Published on 22 2023. Downloaded on 30.10.2025 08:07:45.

INORGANIC CHEMISTRY

CHINESE

.
CHEMICAL ROYAL SOCIETY

CCS

FRONTIERS

RESEARCH ARTICLE

Cite this: /norg. Chem. Front., 2023,
10, 5082

Received 30th May 2023,
Accepted 21st July 2023

DOI: 10.1039/d3qi01000g

PELFES

SOCIETY ~OF CHEMISTRY

View Article Online

View Journal | View Issue

Fast rotating dipole array inducing large dielectric
response in a Ruddlesden—Popper hybrid
perovskite ferroelastict
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Dynamic functional materials have attracted increasing interest owing to their broad potential applications
in the field of flexible smart. Molecular rotors are a good platform to achieve functionality because of the
intrinsic movement of the internal components. Herein, we report a two-dimensional (2D) Ruddlesden—
Popper (RP) type hybrid perovskite ferroelastic (TFCA),CdCl, (1; TFCA = 2-fluoro-1-amino-pyrrolidium)
showing T, (402 K) and spontaneous strain (0.071). Impressively, the rapid rotating motions of the polar
rotors lead to the fast reorientation of the dipoles resulting in a large dielectric response. The switching
on-off ratio of dielectric anomaly is more than 100 (¢'yrp/e’ rp > 100) at a high-frequency electric field
(1 MHz). This study reveals that the 2D RP hybrid perovskite molecular rotor platform provides a new

rsc.li/frontiers-inorganic

Introduction

In recent decades, ferroic materials (ferroelectric, ferro-
magnetic, and ferroelastic) have received unprecedented atten-
tion owing to their broad applications in the fields of infor-
mation storage, signal conversion, energy conversion, and
other intelligent devices.'"™ Ferroelasticity is a mechanical
simulation of ferroelectric and ferromagnetic properties.
Under the stimulation of a force field they exhibit spontaneous
lattice strains, ferroelastic domain evolution, and mechanical
twinning.*® This characteristic property of ferroelastic
materials results in huge potential applications in force-sensi-
tive devices, such as shape memory, sensors, and mechanical
switches.®® To the best of our knowledge, the structural phase
transitions (SPT) triggered by the dynamic concerted move-
ment of the internal molecules is the key element in obtaining
ferroelasticity.”'® Ferroelastics usually show a ferroelastic
phase emergence in a lower-symmetric phase via a symmetry-
breaking during the SPT."'™"’ This means the ferroelastics
require changes in symmetry. Hence the design of ferroelastic
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avenue to explore dynamic functional materials.

materials still faces challenges. Especially, the molecular-level
origin of ferroelasticity is yet to be fully understood.

In the dynamic molecular structural family, there is a
specific kind of crystal with intrinsic molecular motions,
namely molecular rotors."”"® These kinds of amphidynamic
crystals consist of dynamic rotators and relative static stators
at a molecular level. The intrinsic motions of the arrayed
rotors result in cooperative molecular interactions to activate
SPT.'®'” Moreover, the rotary motions of rotors are commonly
associated with switching macroscopic physical properties,
such as ferroicity and dielectric transition.">"®* In particular,
the rapid rotating movement of rotors means the fast reorien-
tation of dipoles, which can induce large dielectric
responses.”**®> Therefore, molecular rotor structures are a
promising platform to realize new dynamic functional pro-
perties. However, the construction of the rotor-stator-type
structures in a crystalline state remains a challenge.

Organic-inorganic hybrid perovskites have been widely
used to build dynamic structures owing to the advantages of
easy synthesis, easy derivation, and adjustable structures bene-
fitting to achieve the order-disorder movement.’®*” The two-
dimensional (2D) organic-inorganic hybrid perovskites
(OIHPs) are good representative’®>® because they have the
unique host-guest dynamic structural model that causes
organic guest cations to be thermally driven into an order-dis-
order movement in the interlayer of the inorganic rigid host-
framework. Simultaneously, the relevant molecular motion
can induce SPT, further obtaining ferroelasticity.*** In par-
ticular, the Ruddlesden-Popper (RP) type 2D hybrid perovs-
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kites exhibit a higher probability to achieve SPT due to the van
der Waals (vdW) layers.>*** This is because the vdW layers
denote the weak interactions between the tightly packed
organic cations reducing the motional energy barrier required
for SPT.*738

Therefore, combining the 2D RP hybrid perovskites and a
molecular rotor will provide a new avenue to realize ferroicity
and a large dielectric anomaly response (Scheme 1). Herein,
we designed a 2D RP hybrid perovskite ferroelastic crystal 1
[(TFCA),CdCl,] (TFCA = 2-fluoro-1-amino-pyrrolidium) with a
characteristic molecular rotator structure. It consists of hydro-
gen-bonded polar organic rotors and inorganic layered stators.
The variable temperature X-ray diffraction crystal structure and
solid-state nuclear magnetic resonance (ss-NMR) spectra reveal
that the thermal-driven fast rotation of the polar rotor triggers
the ferroelasticity of 1. Meanwhile, the fast dynamics of the
dipoles result in a large dielectric switching response (&'srrp/
€prp > 100 at 1 MHz). This study provides a new platform for
building novel molecular rotor functional materials.

Results and discussion
Structural phase transition

Compound 1 is a transparent plate crystal prepared by the
slow evaporation of the clarified aqueous solution (Fig. S17).
The powder X-ray diffraction (PXRD) patterns confirm the pure
phase of crystal 1 (Fig. 1a). In addition, thermogravimetry (TG)
was used to evaluate the thermal stability of 1. The results are
shown in Fig. S2,T indicating that this hybrid molecular crystal
is stable up to 443 K. The reversible structural phase transition
(SPT) of 1 was preliminarily confirmed by differential scanning
calorimetry (DSC) measurements (Fig. 1b). There is an obvious
pair of endothermic/exothermic peaks around 402/369 K
during the heating/cooling process. This proves the true SPT of
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Scheme 1 The design of a 2D RP hybrid perovskite molecular rotor
with fast-rotating dipoles.
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Fig.1 (a) PXRD patterns of 1 at 293 K. (b) DSC curves of 1 at
340-420 K.

1. Besides, the thermal hysteresis (33 K) indicates that the SPT
of 1 has the characteristics of first-order phase transition.

Crystal structures

In order to reveal the mechanism of the SPT, the crystal struc-
tures of 1 at 323 K and 423 K were collected and analyzed. In
general, this hybrid molecule crystal belongs to a two-dimen-
sional (2D) RP hybrid perovskite structure in which the octa-
hedral 2D inorganic layer is constructed by anions (Cl7) and
metal ions (Cd*"). Cationic TFCA rotor arrays with a van der
Waals layer are located in the interlamination of the 2D layer
(Fig. S37). In addition, the 2D inorganic anion framework is
formed through angular shared [CdClg]*". Besides, the organic
cation rotors occupy the cavities constructed by the slightly
twisted octahedron through hydrogen bond interactions.

In the low-temperature phase (LTP) 323 K, 1 crystallizes in
the orthomorphic system (Pbcn space group) with a cell para-
meter of a = 8.3356(4) A, b = 7.5132(4) A, ¢ = 27.2065(12) A, V =
1703.86(14) A® (Table S1t). TFCA cations are fixed in a twisted
2D anionic inorganic layer by hydrogen bonding (Fig. 2a). The
static TFCA formed three kinds of hydrogen bonds with chlor-
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Fig. 2 (a) Dipole rotor TFCA reorientation and interaction changes of 1
between 323 K (LTP) and 423 K (HTP). (b and c) The molecular structural
packing model in LTP and HTP of 1 (some of the hydrogen atoms have
been omitted for clarity).
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ide ions along specific directions. And the lengths of the
hydrogen bond are 2.443, 2.449, and 2.504 A (Fig. 2a). In the
high-temperature phase (HTP) 423 K, molecular rotor 1 trans-
forms into a tetragonal system (I4/mmm space group) with a
cell parameter of a = 5.8052(10) A, b = 5.8052(10) A, ¢ = 26.729
(4) A, v =900.8(2) A*. The interactions between TFCA and the
2D anion framework change with the rotation of the dipole
rotors. It leads to four kinds of hydrogen bonds with distances
of 2.535, 2.610, 2.709, and 2.877 A (Fig. 2a). These results indi-
cate that the polar rotor rotates around the axis of the -NH;"
group (Fig. 2a). In addition, the anionic framework also dis-
plays obvious changes. In LTP, the anionic framework con-
structed by Cd®>" and CI~ is a distorted 2D layer. The angles
between Cd-Cl-Cd inside the 2D layer are 161.72°, 83.04°, and
99.50° (Fig. S47). Besides, the two chloride ions outside the 2D
layer are not perpendicular to the 2D plane. And the angles of
Cl3-Cd2-Cl4 and Cl5-Cd3-Cl6 are 98.89° and 98.79°, respect-
ively. In fact, all CI-Cd-Cl in the octahedron are not equal to
90° (Table S2t). When in HTP, the 2D framework becomes a
fully regular octahedral array, with all CI-Cd-ClI angles of 90°
(Fig. S41). More interestingly, an anomalous change is the
decrease of the distance between the 2D inorganic layers from
13.603 to 13.364 A (Fig. 2b and c), which should be attributed
to the changes in the interactions between the polar rotor and
the 2D inorganic layers. It is observed by the weakened N-
H---Cl hydrogen bond between TFCA and inorganic 2D layers
in HTP (Tables S3 and S4t). In short, variable temperature
single crystal structures of 1 reveal that the fast motions of
TFCA and the 2D anion framework distortion are the mole-
cular origins of SPT.

Dynamics of the polar rotor

The variable temperature single-crystal structures show that
the orientation of TFCA cations changes with temperature. The
dynamics of polar rotors was analyzed using the variable temp-
erature ss-NMR method. First, the 'H-*C CP/MAS NMR
spectra were performed for the polar rotor TFCA. At 300 K,
four signals could be observed at 23.5, 32.5, 59.8, and
97.5 ppm. These correspond to C1-C5 (C2 and C5 are the
same signals) in the dipole rotor (Fig. 3a and b). No obvious
changes could be observed below 380 K, which indicates that
the molecular motion remains unchanged. When the tempera-
ture rises to 400 K, the signals greatly weakened and almost

®) 'H-3C CP/MAS NMR © 13C SPIMAS NMR

420K
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Fig. 3 (a) The rotating motion mode and C atoms naming and corres-
ponding chemical shift of polar rotor TFCA. (b)*H-*C CP/MAS NMR
spectra of 1 around 300-420 K. (c) *C SP/MAS NMR spectra of 1 at the
range of 300-420 K.
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disappeared at 420 K. In the "H-"C CP/MAS NMR method,
signal intensity is based on the "H-"C dipolar interactions. In
fact, the dipole interactions could be suppressed by the fast
dynamics of the detected atom pairs. Thus, the disappearance
of the signals at 400 K illustrates the fast dynamics of the
polar rotors corresponding to the previous experimental
results. In addition, the "*C single pulse excitation (SP/MAS)
NMR method was also performed to check the dynamics of
the rotors. The *C SP/MAS NMR spectra were shown in
Fig. 3c. Almost no signals of the "*C atoms could be observed
at low temperatures (below 380 K). The absence of the '*C
signals should be due to the long spin-lattice relaxation (T
relaxation) and the short recycle delay time (D1 = 2 s) used in
the experiments. As the temperature rises to 400 K, the inten-
sity of C3, C1, and C2/C5 signals are extremely enhanced and
finally turned into strong and narrow signals. The increase in
the signal intensity accounted for the decrease in the *C T,
relaxation time.*® According to Bloembergen-Purcell-Pound
(BPP) theory, the molecular motion is comparable to the T;
relaxation time.*° Thus, the decrease of **C T; relaxation time
indicates the fast dynamics of the *C atoms. This result indi-
cates that the polar rotors have a fast motion at high tempera-
tures. Notably, the signals of C4 show no obvious changes
during the whole range from 300 K to 420 K, indicating that
the C4 atom should be in a relatively immobile state. Thus, the
solid-state NMR results reveal that the polar rotors rotate fast
around the axis of the N-C4 bond (Fig. 3a), which matches the
disordering state of the single-crystal structure.

Dielectric response

The local freezing and rotation of polar components under
heat stimuli induce changes in macroscopic physical pro-
perties, such as dielectric constant, which are designed for
dynamic functional materials.>'®** The dielectric constant
can be expressed as, ¢, = ¢’ — ie”, where ¢’ and ¢" represents the
real part and imaginary part, respectively. Thus, we performed
the temperature-dependent changes of the dielectric constant
at the range of 320-430 K. The real and imaginary parts of the
dielectric constant show large stepped and A-like anomalies,
respectively, confirming the rotating motion of the polar
dipoles (Fig. 4a and b). In addition, the ¢ and &" values
decreased with increasing frequency (0.5, 1, 5, 10, 100 kHz,
and 1 MHz), indicating that the permittivity of compound 1
was frequency-dependent. More importantly, 1 displayed an
extremely large dielectric switching response. In the high fre-
quency of 1 MHz, the ¢’ value was greater than 700 in the HTP
and less than 7 in the LTP (Fig. 4c). In other words, compound
1 has a large dielectric switching ratio, &'yrp/€'trp > 100, which
is extremely rare among 2D organic-inorganic hybrid ferroelas-
tics because most of them exhibit low dielectric responses
(¢'wrp/€'Lrp < 50) (Table 1).>° According to the fundamental
dielectric theories, the dielectric response depends on the
molecular structure, temperature, and the frequency of the
electric field when an AC field is applied. In fact, the orien-
tation of molecular dipoles is slower compared to the distor-
tional polarization (relative displacement/deformation of

This journal is © the Partner Organisations 2023
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Fig. 4 The dielectric anomaly measurement of polycrystalline samples
of 1. (a) ¢ at different frequencies upon heating. (b) ¢" at different fre-
quencies upon heating. (c) ¢ and ¢ at 1 MHz. (d) After 10 switching
cycles at a frequency of 25 kHz, the value of the dielectric constant
shows a sensitive switchable with no decrease.

Table 1 The comparison of dielectric switching ratio at 1 MHz between
ferroelastic 1 and the selected 2D organic—inorganic perovskites

Formula® &'yrpl€'Lrp Ref.
(C3H5CH,NH;),[MnCl,] <2 41
[CsHoNH;],Cd;Cly, <2 42
(1AA),PbCl, < 43
[2,5-DCA],-[CuCl,] <2 44
(N-Methylcyclohexylaminium),Pb;I,0 <2 45
[C4HoN],[PbBr,] <2 46
[3,3-Difluorocyclobutylammonium],CuCl, <2 47
(R-3AMP)PbBr, <2 48
(DPA),AgBiBryg <2 49
(N-Methylcyclohexylaminium),Pbsl;o <2 50
(EA)4Pb;Cly, <5 41
(C4HgNH;),PbCl, <6 52
NH;(CH,);NH,;MnCl, <6 53
(PEA),CdCl, <6 54
(HQ),KEu(NO;), <8 55
(EATMP)PbBr, <8 56
(R3HQ),KCe(NO;), <10 57
[Br(CH,);NH;],PbBr, <20 58
(4,4-Difluoropiperidinium),AgBilg <45 59
(TFCA),CdCl, >100 This work

“IAA = isoamylammonium cation; 2,5-DCA = 2,5-dichloroamylamine;
3AMP = 3-(aminomethyl)-piperidine; DPA = 2,2-dimethylpropan-1-
aminium; EA = ethylammonium; PEA = phenethylamium cation; HQ =
quinuclidine; EATMP = (2-aminoethyl)-trimethylphosphanium; EATMP
= (2-aminoethyl)trimethylphosphanium; R3HQ = rac-3-hydroxylquinu-
clidinium; TFCA = 2-fluoro-1-amino-pyrrolidium.

charges under the action of an electric field). As a result, the
achieved polarization is incomplete and uniform due to the
interference of the thermal motion. This means that the
dielectric response will reach an equilibrium state when the
electric field is applied for a long time (low frequency). Then
the dielectric permittivity accomplishes its maximum value
corresponding to the maximum polarization.®®
high-frequency electric fields, there is no necessary time for

In contrast, in

the reorientation of dipoles. Thus, polarization only contains
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the contribution of distortional effects resulting in a low value
of dielectric permittivity. Therefore, crystal 1 displaying a large
dielectric anomaly around 7. even at a high frequency (1 MHz)
should be attributed to the fast thermal driven free rotary
motions of the fluoro-substituted polar dipole rotor.'*** This
is because the fast dynamics of dipoles means the dipoles reor-
ientation could match with the external electric field frequency
resulting in a large dielectric response. In short, these reveal
that a 2D RP hybrid perovskite with a van der Waals layer
combing fast rotating polar rotors is an effective avenue to
achieve a large dielectric anomaly. Further, the dielectric
switch of compound 1 was investigated by repeated heating/
cooling, ie. the transition between high dielectric states
(switch “ON”) and low dielectric states (switch “OFF”). As
shown in Fig. 4d, the temperature-triggered dielectric switch
can be switched sensitively near the T, and the value of dielec-
tric permittivity hardly attenuates during the 10 heating-
cooling cycles. These results show that the hybrid molecule
crystal 1 has a sensitive dielectric switch and excellent fatigue
resistance, indicating good potential applications in the bulk
capacitor dielectric materials.

Ferroelasticity

According to the changes in the symmetry of 1, we found that
this hybrid molecule may belong to a ferroelastic crystal.
Because the space group change conforms to one of the 94 fer-
roelastic phase transitions, which can be labeled as Aizu
symbol 4/mmmFmmm.>*°" In fact, the orthogonal lattice of
LTP is in a low symmetric ferroelastic phase with 8 symmetric
elements (E; C,; C'5; C"5; i; on; oy; 0y), while the tetragonal
lattice of HTP is a higher symmetric paraelastic phase with 16
symmetric elements (E; 2C4; Cy; 2C'5; 2C"5; T; 2545 on; 20, and
204). That is the ferroelastic phase of 1 has two orienting
states.*"”®> Thus, the spontaneous strain &, calculated for the
ferroelastic phase based on cell unit parameters at 323 K (ag,
by, ¢¢) and 423 K (ap, by, ¢p) is 0.071 (see ESIT). This surpasses
the reported 2D RP hybrid perovskites (C3H;CH,NH;),[MnCl,]
(0.038) and (C3H5CH,NH;),[CdCl,] (0.036).*" It also indicates
that the molecular rotor ferroelastic crystal 1 has good poten-
tial in the field of mechanical force devices.

Ferroelastic crystals along with birefringence properties
exhibit bright and dark patterns in orthogonally polarized
light due to the different orientations of the ferroelastic
domain. In addition, the evolutions of domains near T, are
characteristic to ferroelastic crystals. Therefore, the ferroelastic
domains of the massive crystals of 1 during heating/cooling
were performed through polarization optical microscopy
(Fig. 5A-H). At 343 K, the morphology of the plate crystals of 1
is independent of its ferroelastic domains with clear crisscross
ferroelastic domain structures under polarized light (Fig. 5A
and B). Furthermore, during the heating and cooling process,
the ferroelastic domains present dynamic changes. When the
temperature rises to T., the domain structure in HTP comple-
tely disappears and the crystal morphology turns into black
under polarized light (Fig. 5C and D). At the same time, the
crystal morphology under natural light is consistent with LTP

Inorg. Chem. Front,, 2023, 10, 5082-5088 | 5085
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Fig. 5 Evolutions of the ferroelastic domains under the polarizing
microscope. (A) Natural optical microscope image for a single crystal of
1 in LTP, (B—D) evolutions of the ferroelastic domain structure for 1 in
the heating, (E) natural optical microscope image for single crystal 1 in
HTP, (F-H) and ferroelastic domain evolutions of 1 in the cooling
process.

(Fig. 5E). The ferroelastic domain structure reappeared when
the temperature cooled below T.. Furthermore, the domain
structure gradually increased and became clear and bright
with the decrease in temperature (Fig. 5F and H). In addition,
the ferroelastic domain evolution during two cycles of heating/
cooling is completely recorded by the video showing the com-
pletely reversible evolution process (ESI moviet). These pieces
of evidence reveal that 1 is a ferroelastic crystal, indicating its
potential applications in force-sensitive devices, such as
actuators.

Conclusions

In summary, we designed a 2D RP organic-inorganic hybrid
perovskite with vdW layers of weak molecular interactions as a
platform for constructing molecular rotor material. In
addition, the thermal-driven fast-rotating motion of the polar
rotors induces ferroelasticity. Remarkably, the rapid rotary
motion of the dipolar rotor is accompanied by a large dielec-
tric response that causes a dielectric switching on-off ratio of
more than 100 (¢'yrp/e'Lrp > 100 at 1 MHz). This study provides
a new opportunity to explore and design novel dynamic func-
tional molecular materials.
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