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Alkyne coupling represents a significant reaction in organic synthesis, while conventional methods rely on
high-cost catalysts and harsh reaction conditions. Although ferroelectrics with spontaneous polarization
facilitating charge separation have recently attracted great attention as emerging catalysts, their catalytic
potential in alkyne coupling remains unexplored. Herein, we report a new organic—inorganic perovskite
ferroelectric [4,4-difluoropiperidinium],-CuCly ([DFPDI],-CuCly), which exhibits a high phase transition
temperature of 398 K and room-temperature ferroelectricity. Significantly, by ultrasonic sonication under
ambient conditions, and by using [DFPD],-CuCl, and additive CuCl as the catalysts, a variety of terminal
alkynes can selectively form 1,3-diynes with high yields, with the selectivity and yield up to 99% and 85%,
respectively. The high yields enable the growth of crystals of products, three of which exhibit phase
transitions. Compared with its inorganic ferroelectric and piezoelectric counterparts, the molecular
ferroelectric [DFPD],-CuCl, shows significantly enhanced catalytic activity, being approximately 4.5
times that of BaTiOs and 64 times that of ZnO. Moreover, the [DFPD],-CuCl, catalyst demonstrates
robust recyclability, with its crystal phase and catalytic activity remaining unchanged over 10 cycles. Our
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Introduction

Carbon-carbon (C-C) bond formation is of critical importance
in organic chemistry." 1,3-Diynes have found widespread
applications in synthesizing functional materials, natural
products, and pharmaceuticals.”® Compared with the homo-
coupling of various alkynyl organometallics, alkynyl tellurides,
or alkynyl iodides,” Glaser coupling—a reaction that
constructs C-C bonds via terminal alkynes—is widely recog-
nized as the most convenient method for accessing 1,3-diyne
products from alkynes in transition metal-catalyzed coupling
reactions.” Since Glaser first reported in 1869 that the oxidative
coupling of copper acetylides could be utilized for diyne
synthesis, a diverse range of metal-catalyzed systems has been
explored for this reaction, including CoBr,, palladium reagents,
[Ru(dppp).(CH;CN)CI][BPh,], gold nanoparticles, and Au(1)/
Au(m) complexes.”'**> However, their widespread application
has been constrained by the high cost of these catalysts or their
instability in ambient air. Although significant advances have
been made using these approaches, several limitations persist,
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on the exploration of ferroelectric catalysis.

such as the complex preparation procedures of the catalysts and
harsh reaction conditions (e.g., the need for an excess of base or
elevated temperatures of 110 °C).'****” Therefore, there remains
an urgent need to develop simpler, more efficient, and envi-
ronmentally benign methods for the construction of symmet-
rical 1,3-diyne compounds via Glaser coupling.

Ferroelectrics are a significant class of multifunctional
electroactive materials with switchable spontaneous polariza-
tion, which have been studied for over a century and have found
broad applications, such as in data storage, smart sensors,
energy conversion, and mechanical actuation.®* In recent
years, they have gained increasing attention as emerging cata-
lysts, in which the polarization-induced built-in electric fields
and polarization changes under external stimuli such as
mechanical stress promote the separation of charge carriers,
facilitating redox reactions.>*?” Their catalytic potentials in
hydrogen production, organic synthesis, and environmental
remediation under mild conditions of ultrasonic vibration have
been intensively studied based on classical ferroelectrics like
inorganic BaTiO; (BTO).***° The inherent polarization electric
fields of ferroelectrics also make them attractive for enhancing
photocatalytic efficiency through the promotion of photogene-
rated charge carrier separation and migration dynamics.*®
Molecular ferroelectrics, as represented by [Me;NCH,CI|CdCl;,
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are ferroelectric materials with molecular constituents in their
crystal lattices in which the ferroelectricity is related to the
collective interactions and arrangements of the molecular
components.** Compared with the widely used atom-based
inorganic ferroelectrics with rigid ionic/covalent bonds
throughout the lattices, molecular ferroelectrics constructed
from molecular constituents with intermolecular interactions
(e.g., hydrogen bonds and van der Waals forces) possess many
advantages and distinct properties, such as low-temperature
solution processability, light weight, mechanical flexibility,
lower acoustic impedance, bio-compatibility, chemical
tunability, homochirality, and photoisomerization.**-** Notably,
the low acoustic impedance of molecular ferroelectrics can
facilitate the mechanical energy transfer from solvent to cata-
lysts, and their solvent solubility enables good catalyst recycla-
bility, rendering them highly promising for efficient and
sustainable ferroelectric catalysis under mild conditions.*°
Among molecular ferroelectrics, organic-inorganic metal
halide perovskite ferroelectrics represent a synergistic integra-
tion of structural and functional merits,* such as the coexis-
tence of ferroelectric and magnetic orders in copper(u)-based
halide perovskite ferroelectrics.”*”® Nevertheless, molecular
ferroelectric catalysis remains in its infancy, and ferroelectric
catalytic alkyne coupling has never been explored.

Herein, we demonstrated a new Cu®"-based organic-inor-
ganic perovskite ferroelectric [4,4-difluoropiperidinium],-CucCl,
([DFPD],-CuCly), which shows a high phase transition temper-
ature of 398 K and room-temperature ferroelectricity. Signifi-
cantly, by using molecular ferroelectric [DFPD],-CuCl, with the
addition of CuCl as a catalyst, we achieved efficient construction
of 1,3-diynes via terminal alkyne homocoupling under ultra-
sonic irradiation. Traditional methods typically require pre-
functionalization, noble metal catalysts, an excess of base, or
high temperature (Scheme 1a).”*” This catalytic system exhibits
several advantages, such as mild reaction conditions, high
selectivity, and good yield (maximum 88%) (Scheme 1b).
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Furthermore, the molecular ferroelectric catalysts demonstrate
robust recyclability, with their crystalline structure and catalytic
activity remaining unchanged over multiple cycles—aligning
with green chemistry principles. Moreover, the catalytic
performance of the molecular ferroelectric [DFPD],-CuCl, with
CuCl is significantly superior to that of inorganic ferroelectrics
and piezoelectric materials with CuCl, that is, approximately 4.5
times that of BaTiO; and 64 times that of ZnO (Scheme 1c¢). This
work opens up a new avenue for catalytic alkyne coupling and
provides a new perspective on the exploration of ferroelectric
catalysis.

Results and discussion
Crystal structures and phase transitions

We prepared [DFPD],-CuCl, as crystals by evaporating stoi-
chiometric amounts of 4,4-difluoropiperidine hydrochloride
and copper dichloride in a hydrochloric acid solution at 323 K.
Powder X-ray diffraction (PXRD) patterns of as-grown crystals
match the simulated patterns, revealing the good phase purity
of [DFPD],-CuCl, (Fig. S1). The thermogravimetric analysis
(TGA) curve of [DFPD],-CuCl, demonstrates thermal stability up
to about 512 K (Fig. S2). Single-crystal structure determination
reveals that [DFPD],-CuCl, crystalizes in a non-centrosymmetric
orthorhombic space group Cmc2, with a polar point group of
mm2 at 300 K (Table S1), which is consistent with the previous
report of the polar structure of [DFPD],-CuCl, by L.-N. Quan and
co-workers.” As shown in Fig. 1a and S3, [DFPD],-CuCl, adopts
an A,BX,-type organic-inorganic perovskite structure, in which
the two organic DFPD" cationic layers alternate with the inor-
ganic anionic CuCl,>~ framework. The presence of N-H-:-Cl
hydrogen bonds between inorganic anions and organic cations
with donor-acceptor distances of 3.269(3)-3.408(3) A (Table 52)
not only stabilizes the structure of [DFPD],-CuCl, but also
promotes the ordered arrangement of DFPD" cations along the
c-axis, thereby inducing spontaneous polarization in this
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Scheme 1

(a) Survey of classic synthesis pathways. (b) Our strategy of molecular ferroelectric-catalyzed alkyne coupling. (c) Diagram of the

proposed ferroelectric catalytic mechanism and comparison of catalytic activity by using molecular ferroelectric [DFPD],-CuCly, traditional

inorganic ferroelectric BaTiOz, and inorganic piezoelectric ZnO.
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Fig.1 (aand b) Packing view of the crystal structure of [DFPD],-CuCly
at (a) 300 K and (b) 410 K. (c) DSC curves of [DFPD],-CuCl, upon
heating and cooling runs. (d) Real part (¢') of the dielectric constant of
[DFPD],-CuCly at different frequencies as a function of temperature.
The red arrow represents the direction of spontaneous polarization.
The red dotted line indicates N—-H---Cl hydrogen bonds. Hydrogen
atoms of the disordered DFPD cations at 410 K are omitted for clarity.

direction. At 410 K, the space group transitions to the centro-
symmetric space group Cmcm with the point group mmm. At
this point, the DFPD" cations are located precisely at special
symmetric sites on the mirror plane, changing from the initial
ordered state to a two-fold disordered state, resulting in the
cancellation of polarization (Fig. 1b), which is distinct from the
displacive-type mechanism prevalent in inorganic ferroelec-
trics. According to the 88 types of ferroelectric phase transi-
tions,” [DFPD],-CuCl, undergoes a mmmFmm2-type
ferroelectric-paraelectric phase transition.

The variable-temperature PXRD patterns show that as the
temperature increases, the peak positions exhibit a distinct
shift to lower angles, indicating an increase in the 2D interlayer
spacing (Fig. S4). Furthermore, the diffraction peak at around
23° at 410 K undergoes a significant change, providing further
evidence of a structural phase transition. This structural phase
transition was subsequently accurately confirmed by differen-
tial scanning calorimetry testing, with the Curie temperature
(T.) during the heating process being 398 K (Fig. 1c). The non-
centrosymmetric to centrosymmetric transition of [DFPD],-
CuCl, was further demonstrated by second-harmonic genera-
tion (SHG) spectroscopy. As the temperature increased to 410 K,
the SHG signal vanished, consistent with the structural phase
transition from non-centrosymmetric space group Cmc2; to
centrosymmetric space group Cmcm. The SHG activity can be
recovered when the crystal is cooled to 300 K, implying the
reversibility of the phase transition (Fig. S5). As shown in
Fig. 1d, the pronounced anomaly in the real part (¢/) of the
dielectric constant near T, further confirms the occurrence of
the ferroelectric-paraelectric phase transition. The non-
centrosymmetric crystal symmetry also indicates that [DFPD],-
CuCl, has a piezoelectric response. We then measured its
piezoelectric coefficient d33, one of the most useful piezoelectric

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coefficients, via the quasi-static method (Berlincourt method)
on single crystals. A ds; value of 12 pC/N was obtained (Fig. S6).

Ferroelectricity

The polar point group mm2 of [DFPD],-CuCl, belongs to one of
ten polar point groups for ferroelectrics. We then detected the
ferroelectricity of [DFPD],-CuCl, by piezoresponse force
microscopy (PFM), which is a promising technique for charac-
terizing micro- to nanoscale structures, enabling direct probing
and visualization of ferroelectric domain configurations. In the
amplitude and phase images generated by PFM, distinct colors
are employed to represent the local piezoelectric response and
the polarization orientation of the material, respectively. To
confirm the ferroelectric properties of [DFPD],-CuCl,, PFM
analysis was performed on its thin film, as shown in Fig. 2 and
3. The phase image reveals an approximate 180° contrast
difference between two regions of distinct colors (Fig. 2a),
indicating opposing polarization directions in these areas. In
the amplitude image (Fig. 2b), the boundaries between these
two regions exhibit a significant reduction in signal intensity,
clearly indicating the locations of the domain walls. Moreover,
the PFM signals appear to be independent of surface morpho-
logical features (Fig. 2c), thereby ruling out the influence of
surface topography and further confirming the presence of
ferroelectric domains. Meanwhile, switching measurements
were conducted to verify the polarization reversal phenomenon
in the film under the application of an electric field. As shown in
Fig. 2d, the phase-bias curves display a clear hysteresis loop,
and the amplitude-bias curves exhibit a characteristic butterfly-
shaped pattern, demonstrating the domain switching.

We also conducted domain switching measurements to
directly visualize the polarization reversal behavior (Fig. 3). We
initially select a single domain to serve as the starting state

200 100 0 100 200
DC Bias (V)

Fig. 2 PFM (a) phase and (b) amplitude, and corresponding (c) topo-
graphic images on the film of [DFPD],-CuCly. (d) Local PFM hysteresis
loops obtained by plotting the phase and amplitude signals as func-
tions of the tip voltage for a selected point.
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Fig. 3 Ferroelectric domain switching for [DFPD],-CuCly. Topog-
raphy (a, d and g), PFM amplitude (b, e and h), and phase (c, f and i)
images were taken in the as-grown state (a—c), after applying a tip
voltage of +140 V in the central region (d—f), and after applying an
opposite tip voltage of —140 V in a smaller region.

(Fig. 3a-c). Subsequently, a +140 V voltage was applied to the
central region (Fig. 3d-f). It can be observed from Fig. 3f that
a new color contrast emerges in the phase diagram, differing
from the original by nearly 180°, which indicates the formation
of a new domain. Furthermore, an opposite tip voltage of —140
V was applied to a smaller region within the newly formed
domain, resulting in partial back-switching of the domain
(Fig. 3g-i). These observations provide strong evidence for
polarization switching occurring within the ferroelectric
domains of compound [DFPD],-CuCl,.

Ferroelectric catalysis

We next investigated the catalytic activity of [DFPD],-CuCl, in
alkyne coupling reactions. Initially, the reaction was conducted
using 1 mmol of phenylacetylene as the substrate, [DFPD],-
CuCl, crystals as the catalyst, CuCl as the additive, and aceto-
nitrile (MeCN) as the solvent, with ultrasonic irradiation at 40
kHz for 6 hours (Fig. 4 and 5). Following purification by column
chromatography, product 2a was obtained in 64% yield.
Notably, colorless and transparent crystals of 2a were further
isolated via slow evaporation of the reaction solution in n-
hexane (Fig. 5). Subsequently, the role of each catalytic
component was examined (Fig. 4a and Table S3). In the absence
of [DFPD],-CuCly, no 2a was detected; similarly, omitting CuCl
also resulted in no formation of 2a. These results confirm that
the reaction proceeds via the co-catalysis of [DFPD],-CuCl, and
CuCl, in which CuCl reacts with phenylacetylene to form
a cuprous phenylethynide intermediate,'®'” while the release of
free charges from the surface of the [DFPD],-CuCl, ferroelectric
catalyst under ultrasonic stimulation facilitates the conversion
of the cuprous phenylethynide intermediate to the alkyne
coupling product. We also evaluated the effect of ultrasound on
reaction efficiency by testing the yield in the absence of
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ultrasonic irradiation. Only 12% of 2a was obtained under non-
ultrasonic conditions, which is significantly lower than that
achieved with ultrasound—clearly indicating that ultrasound
promotes reaction progression. Next, the influence of different
catalysts on the reaction was investigated (Fig. 4b and Table S4).
When sodium chloride (NaCl), a centrosymmetric crystal with
neither ferroelectric nor piezoelectric properties, was used as
the catalyst; no 2a was detected. Employing piezoelectric ZnO
crystals as the catalyst only yielded trace amounts of 2a (=1%).
Replacing [DFPD],-CuCl, with BTO afforded 2a in a 14% yield.
Although both ZnO and BTO were capable of promoting
product formation, their catalytic activities were substantially
lower than that of [DFPD],-CuCly: specifically, the catalytic
activity of [DFPD],-CuCl, is approximately 64 times that of ZnO
and 4.5 times that of BTO. This reaction was also carried out
using the non-ferroelectric centrosymmetric Cu®"-based
organic-inorganic hybrid perovskite [cyclobutylammonium],-
CuCl, ([CBA],-CuCl,)* as the catalyst. Under standard condi-
tions, product 2a was obtained with a yield of only 13% (Fig. 4b
and Table S4), which is significantly lower than that achieved
when [DFPD],-CuCl, is used as the catalyst. This further
demonstrates the essential role of molecular ferroelectrics in
catalysis. Finally, the impact of different Cu’ sources was
explored. When CuBr or Cul was used instead of CuCl, the yield
of 2a decreased: CuCl afforded the highest yield (64%), whereas
CuBr and Cul gave yields of 40% and 44%, respectively (Table
S5). Based on the control experiment, a possible mechanism
has been proposed. CuCl first reacts with phenylacetylene to
form a cuprous phenylethynide intermediate. Under ultrasonic
stimulation, free charges of electron-hole pairs are released
from the molecular ferroelectric [DFPD],-CuCl, crystal surface.
This facilitates the cuprous phenylethynide intermediate to lose
an electron to form a phenylethynyl radical. Subsequently, the
phenylethynyl radicals couple to generate product 2a.

After optimizing the reaction conditions, we next investi-
gated the recyclability of the [DFPD],-CuCl, catalyst. Following
reaction completion, the solid [DFPD],-CuCl, catalyst was
recovered via filtration and reused in subsequent cycles.
Notably, the catalyst maintained consistent catalytic activity,
yield, and selectivity over 10 consecutive cycles (Fig. 4c), con-
firming its good recyclability. As shown in Fig. 4d, the PXRD
patterns of [DFPD],-CuCl, after 10 cycles of use are consistent
with the original ones, indicating a stable crystal phase during
the reaction. We also investigated the piezoelectric properties of
the recycled catalyst (Fig. 4e and f). Since the samples were
polycrystalline, we selected points from the PFM mapping that
exhibited the highest amplitude signals for resonant measure-
ments, using a driving voltage of 2 V. By sweeping the AC voltage
frequency, typical resonant peaks in the amplitude response
were observed, as shown in Fig. 4e. These curves were well fitted
by a simple harmonic oscillator (SHO) model. Based on the
resonance peaks, no significant variation was observed in the
piezoresponse of the catalyst before cycling and after 10 cycles
of recycling. From the SHO fitting, we extracted the quality
factor, which reflects the degree of amplitude signal amplifi-
cation. Dividing the measured amplitude signal by the quality
factor yields the intrinsic amplitude signal, which is expected to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Control experiments of the influence of conditions on the reaction. (b) The effects of different catalysts on experiments. (c) Ferro-

electric catalyst-recycling experiments. (d) PXRD patterns of initial and after 10 cycles recycled [DFPD],-CuCly. (€) Measured amplitude versus
drive frequency analyzed by the SHO model for the pressed pellet samples of initial and after 10 cycles recycled [DFPD],-CuCly. (f) Intrinsic
amplitude versus drive voltage for the pressed pellet samples of initial and after 10 cycles recycled [DFPD],-CuCly.

be linearly proportional to the applied driving voltage, as
illustrated in Fig. 4f. The slopes of these curves represent the
magnitude of the piezoelectric response, confirming that the
detected signals originate from the intrinsic piezoelectric effect.
This further demonstrates that the piezoelectric properties of
[DFPD],-CuCl, remain stable after 10 cycles of use.

Subsequently, the substrate scope of this molecular ferro-
electric-catalyzed coupling of terminal alkynes has been evalu-
ated (Fig. 5). First, a wide range of alkynes with electron-
donating groups was investigated. Phenylacetylenes substituted
with either a tert-butyl group (2b) or a methyl group (2c) at the
para position are compatible with this strategy, and the corre-
sponding products can be obtained in good yields of 70% and
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Fig.5 Reactions were carried out on 1 mmol terminal alkynes, [DFPD],-CuCly (1 g), and CuCl (50 mg) in MeCN (5 mL) under a 40 kHz ultrasound
condition for 6 h. The single crystal structures of all products are placed below the corresponding structural formulae.
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62% with a selectivity of 94% and 98%, respectively. We further
investigated the effect of electron-donating groups at different
positions on the reaction efficiency, and found that phenyl-
acetylenes with methyl substituents at the ortho and meta
positions both exhibited a significant decrease in yield. Addi-
tionally, we explored the substrate scope of alkynes containing
electron-withdrawing groups. Both 4-fluorophenylacetylene and
3-chlorophenylacetylene were able to generate the correspond-
ing products in good yields of 60% and 70% with an excellent
selectivity of 96% and 93% respectively. Notably, 4-tri-
fluoromethylphenylethyne and 4-tri-
fluoromethoxyphenylethyne—bearing strong electron-
withdrawing groups—exhibit not only excellent compatibility
with this protocol but also afford the corresponding products in
outstanding yields of 85% and 85% with an excellent selectivity
of 98% and 99% respectively. In addition to phenylacetyne
derivatives, we also explored other aryl-acetylenes. 2-Ethynyl-
naphthalene was also applicable to this protocol, providing the
corresponding product in an excellent yield of 88% with an
excellent selectivity of 98%. These results demonstrate that the
current protocol has excellent substrate generality, suggesting
great potential for practical applications. The structures of the
target products were demonstrated by nuclear magnetic reso-
nance (NMR) spectroscopy and single-crystal XRD (Fig. S7-S38).

The high yield of obtained products enables them to yield
the corresponding crystals through slow crystallization in n-
hexane (Fig. 6, S30-S38, Tables S6 and S7). Notably, in these
products, 2f, 2i, and 2j exhibit phase transition behavior
(Fig. 6a, S35, and S38). As shown in Fig. 6a, DSC analyses
indicate that compound 2i exhibits two pairs of reversible phase
transitions with transition temperatures of T.; = 271 K and T,
=195 K, respectively. The temperature-dependent real part ¢ of
the dielectric constant shows anomalies near the two phase
transition temperatures (Fig. 6b), further confirming the phase
transition. The variable-temperature single-crystal XRD
measurements of compound 2i show that it crystallized in the
centrosymmetric space group P1 at 300 K. When cooling to the
intermediate-temperature phase at 193 K and the low-
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Fig. 6 (a) DSC curves and (b) the temperature-dependent dielectric

real part (¢') of compound 2i. (c) Crystal structure of compound 2i at
300 K, 193 K, and 173 K, respectively, showing the change in the
dihedral angle of two benzene rings (fpn rings) iN the 2i molecule.
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temperature phase at 173 K, the space groups remain P1, while
the cell volume reduces to approximately 1/4 and 1/2 that of the
room-temperature phase, respectively (Table S7). As Fig. 6¢
shows, the change in the dihedral angle of two benzene rings in
the 2i molecule is responsible for the phase transitions.

Conclusions

In summary, we demonstrated a Cu®*-based new organic-inor-
ganic perovskite ferroelectric [DFPD],-CuCl, and its excellent
catalytic activity in alkyne coupling. [DFPD],-CuCl, shows a high
phase transition temperature of 398 K and room-temperature
ferroelectricity. Under ultrasonic vibration, with [DFPD],-CuCl,
and CuCl as the catalysts, a variety of terminal alkynes can selec-
tively form 1,3-diynes with high yields. Specifically, for the elec-
tron-deficient alkyne (4-trifluoromethylphenylacetylene), the
selectivity and yield reach up to 99% and 85%, respectively.
Compared with inorganic ferroelectrics and piezoelectrics with
CuCl, the molecular ferroelectric [DFPD],-CuCl, shows signifi-
cantly enhanced catalytic activity, being approximately 4.5 times
that of BaTiO; and 64 times that of ZnO. Moreover, the molecular
ferroelectric catalysts demonstrate robust recyclability, with their
crystalline structure and catalytic activity remaining unchanged
over multiple cycles. This work develops an efficient and sustain-
able catalyst system for alkyne coupling. It also advances the
fundamental understanding of ferroelectric catalysis, paving the
way for next-generation catalytic technologies in fine chemical
synthesis and materials engineering.

Experimental
Synthesis and growth of crystals

Materials were obtained from commercial suppliers and puri-
fied by standard procedures unless otherwise noted. Solvents
for reactions were purchased from commercial suppliers. The
molecular ferroelectric crystal [DFPD],-CuCl, was obtained
using the following method. 4,4-Difluoropiperidine hydrochlo-
ride (20 mmol) and CuCl, (10 mmol) were dissolved in hydro-
chloric acid to get a clear solution. Slow evaporation of solvent
at 323 K results in the [DFPD],-CuCl, crystals.

For the catalytic reaction, the [DFPD],-CuCl, crystals (1 g) were
first ground into powder. Then, in a sealed tube, 1 mmol of
phenylacetylene, 1 g of powder [DFPD],-CuCl, and 0.05 g CuCl
were placed in 5 mL MeCN. The reaction was then placed in an
ultrasonic environment with a frequency of 40 kHz for 6 h. During
the experiment, circulating water was used. The organic layer was
collected, dried over sodium sulfate, filtered, and concentrated.
The crude product was subsequently purified by column chro-
matography on silica gel (200-300 meshes) using a mixture of PE/
EA (20: 1) as the eluent. Slow evaporation of the n-hexane solution
of the obtained products yields the corresponding crystals.

Characterization

Methods for powder and single-crystal XRD, TGA, DSC, dielec-
tric constant, SHG, PFM, and NMR measurements were
described in the SI.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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