of the clip. The (E)
and (Z) isomers differ in their spatial arrangements around the
double bond, leading to significant changes in the spatial
proximity between substituents. Protons H., H4, and H, are
positioned in such a way that their chemical environments
change substantially between the two isomers. As compared in
Fig. S5b (ESIT), the peaks at 7.45, 7.3, and 7.2 differ significantly
between the (Z) and (E) isomer mixture, indicating that these
contain isomer-sensitive protons H, Hq, and He.

In the E isomer, protons from different rings are in closer
proximity due to the trans arrangement of bulky clip groups,
which allows for stronger nuclear Overhauser enhancement
(NOE) interactions between the aromatic rings of TPE. This
leads to enhanced cross-peak intensity for the NOE of the (E)
and (Z) mixture in the nuclear Overhauser enhancement
spectroscopy (NOESY) (Fig. S5b, ESIT). In particular, the cross-
peak intensity between protons H. and H,}, ., and between Hgy
and H, . is increased as compared to the pure (Z) isomer
(Fig. S5b, red and black circles, ESIt). The cross-peak intensity
between protons H, and H; could be identified (yellow dashed
circle) in the mixture. Conversely, in the (Z) isomer, bulky clip
groups are on the same side, resulting in steric hindrance that
forces parts of the molecule further apart, reducing NOE
interactions and consequently decreasing the cross-peak inten-
sity. In particular, the cross-peak intensity between protons H,
and H,p g disappeared in the Z isomer, supporting the
proposed assignment of this compound. Thus, combined ana-
lysis of the "H NMR and 2D NOESY spectra enabled the
assignment of protons within the Z isomer (Fig. 1b). Such
(E)/(Z) isomer-sensitive protons and NOE interactions were
matched to the previous studies on TPE.>"*37>°

Thermogravimetric analysis (TGA) was performed to test
thermal stability of the synthesized material (Fig. 1c, Fig. S6,
ESIt). The temperature onset for 5% weight loss (T4 s0,) Was
243 °C, which was considerably lower than that of the (E)- and
(2)- mixture (389 °C, as previously reported).”” TPC2-(Z) is
thermally less stable than TPC2-(E + Z), because the bulky clip
groups are on the same side, resulting in steric hindrance in
the (Z) form. To further identify physical properties with
temperature change, differential scanning calorimetry (DSC)
was performed. In the scanning range of —10-200 °C, an
endothermal phase transition is observed at ~120 °C in the
heating cycle for TPC2-(Z), which matched to the structural
phase transition temperature (Tsp) for the TPC2-(E + Z) reported
in our previous paper.”” The Ty, for the TPC2-(E + Z) mixture
was irreversible and no peak was identified in the cooling cycle.
Interestingly, in the pure TPC2-(Z) (Fig. S7, ESIt), a peak at
~103 °C was identified during the cooling accompanied by
broadening in the cooling cycle. This suggests the thermal
transition in TPC2-(Z) is reversible with a 17 K thermal hyster-
esis. This aligns with similar observations reported for organic
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ferroelectric materials, where transition temperatures are
shifted in the cooling cycles.”®™® Interestingly, the Ty, of
TPC2-(E + Z) was 125 °C,%” which was similar to that of TPC2-
(2), as opposed to large differences in TGA analysis. This result
indicates that structural differences between (E) and (Z) con-
tribute primarily to stability but not to phase transition
behaviour.

The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) were determined
via cyclic voltammetry in a chloroform solution containing
0.1 M of tetrabutylammonium hexafluorophosphate as the
electrolyte, with a platinum disk, a platinum wire, and Ag/AgCl
as the working, counter, and reference electrodes, respectively
(Fig. S8, ESIt). The onset potential for the oxidation (Eypget) of
TPC2-(Z) was 1.19 V versus Ag/AgCl. HOMO and LUMO energy
levels were determined using the relationships: Exomo (€V) =
7[(4-8 - eVox, onset, Fc/Fc*) + evox, 0nset]60 and Erumo (CV) =
Enomo + Eg, where Eg = 1240/ Agpser, With Agnge derived from
the UV-vis absorption spectrum. The Eyomo and Epumo were
—5.53 eV and —2.49 eV, respectively.

2-2. Optical and AIE properties of TPC2-(Z)

As previously reported by our group, TPCrn type molecules are
highly soluble in many organic solvents,”” such as toluene,
chloroform, and THF. Thus, optical and spectroscopic proper-
ties of TPC2-(Z) were measured in various organic solvents. The
TPC2-(E + Z) mixture in chloroform exhibited maximum
absorption at 325 nm in the UV spectrum (Fig. 1d), which
matched to a previous report.”” TPC2-(Z) exhibited a similar UV
spectrum as the TPC2-(E + Z) mixture (Fig. 1d). However, the
fluorescence spectra of the TPC-(Z) and TPC2-(E + Z) mixture
differed significantly. Unlike the mixture, the pure TPC2-(Z)
exhibited an emission peak in the 500 nm region corres-
ponding to AIE. Emission spectra in chloroform exhibited a
sharp peak at 424 nm (Fig. 1d), originating from the DOS
units.>” Although weak, an obvious emission band at approxi-
mately 500 nm was observed in CHCI; solution, indicating that
aggregated TPE cores exist in the solution even in the absence
of a poor solvent such as water.

The absorption bands of TPC2-(Z) in the THF-water mixture
(Fig. 2a) appeared in the range of 350-400 nm and broadened
significantly as the water fraction ( f,,) increased from f,, = 50%
to 90%. The intensity at the absorbance tail beyond 400 nm
increased with f,, indicating the formation of nanoparticles
that cause Mie scattering.®® This aggregated emission is further
supported by emission measurement in water (Fig. 2b), where
water and THF are used as poor and good solvents, respectively,
with f,, in THF ranging from 0% to 90% and the TPC2-(Z)
concentration maintained at 10> M. Particles remained well-
dispersed without any signs of precipitation in these solutions.
As shown in the inset of Fig. 2b, TPC2-(Z) starts to aggregate at
fw=50%, which can be observed as increasing opaqueness even
without UV exposure. This trend persists as the water fraction
increases. Upon UV exposure, two emission colours were
observed depending on f,: from 0% to 30% the emission
appeared pale blue, and above 50%, it shifted to bright green.

This journal is © The Royal Society of Chemistry 2025
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(a) UV-Vis absorption spectra of TPC2-(2) with different water fractions (0% (black dotted), 10% (red), 30% (blue), 50% (magenta), 70% (green), 80%

(navy), and 90% (purple) at a concentration of 10~° M). (b) Images of the TPC2-(2) solutions with increasing water fraction (f,,): from left (0%) to right (90%)
in a THF—water mixture. Before UV irradiation (top) and under 254 nm UV irradiation (bottom). (c) PL spectra of TPC2-(Z) with different water fractions
(0% (black dotted), 10% (red), 30% (blue), 50% (magenta), 70% (green), 80% (navy), and 90% (purple) at an excitation wavelength of 330 nm; at a
concentration of 107> M). (d) Plot of Exe and E.iip against the water fraction (f,,) in a THF—water mixture (black: TPC1, red: TPC2-(E + 2), blue: TPC4, and
green: TPC2-(2)). (e) The average diameter of particles of TPC2-(Z) in the THF —water mixture with varying f,, measured by dynamic light scattering (DLS).
(f) 50 000 x magnification FE-SEM images of TPC2-(Z) samples obtained from the solutions with various water fractions (f,,) 50%, 70%, 80%, and 90%. The

white scale bar represents 500 nm.

This observation was further confirmed by the PL spectra
(Fig. 2c). As f,, increases from 30% to 50%, the emission peak
in the normalized PL spectra shifts by approximately 100 nm
towards longer wavelengths (Fig. S9, ESIT). The emission inten-
sity also abruptly increases with this shift. This finding was
attributed to the aggregation of TPE units in the core of TPC2-
(2), eventually inducing strong AIE.

From a structural point of view, the TPE and DOS unit in a
molecule contribute differently to emission as the solution
composition changes. When supramolecular aggregation
occurs via DOS units, the clipping of these units induces
aggregation caused quenching (ACQ) at a short wavelength
(Zctip(max) = 405 nm). In contrast, the aggregation of TPE units
enhances emission intensity at a longer wavelength (1,g(max) =
496 nm) through AIE. Because the emission region between
Jetip and /arg Was quite well separated, the AIE effect of the TPEs
did not cancel out by the ACQ of the DOS units. The competing
two effects exerted by different molecular units are confirmed
by calculating Eji, and Exjg (Fig. 2d, bottom). Ej;, was based on
the PL spectra of tris(4-(dodecyloxy)phenyl)stilbene (TSB-C12),
which was known to be structurally similar to the clipping DOS
unit and was thus used as a reference to examine the self-
assembly effect of DOS units.”” TSB-C12 in THF (f, = 0)
exhibited an emission band at around 405 nm, so Eg;, is
defined as the ratio of emission intensity at a given f, to the
intensity at 0% water (I,) at 405 nm. The E;, for the f,, ranging
from 0% to 30% was not changed for TPC2 derivatives, unlike

This journal is © The Royal Society of Chemistry 2025

for TPC1 and TPC4. A significant decrease of E;, was observed
at fy > 30%, while TPC1 and TPC4 decreased at f,, > 50%,
indicating that clipping in TPC2 derivatives occurs effectively
even with a smaller water content than other TPCn derivatives.

The efficiency of AIE (E,rg) is defined as the ratio of I, to I, at
500 nm. The bright green emission was attributed to a 20-fold
increase in the strength of the AIE effect. Furthermore, the Exg
at f,, = 90%, was approximately 50-fold. In contrast to Ecjip, Ears
for TPC2-(Z) increases in a staircase pattern with increasing f,,
(Fig. 2d, top). Although the DOS clipping effect (E;,) could not
distinguish TPC2-(Z) from that of the mixture containing (E)
isomer, Enjgp for TPC2-(Z) was significantly increased at
fw = 30%, distinguishing TPC2-(Z) from the TPC2-(E + Z)
mixture, and other TPCn derivatives. Such a high AIE effect of
TPC2-(Z), surpassing those of other TPCn molecules as water
fraction increases, indicates that the TPE-TPE intermolecular
interaction in TPC2-(Z) was stronger than in other TPCs owing
to the specific orientation of DOS units in the (Z) configuration.
Due to the AIE effect, the PLQY of TPC2-(Z) 5.2% in solution
was increased to 45.6% in a drop casted film. The PLQY in the
TPC2-(Z) film enhanced by 8.8 times compared to the value in
the solution, and this increased ratio (rqy) was higher than
those of the other TPCns (rqy = 5.8 and 6.3 for TPC1 and TPC4,
respectively).

The size of the aggregated particles formed in different
THF-water solutions was determined using dynamic light
scattering (DLS) at room temperature. As shown in Fig. 2e,
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the average particle size at f,, = 50% was 806.5 nm, which was
decreased to ~300 nm with increasing water content in the
solution. The size distribution results were also visualized
using field emission scanning electron microscopy (FE-SEM;
Fig. 2f). Under 50 000x magnification, granular particles are
observed to become finer with increasing f,. At f,, = 50%, the
granular particles in the range of 50-80 nm size were primarily
observed. As f,, increases, small and closely spaced aggregates
become more irregular in shape.

TPC2-(Z) powder samples were obtained from a solution
with f, = 90% and analyzed using confocal microscopy. The as-
prepared TPC2-(Z) powders exhibited strong emission in the
confocal microscopic image (Fig. 3a-i). Similarly, in the TPC2-
(2) thin film, prepared from a water/THF mixture ( f,, = 90%),
bright emissive aggregates were observed in the confocal
microscopic image (Fig. 3a-ii). This suggests that the

Intensity (a.u.)
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aggregated particles seen in the SEM image (Fig. 2f) primarily
consist of TPC2-(Z) particles. The aggregation behaviour of
TPC2-(Z) was further visualized using transmission electron
microscopy (TEM) (Fig. S10, ESIt). The observed granular
particles coalesced into giant aggregates with a wide size
distribution. The molecular packing structure was elucidated
using high-resolution TEM (HR-TEM) and the corresponding
selected area diffraction (SAD) (Fig. 3b-d). TPC2-(Z) was dis-
solved in a THF-water mixture ( f;, = 90%), where it exhibited a
highly assembled morphology. The confocal image of this
sample (Fig. 3a-iii) exhibited higher emission intensity than
the film (Fig. 3a-ii), possibly because of the crystalline nature of
TPC2-(Z). Indeed, several dots forming a circular pattern in the
SAD patterns indicate the presence of crystalline TPC2-(Z)
with a distinct interplanar distance (Fig. 3¢ and Fig. S11, ESIt).
The HR-TEM image of TPC2-(Z) shows lattice fringes with an
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(a) Confocal images of the (i) TPC2-(2) powders obtained from a solution with f,, = 90%, (ii) dried TPC2-(2) film on a slide glass obtained from the

solution with f,, = 90%, (iii) dried TPC2-(Z) sample on a TEM grid obtained from the solution with f,, = 90%, and (iv) an LEC film containing TPC2-(2), a
host (p-CBP), and an electrolyte (THABF,) with a host: guest-ratio of 7.9:1. The white scale bar represents 20 um. (b)—(d) TEM images of TPC2-(Z) in
DW/THEF (f,, = 90%) solution. The dark area in the TEM image represents the area where molecules are densely populated. (€) Powder XRD pattern of
pristine TPC2-(Z) particles. (f) (i) A simulated molecular structure from DFT calculations through Gaussian 16 showing the interaction between two
molecules via TPE centers, with distances d; to di4 marked in Fig. 2e. (i) and (i) Graphic representation of the molecular arrangement on a substrate,
expanded from the DFT-calculated structure of two molecules (Fig. S13, ESIt) to multiple molecules through TPE aggregation (olive) and DOS unit
clipping (purple), generated using Rhinoceros software. The diagram shows the molecular distribution and interactions, with enhanced luminescence
indicated by TPE aggregation (red arrow) and ferroelectricity indicated by DOS unit clipping (blue arrow).
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average distance of 1.54 nm (Fig. 3c and d), indicating that the
molecules are highly oriented in frameworks. The magnified
image shows evident dark domains with an average size of
approximately 0.82 nm (Fig. 3d) separated by bright streaks of
2.5 nm. As the TPE area was determined in the DOS-rich region
surrounding the assembled TPE blocks, the size of the TPE
blocks from the top view is 1.37 nm, matching the powder X-ray
diffraction (XRD) and density functional theory (DFT) calcula-
tions for dimers with the TPE-TPE interaction discussed below
(Table S1, ESIY).

2-3. Molecular packing structure of TPC2-(Z)

The XRD pattern shows sharp peaks between 20 of 5-35°
(Fig. 3e and Fig. S12, ESIt), indicating the high crystallinity of
the TPC2-(Z) sample. The characteristic peaks were observed at
20 ~ 6.5° (dy = 13.6 A), 11.9° (d, = 7.43 A), 13.5° (de = 6.53 A),
16.8° (d; = 5.29 A), 19.2 (dy = 4.61 A), and 21.1° (d;, = 4.21 A),
and small peaks at 20 = 27°-32° (d;4). These characteristic
interplanar spacings were analysed and compared to the opti-
mized molecular structures of TPC2-(Z) and the TPC2-(Z)-
TPC2-(Z) dimer. These structures were derived using DFT
calculations through the Gaussian 16°> software using the
B3LYP method with a 6-31G** basis set (Fig. S13, ESIf). The
structure of TPC2-(Z) consists of a hard TPE centre and rela-
tively soft DOS groups attached to TPE. Therefore, the calcula-
tions for the interaction between two molecules were divided
into two cases: one where the two molecules interact through
the TPE centres (TPE-TPE, Fig. S13a and d, ESIf) and another
where the interaction occurs between the DOS groups (clip-
clip, and Fig. S13b and d, ESIt}).

The optimized structure of TPC2-(Z) consisted of peripheral
phenyl groups at TPE units and two orthogonally oriented DOS
groups, indicating that the entire molecule was asymmetric.
The molecular dipole was calculated as 3.86 Debye, with the
centre located between the neighbouring stilbene units. The
Eyomo and Epyvo were calculated as —5.07 eV and —1.71 eV,
respectively. These values were 0.47 eV and 0.78 eV, higher than
those obtained from cyclic voltammetry, respectively. The
length of the DOS unit, from the terminal C of decyl to the C
of the connecting benzene of the TPE, C(nB)-C(decyl), was
calculated as 13.8 A, and that to the first decyl carbon was
11.6 A, respectively, which matched to d; and d, obtained
through XRD. The size of TPE was approximately 8 A.

For TPE-TPE interactions, one phenyl face (C(rn)) of the TPE
interacts with a phenyl hydrogen of the other TPE, resulting in
a packed structure via the C-H---n interaction. The C(n)-H
distances were in the range of 2.85 A (d;,)-3.06 A, matching the
interaction distance for TPEs stacked via C-H- - -1 interactions®®
and aligned well with the d-spacing (d;,) obtained through XRD
(Fig. 3e). The closest C-- - interaction at the TPE phenyls of
TPC2-(Z) was 3.89 A, which corresponded to the d-spacing (d,,)
in the XRD results. The sharp peaks at 19.2 (dy = 4.61 A) and
21.1° (d;o = 4.21 A) correspond to the intermolecular C(r)-C(r)
distances between the interacting TPEs (Fig. S12 and Table S1,
ESIt). The distance for C(m)-C(m) interactions between two
ethene centres and two phenyl centres of the two TPC2-(Z)

This journal is © The Royal Society of Chemistry 2025
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molecules were calculated to be 10.28 A and 7.82 A, respec-
tively, matching d-spacings d; and d,, respectively, obtained
through XRD.

The TPE interactions left DOS units in the outer face, where
they interact through clipping with the DOS unit of the next
molecules. The dipole moment increases to 7.77 D when three
of the TPC2-(Z) molecules interact (Fig. S13c, ESIt). The length
of the decyl unit and intramolecular distance from the terminal
C of decyl to C of the connecting benzene of TPE, C(nB)-
C(decyl), was relatively constant: 11.52 A-11.70 A and 13.84 A-
14.03 A. Thus, d; and d, in the XRD pattern could be assigned
to the decyloxy unit of DOS (13.6 A and 11.1 A, respectively). The
presence of these sharp peaks indicates the ordered clipping of
DOS units in the TPC2-(Z) solid powder. These d-spacing values
match well with those of TPC2-(E + Z) and TPC4 (13.5 and
13.7 A, respectively).””?° Although small, the shorter d; of
TPC2-(Z) indicates that the molecules are more tightly
assembled. Furthermore, the shortest C(c)-C(c) spacing for
TPC2-(Z) was approximately 0.7 A longer than that in TPC4,
possibly because of the weaker steric hindrance in the TPC2-(2)
assemblies, than those in the TPC4 assemblies. This result
could be matched to the enhanced Ej; of TPC2-(Z). Overall, the
d-spacing values computed through DFT match well with those
obtained through XRD (Table S1, ESIY).

The results of HR-TEM, SAD, and XRD indicated the high
crystallinity of TPC2-(Z). Furthermore, DFT calculation showed
that clipping DOS units were near-orthogonally branched with
an angle of 65.57°. Thus, the interactions between TPC2-(Z)s in
an assembled structure might not cancel out the dipole of
TPC2-(Z). Indeed, the results of DFT calculations support the
fact that the dipole moment of TPC2-(Z) increased to 6.07 D and
7.77 D (Fig. S13, ESIf) through TPE-TPE interactions and
clipping, respectively. These values are considerably higher
than the dipole moment of a single TPC2-(Z) molecule,
3.32 D.”” Therefore TPC2-(Z) formed a macro-dipole through
the ordered aggregation in 3D aggregation, indicating potential
ferroelectricity in the film. Due to the near-orthogonal DOS
units, molecular packing can result in the formation of various
crystalline assemblies in the film, including a packed row
structure and a vesicle-like structure. A molecular arrangement
on a substrate was graphically represented, expanding from the
DFT-calculated structure of two molecules to a larger system of
multiple molecules through TPE aggregation (olive) and DOS
unit clipping (purple). The side view of the 3D aggregation
illustrates the enhanced luminescence attributed to TPE aggre-
gation and the generation of macro-dipoles resulting from DOS
unit clipping (Fig. 3f-ii), which feature SELF properties. The 3D
arrangement (Fig. 3f-iii) was comparable to the HR-TEM image
analysis.

2-4. Ferroelectric properties of the TPC2-(Z) thin film

Ferroelectric materials change their inherent polarization
direction under an external electric field of sufficient strength.
Thus, the ferroelectric properties of TPC2-(Z) were examined by
measuring polarization-electric field (P-E) characteristics of a
TPC2-(Z) film capacitor (Al/TPC2-(Z)/ITO) in the Sawyer-Tower
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circuit.”* When a voltage was applied, the polarization of the
thin TPC2-(Z) film was observed from 2 V. The polarization
increases with voltage, saturating at 5 V (Fig. S16, ESIT). The
film shows characteristic P-E loops and hysteresis (Fig. 4a,
black) upon the reversal of applied voltage. Remnant polariza-
tion (P,) was determined as 2.01 uC cm™ >, and the coercive field
was 21.6 MV m > for a pristine film at driving voltages in the
range of —5 Vto +5 V.

Because the polarization properties of the film might be
caused by aggregated TPC2-(Z), we investigated the P-E proper-
ties of a thermally annealed film. According to the DSC results
(Fig. S7, ESIT), phase transition occurs at 120 °C (Typ). Thus, the
pristine TPC2-(Z) film was annealed at 150 °C for 1 h, which is
slightly higher than the T, of TPC2-(Z), and then cooled to
ambient temperature. The annealed film afforded an increased
P, value of 2.54 uC cm™ 2 under the driving voltage in the range
of —5 V to +5 V (Fig. 4a, red). This finding indicates that the
aggregated molecular structure on a glass film is further
organized through annealing, which was predicted by the
DSC phase transition curve. Thus, the polarization effect origi-
nated through a specific intermolecular three-dimensional
structure and could be altered by phase transition. The satu-
rated polarization (Ps) value was 3.56 uC cm™>. Because the film
from the (Z)/(E) mixture did not show P-E hysteresis, the high
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polarization results were quite promising. Furthermore, P; after
annealing is the largest among the TPC analogs (Table 1).

In addition, the surface morphology and piezoelectric phase
and amplitude images were obtained using piezoresponse force
microscopy (PFM) (Fig. 4b-d). Hysteresis loops were measured
using a conductive cantilever with a tip bias from —10 Vto 10 V.
Upon the application of electrical bias, the amplitude of
electrochemical coupling increases for both signs (Fig. 4c).
The PFM phase loop in Fig. 4b demonstrates significant
changes in polarization orientation, as evidenced by the abrupt
phase switching at —10 V and 10 V. This sharp 180° phase flip
indicates polarization reversal, characteristic of ferroelectric-
like switching behaviour. Similarly, the PFM amplitude loop in
Fig. 4c exhibits a butterfly-shaped response, where the ampli-
tude decreases near 0 V and increases symmetrically at higher
positive and negative biases. This PFM result, combined with
sharp diffraction peaks (d;, d, ..., d14) in powder XRD (Fig. 3e
and f), non-centrosymmetric stacking in DFT (Fig. S13c, ESIT),
thermal transition in DSC (Fig. S7, ESIf), and spontaneous
polarization in the P-E loop (Fig. 4a and Fig. S13, ESIf),
confirms that TPC2-(Z) exhibits ferroelectric behaviour with
switchable dipoles and domain realignment under an external
electric field. The longitudinal piezoelectric coefficient (ds;) was
—23.8 pm V' for TPC2-(Z) from the PFM amplitude (S-4, ESI);
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(a) Polarization—electric field loops of TPC2-(Z) before (black) and after (red) annealing. (b) PFM phase and (c) PFM amplitude loops of TPC2-(Z) at

5 arbitrary points. (d) AFM height (top), PFM phase (middle) and PFM amplitude (bottom) images of TPC2-(2) under different tip bias (scale: 5 x 5 pm?).
(e) The UV-vis absorption (dotted line) and normalized PL spectra (solid line) of TPC2-(Z) (blue), TPC2-(Z) with CBP and THABF, (red) and
(p-CBP + THABF,) (black) thin film on the glass surface. (f) Structural representation of the LEC device and FE-SEM images of the device surface
(50000x, scale bar: 500 nm) along with a cross-cut image (100 000x, scale bar: 100 nm). (g) Photographs of pure TPC2-(Z) film (left), the emitting layer
of an LEC (middle) under 365 nm UV irradiation, and light emission from the LEC device using TPC2-(2) in the emitting layer under the VCL mode (right)
(scale bar: 2.5 cm). (h) Electroluminescence spectra of the LEC containing TPC2-(2) (1.82 umol) at different voltages near V,.x under a VCL driving
measurement. (10.8 V (black), 10.9 V (red), 11 V (blue), 11.1 V (magenta), 11.2 V (green), and 11.3 V (navy)).
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Table 1 SELF properties of TPC2-(Z) as compared to representative reported luminescent and ferroelectric materials

ApLfilm" D fiten” Jpr’ LVmax ES dss
Sample [nm] [%] [nm] [Cd m™?] P’ [uC cm™?] [MV m~?] [pm v] Ref.
TPC2-(Z) 496 45.6 496 891 (LEC) 2.01 (2.54", 3.56) 21.6 —23.8 This work
TPC1 481 100 422 528 (LEC) 1.93 (0.36", 2.737) 22.1 -9.3 27
TPC2-(E/Z) 495 85.8 478 686 (LEC) — ‘ — — 27
TPC4 508 78.3 504 1294 (LEC) 2.27 (1.73", 3.58Y) 20.2 -17.4 27
Cz-2TPE (2,7) 483 47.5 — 1129 (OLED)  — — — 65
Multi-TPE (TPE5) 494 18 — 2808 (OLED) — — — 65
TPE-CHO/ — — — 10.8 (LEC) — — — 66
[(ATHTP) (18-crown-6)|BF, — — — — 3.18 1.01 — 67
PVDF/PVDF-TrFE 60/40 wt% — — — — 7.7 32 — 68
BTA-C6 — — — — 3.5 180 — 68
PVDF — — — — 7.0 50 — 69
6TP — — — — 40 40 — 25
“ Maximum PL wavelength on film. b PLQY on film. ¢ Maximum EL wavelength. 4 Maximum EL intensity. © Remnant polarization at RT, = =5 V
to +5 V unless otherwise specified.” Coercive field. ¢ Piezoelectric coefficient. ” After annealing = —5 V to +5 V.’ Saturated polarization.
7 4-(1,2,2-Triphenylvinyl)benzaldehyde.
it was substantially higher than those of other TPCn molecules.>” LECs because of their simple structure and fabrication.””*® On a

This magnitude of ds;; was comparable to those of known organic
piezoelectric molecules, such as trialkylbenzene-1,3,5-tricarbox-
amide with ds; up to 20 pm V~".*® This value also far exceeds those
of other organic single molecules such as 4,5-dibromo-2-methyl-1H-
imidazole,” croconic acid, 3-hydroxy-1H-phenalen-1-one, and phe-
nylmalonaldehyde with moderate d;; (Table S2, ESIT).%

The strong agreement between XRD analysis and DFT
calculations provides a foundation for identifying the polariza-
tion inversion unit and symmetry-breaking mechanism in
TPC2-(Z). Specifically, the polarization inversion unit in TPC2-
(2) could be governed by the interplay between TPE-TPE
interactions and the spatial confinement of DOS units, which
together enforce critically the non-centrosymmetric packing
arrangement. XRD analysis shows that the d; = 13.6 A peak
corresponds to the ordered DOS arrangement, while d, = 7.43 A
represents intermolecular distances between DOS unit confine-
ment. However, the near-orthogonal alignment of DOS units
(65.57°) only emerges when TPE-TPE interactions provide a
rigid structural framework, ensuring a stable polarization
switching mechanism. Therefore, a key symmetry-breaking
mechanism arises from TPE-TPE interactions constraining
DOS clipping orientation, enforcing a non-centrosymmetric
packing arrangement. Without these interactions, the clipped
DOS units would adopt a centrosymmetric structure, prevent-
ing polarization inversion. This is confirmed by the increase in
dipole moment when both interactions coexist (7.77 D), com-
pared to TPE-TPE alone (3.86 D) or DOS clipping alone (6.07 D)
(Fig. S13c, ESIY). Thus, the TPE-TPE framework acts as the
polarization unit, enabling symmetry breaking and polarization
alignment. This molecular-level alignment provides the neces-
sary interactions for ferroelectric switching, further validated by
the P-E hysteresis loop, DSC phase transition behaviour, and
high crystallinity observed in HR-TEM and XRD.

2-5. Electroluminescence properties of TPC2-(2)

TPC2-(Z) exhibits good thermal stability and strong emission in
the film state (Fig. 4e), allowing the fabrication of an EL device
without the decomposition of the active material. We produced

This journal is © The Royal Society of Chemistry 2025

patterned indium tin oxide (ITO) glass, poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate (PEDOT:PSS) was coated as a hole transport-
ing layer. The emitting layer consisted of para-4,4’-bis(9H-carbazol-
9-yl)biphenyl (CBP) as an electron-donating host, TPC2-(Z) as a
light-emitting guest and tetrahexylammonium tetrafluoroborate
(THABF,) as an electrolyte (Fig. 4f). The emitting layer is uniformly
coated on the PEDOT:PSS layer, as confirmed via FE-SEM (Fig. 4f).
Lastly, an aluminum layer with a thickness of approximately
100 nm was deposited over the emitting layer as a cathode. During
the application of current, ions in the emitting layer were redis-
tributed owing to external voltage, and guest molecules were
electrochemically doped by the host. Consequently, an in situ p-n
junction is formed in the emitting layer, and injected holes and
electrons combine to become excitons, thus emitting light.®*”°
The composition of the light emitting layer was varied with
the CBP-to-TPC2-(Z) molar ratio. The sum of the weights of CBP
and TPC2-(Z) was fixed at 10.14 mg (25.35 mg mL ') and the
molar ratio between those was varied from 5.4:1 to 21.7 : 1. The
amount of THABF, was fixed at 2.36 mg (5.90 mg mL™ ',
17.9 mM) for all samples. The host-guest ratio and LEC
performance are summarized in Tables S3-S5 (ESIT). Consider-
ing the HOMO (= —5.53 eV) and LUMO (= —2.49 eV) energy
levels and bandgap (3.50 €V) of CBP,?” CBP can cover fully that
of TPC2-(Z). Thus, energy transfer from host to guest could
occur favourably. The thin-film emitting layer exhibited pri-
marily PL of TPC2-(Z), confirming the distinct host-guest
interaction. Furthermore, the confocal image (Fig. 3a-iv) shows
that the emission colours of TPC2-(Z) and LEC are similar,
indicating that the host and electrolyte did not quench the PL
of TPC2-(Z). Compared to the PL spectra of TPC2-(Z) pure film
centred at 496 nm, the mixture of TPC2-(Z), CBP, and THABF,
at a ratio of 7.8:61.6: 30.6, resulted in a 10 nm blue shift in thin
film state (Fig. 4e). The photographic images also reveal a
noticeable colour difference between the films (Fig. 4f). In the
EL spectrum of the LEC device, the highest emission peak is
centred at 496 nm, which is inherent to the AIE of TPC2-(2)
(Fig. 4h). EL spectra of LECs with different host-guest composi-
tions of LEC are listed (Fig. S14, ESIt). Generally, the A« of the

Mater. Horiz., 2025, 12, 3965-3978 | 3973


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh01620c

Open Access Article. Published on 11 March 2025. Downloaded on 11/7/2025 2:33:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

spectra shifts to shorter wavelengths to emit blueish lumines-
cence as the host-to-guest ratio decreases, indicating that there
must be a sufficient amount of guest material to fully convert
the transferred charge into excitons. Simultaneously, the left
shoulder peak at approximately 400 nm reflects the competing
effect of DOS units and the host. The peaks in Fig. 4h were
deconvoluted, showing the area percentages of 7% and 93% for
407 nm and 496 nm, respectively (Fig. S15, ESIT), indicating
that the energy transfer from the host to aggregated TPC2-(Z) is
quite efficient for the emitting layer with a CBP : TPC2-(Z) molar
ratio of =7.9:1.

We measured the LEC performance in two different modes:
voltage-current driving LEC (VCL) and pulse-current driving
LEC (PCL, 50% cycle, 235 Hz) as shown in Fig. 5a and b,
respectively. In the VCL mode, the luminescence gradually
increased with driving voltage, but upon reaching turn on
voltage (Von), the rise becomes sharper. In addition, the current
efficiency was relatively lower compared to those of PCL. LEC
with 1.82 pmol TPC2-(Z) shows an overall superior performance
with luminescence of 627.1 Cd m™~? and 890.1 Cd m™~? at V,,, of
9.9 V and 3.9 V, under VCL and PCL, respectively. This was
more than approximately 40% enhanced performance com-
pared to that of (E)/(Z) mixtures (Table 1). Luminescence and
current efficiency change substantially at approximately
10 mol% TPC2-(Z) (Fig. 5c). Therefore, at least 10 mol% of
guest is required to enhance the overall LEC performances.
Based on results reported by our group for other TPCn
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compounds, TPC2-(Z) exhibited higher luminescence than the
TPC2-(E + Z) stereomixture. This result was consistent with the
PL results, signifying that (Z) isomer, which was aggregated to a
greater degree than the (E) isomer, demonstrated excellent
SELF properties. Among other TPCn, TPC1 and TPC4 possess
both electroluminescence and piezoelectric activity (Fig. 5d),
the emission wavelength of TPC2-(Z) was between those of
TPC1 and TPC4, as an increasing number of DOS units con-
jugated to the TPE core led to the narrow bandgap (E,).
Although TPC4 shows high EL intensity through PCL mode,
its P. value (2.27 uC cm™>) was lower than that of TPC2-(Z).
Notably, this figure shows TPCn could be geometrically tuned
to enhance P, while simultaneously revealing EL properties,
thereby achieving SELF properties. In contrast, many other
materials are either electroluminescent or ferroelectric, but
not both, and thus do not exhibit SELF.

2-6. Self-powered and piezoelectrically operated EL devices

Materials exhibiting high P-F hysteresis can be utilized not only
in ferroelectric devices, such as switches and memory, but also
in energy harvesting applications. These include piezoelectric
harvesters’® and triboelectric generators,”” which enable self-
powering or low energy consumption of the resulting electro-
nics and sensors.®”” As SELF materials feature luminescent and
ferroelectric properties, they can be applied as sensors that are
visually perceivable, without additional display devices, or as
displays that can respond to mechanical movements or
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Fig. 5

(a) I-V-L curve of TPC2-(Z) LEC under VCL (black) and PCL (red) driving mode. (b) Current efficiency curve of TPC2-(Z) LEC under VCL (black)

and PCL (red) driving modes, with long-term stability under PCL driving (inset). (c) Variation in luminescence and current efficiency of LEC with different
mole percentages of TPC2-(2) guest versus CBP host material. (d) Plot of remnant polarization (P,) plot of TPCn versus maximum EL intensity (Lv) of
devices: (1) multi-TPE (TPE5),”* (2) Cz-2TPE (2,7),”* (3) TPE-CHO,”? (4) [[ATHTP)crown-6]BF,,”* (5) BTA-C6,”* and (6) PVDF.”® (e) Change in luminescence
in response to piezoelectric switching of the TPC2-(2) LEC device. (inset) Output voltage of TPC2-(Z) PENG during physical bending.
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frequency changes in the surrounding environment without the
need to use additional sensor devices. Ultimately SELF materi-
als may be used to fabricate interactive devices with a simple
structure, taking advantage of sensitivity to stimuli and lumi-
nescence properties. To explore this possibility, an emissive
piezoelectric nanogenerator (PENG) was fabricated using
TPC2-(2).

A 2 wt% solution of TPC2-(Z) in chlorobenzene was spin-
coated onto ITO/polyester substrate with an area of 2.5 x 3.5 cm”.
An Al top electrode with a thickness of 100 nm is then thermally
deposited on TPC2-(Z) (Fig. S17a, ESIT). The PENG based on
TPC2-(Z) film was subjected to repetitive convex bending at a
frequency of 1 Hz to explore its self-powering capacity. The
piezoelectric output of the PENG was reproducibly generated,
as monitored in real time. The neat thin films of TPC2-(Z) were
mechanically stable over repetitive bending, without crack
formation. The output voltage generated by the PENG is up to
0.17 V (Fig. 5e, inset), which is higher than that of TPC4
(0.13 V). The PENGs exhibited a current density of up to
4.07 nA cm 2. The maximum attained power density, calculated
based on the highest output voltage and highest current
observed, was 6.9 mW m™ 2.8 This value was lower than those
of inorganic-based devices,””®' but was at a similar level or
slightly lower than that of PVDF-based devices.®*™

Finally, we fabricated an EL device that utilizes the piezo-
electric properties of TPC2-(Z), to realize a piezoelectrically
operated EL device. To operate the LEC utilizing piezoelectric
energy generated by the TPC2-(Z) PENG film, the alternating
current from PENG was converted into direct current (DC),
using 4 bridge diodes. The DC voltage generated by bending at
a frequency of 1 Hz was stored in the capacitor and amplified to
3.2 V (Fig. S17c¢, ESIT). The LEC was fabricated with a solution
of 7 mg of p-CBP, 3.14 mg of TPC2-(Z), and 2.36 mg of THABF,
in 0.4 mL of cyclohexanone (61.6:7.8:30.6 molar ratio). This
device exhibited a luminance of 1 cd m™2 at 10 V, when the
PENG film was stationary and in an almost “switched off” state.
Upon repeated bending of the PENG at a frequency of 1 Hz, the
luminance of the LEC increased. The LEC effectively “switched
on” luminescence, showing a 120-fold increase in brightness
after 254 bending at 1 Hz, compared to the “off” state (Fig. 5e).
These findings evidently demonstrated that TPC2-(Z) holds
promising potential for applications in self-powered sensor
displays and interactive devices. Overall, the Z-clipping could
be a promising way to realize synergistic enhancement of
luminescence and ferroelectricity, leading to a new self-
powered, stimuli-sensitive electroluminescent device.

3. Conclusion

A new (Z)-specific TPC2 was synthesized through a unique
‘attaching legs to body core’ straightforward synthetic strategy.
With good solubility to various organic solvents, TPC2-(Z) was
capable of forming films through a solution process upon Z-
clipping of the self-assembling units. This TPC2-(Z) thin film
exhibited exceptional properties with a high fluorescence

This journal is © The Royal Society of Chemistry 2025
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(PLQY = 45.6%). Because of its high thermal stability and
optical functionality, TPC2-(Z) was applied in an LEC, and the
device exhibited an overall superior EL performance among the
TPCns, with a brightness of 890 Cd m ™2, at a V,,, of 3.9 V, which
was a 40% enhancement in performance compared to that of
(E)/(Z2) mixtures. The P-E hysteresis loop of the neat TPC2-(Z)
film exhibited a P, of 2.54 uC cm > at a driving voltage in the
range of —5 V to +5 V. The PFM amplitude and phase images
showed a piezoelectric response with a ds; of —23.8 pm V™" for
TPC2-(Z), which is the highest value among TPCns and is
comparable to those of highly organic piezoelectric molecules
such as trialkylbenzene. The ferroelectricity of the TPC2-(Z) film
was effectively applied to fabricate a PENG, which generated a
piezoelectric output voltage of up to 0.17 V. Finally, the fabri-
cated TPC2-(Z) LEC exhibited a substantial increase in EL
intensity upon the repeated bending of the TPC2-(Z) PENG film
up to 254 times. It entailed a 120-fold increase in brightness
compared to that of the ‘off’ state before bending. These results
clearly indicate that the Z-clipping of AIE materials could be a
promising way to realize synergistic enhancement of lumines-
cence and ferroelectricity, opening a new path to multi-
functionality on a device level.

4. Experimental section

4-1. Materials

1,3,5-Bromomethyl benzene, triethylphosphite, 3-hydroxyben-
zaldehyde, 1-bromodecane, #BuOK, sodium carbonate, cesium
carbonate, 4-formylphenylboronic acid, 1,1,2,2-tetraphenylethene,
tetrakis(triphenylphosphine)palladium(0), tetrakis(triphenyl-
phosphine)platinum(0), [1,1’-bis(diphenylphosphino)ferrocene]-
dichloropalladium(n), DMF, THF, toluene, ethanol, and 1,4-
dioxane, were purchased from Sigma-Aldrich Chemicals and used
without further purification. PEDOT:PSS and patterned ITO glass
substrates were purchased from Ossila and Wooyang GMS, respec-
tively. THABF, was purchased from Sigma-Aldrich. CBP was
obtained from TCI. Sigma-Aldrich provided cyclohexanone, which
was utilized as a solvent.

4-2. Instruments and characterization

"H-NMR spectra were recorded using a Bruker Avance II 400
spectrometer at a frequency of 400 MHz. Chemical shifts were
given in parts per million and were reported relative to tetra-
methylsilane using the residual solvent chloroform-d as an
internal standard. MALDI-TOF/TOF mass spectra were recorded
on a Bruker Daltonics Autoflex III mass spectrometer in
the reflection mode using a laser (4 = 355 nm); the sample for
this test was prepared with tert-butylphenyl-2-methyl-2-
propenylidene malononitrile as a matrix. The UV-vis spectra
were recorded using a PerkinElmer LAMBDA 750 UV/VIS/NIR
spectrophotometer. A PerkinElmer LS-55 fluorescence spectro-
meter was used to record the photoluminescence emission
spectra. The pulsed current system was operated at 235 Hz
and 50% duty cycle using a Keithley 2400 source meter con-
trolled by a MATLAB code. The voltage of TPCn LEC was
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measured using a current ramp, and the EQE was recorded
using Lambertian emission. HR-TEM images were obtained
using a JEM-F200, JEOL, with 200 mesh copper grid. The
accelerating voltage was 200 kV. Confocal microscopic images
were obtained using a LSM 900, Carl Zeiss. Resulting images
were processed via Zen Blue 3.3 imaging software.

4-3. Synthesis of TPC2-(Z) (Fig. S1, ESIY)

Under a nitrogen atmosphere, the solution of the clip (868 mg,
1.16 mmol, 2.1 equiv.) in anhydrous THF (20 mL) was cooled to
0 °C. t-BuOK (218 mg, 3.5 equiv.) was slowly added to the
solution, after which the mixture was stirred for 10 min,
followed by the addition of TPE2PhCHO (300 mg, 0.555 mmol,
1 equiv.). The reaction was allowed to proceed for an additional
30 min at 0 °C and overnight at room temperature. The
resulting mixture was quenched with brine, extracted with
dichloromethane (DCM), washed with brine, and then dried
over MgSO,. After filtration, the solvent was evaporated under
reduced pressure. The residue was purified via silica gel col-
umn chromatography (DCM : hexane = 1:1) and recrystallized,
yielding 140 mg of a pale green solid (14.7%).

"H NMR (400 MHz, CDCl;, §): 7.60 (m, 10H), 7.44 (m, 4H),
7.31 (m, 12H), 7.21 (d, 4H), 7.18 (m, 26H), 6.86 (m, 4H, J =
8.28 Hz), 4.04 (t, 8H), 1.84 (m, 8H), 1.29 (m, 56H), and 0.89 (m, 12H).

3C NMR (100 MHz, CDCI3, §): 159.40, 143.78, 142.91,
140.71, 139.85, 138.58, 138.00, 136.15, 131.92, 131.48, 129.67,
129.30, 128.83, 128.50, 128.25, 127.90, 127.71, 127.10, 126.98,
126.10, 125.96, 123.99, 119.20, 114.08, 112.33, 68.01, 31.97,
29.72, 29.60, 29.42, 29.35, 26.09, 22.71, and 14.14.

Mass analysis (MALDI-TOF/TOF): calculated m/z for
Ci126H14404 [M]" 1721.11, measured 1722.45.

4-4. Fabrication of LEC

Patterned ITO glass substrates were cleaned with 0.5 wt%
aqueous Hellmanex, deionized water, and acetone for 20 min
respectively in an ultrasonic bath and dried for 1 h at 80 °C in
an oven after washing. The patterned ITO glasses were sub-
jected to UV-ozone treatment for 20 min and spin coated with
PEDOT:PSS at 4000 rpm for 1 min. The ITO glasses were then
annealed for 1 h at 130 °C on a hot plate and coated with an
active solution in an N-filled glove box, followed by additional
annealing for 1 h at 50 °C. The active layers were then spin-
coated for 60 s at 2000 rpm. Solutions for the active layer were
prepared by dissolving 7.00 mg of p-CBP, 2.3 mg or 3.14 mg of
TPC2-(Z), and 2.36 mg of THABF, in 0.4 mL of cyclohexanone.
To improve the properties of LEC mentioned in the main text,
the amount of TPC2-(Z) was increased to 3.14 mg. Thermal
evaporation under a high vacuum (2 x 107> torr) through a
shadow mask was used to deposit aluminum nanoparticles on
the active layer.

4-5. Preparation of ITO-ferroelectric-Al capacitors and
ferroelectric characterization

The patterned ITO glass substrates were ultrasonicated with
1 wt% aqueous Hellmanex III, deionized water and acetone, for
20 min with each. The substrates were then dried in an oven at
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80 °C for 1 h to completely evaporate the residual solvent. The
solutions for coating the ferroelectric layers were prepared by
dissolving TPC2-(Z) derivatives in cyclohexanone to obtain a
concentration of 2 wt%. The ferroelectric layers were then spin-
coated at 2000 rpm for 60 s. Finally, Al electrodes (100 nm) were
deposited on the ferroelectric layers via thermal evaporation
through a shadow mask under a high vacuum (2 x 107> torr).
The area used for ferroelectric measurement was 0.3 x 0.3 cm®.
The polarization-electric field (P-E) loops were evaluated using
the Sawyer-Tower circuit. To avoid displacement and leakage
input in the P-E curve, the double wave method was used to
subtract the non-switching current from the initial signal. The
input voltage was applied through triangular-wave bias, using a
function generator (Agilent 33220A 20 MHz Function/Arbitrary
Waveform Generator) and a power amplifier (Pendulum Instru-
ments, Dual Channel High Voltage Linear Amplifier A400D).
The device response was recorded using a digital oscilloscope
(Tektronics Digital Phosphor Oscilloscope, DPO4104B).

4-6. PFM measurement

The surface morphology, and piezoelectric phase and ampli-
tude images, were measured using atomic force microscopy
(ParkSystems, NX10) with a Pt-coated tip (radius of <30 nm,
resonance frequency of 75 kHz, force constant of 2.8 N m™ !,
Nanosensors). The applied force was approximately 80 nN
during 256 line scans with a scan rate of 0.7 Hz. The PFM
hysteresis loops were measured using a triangle pulse (tip bias)

from —10 V to 10 V.
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