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Dielectric switches play an important role in electrical and electronic devices. Here we report a unique
class of cage-like hybrid rare-earth perovskites, (i-PrNHMe;)>[RbLN(NOs)g] (Ln = La, Ce, Nd or Sm),
capable of functioning as temperature-responsive multiple dielectric switches. The strategic incorporation
of a conformationally flexible sphere-like guest (i-PrNHMe,)* cation into the cage-like perovskite frame-
work is in favor of the occurrence of hierarchical guest dynamics accompanied by stepwise phase tran-
sitions, leading to seldom observed multiple dielectric switching of “Low < High < Low « High" upon
heating. Furthermore, the utilizing of lanthanide contraction or rare-earth doping allows for fine tuning of
the switching temperature. In addition, multiaxial ferroelasticity is found in these perovskites. Overall, this
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Introduction

Dielectric switches, as a unique type of electrically polarizable
materials, are capable of reversibly modulating an electrical
signal between two distinct dielectric states triggered by exter-
nal thermal, mechanical, or optical stimuli. Such a reconfigur-
able function renders them ideal candidates for use in smart
stimulus-responsive system, sensing technology, and signal
storage.”® While mechanically activated dielectric switches,
known as piezoelectrics, have played crucial roles in contem-
porary electrical and electronic devices, their temperature-
driven counterparts are less developed but have aroused a
growing interest in recent years.'* >*
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study provides a good approach for the design of temperature-tunable multiple dielectric switches.

From the perspective of polarization mechanism, tempera-
ture-driven dielectric switching in crystalline molecule-based
materials usually stems from the variation of a dipole unit
from frozen to thermally activated, or an alteration of its
rotational dynamics that is often accompanied by a structural
phase transition. The switching temperatures (7s) in most of
these switches are restrictively fixed at the phase transition
temperatures. Nevertheless, for practical application, dielectric
switches with multiple and/or adjustable T are more desirable
yet challenging to achieve. To overcome this deficiency, we
noticed that cage-like hybrid double perovskites (especially the
rare-earth double perovskites),>>>° as a well-known class of
phase-change compounds, may be good targets for the design
of temperature-tunable multiple dielectric switches. As shown
in Chart 1, three combined approaches may be implemented
to afford such switches in the hybrid rare-earth perovskite
system. Firstly, a guest cation with flexible and diverse confor-
mations, regulated by different degrees of rotational energy
barrier in the cage-confined space, is more preferable to
exhibit hierarchical molecular dynamics. Also, a sphere-like
characteristic is considerable, which is conducive to structural
phase transition according to the “quasi-spherical theory” pro-
posed by Xiong et al.*>*' Secondly, we aim to further tune the
T, through the lanthanide contraction effect of rare-earth ions,
a systematic decrease in ionic radii across the lanthanide
series.*”** Thirdly, considering the similarity of lanthanide
ions, an effortless solutionizing strategy, i.e., the doping of
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Chart 1 Triply combined approach for the design of temperature-
tunable multiple dielectric switch in cage-like hybrid rare-earth
perovskites.

different rare-earth ions within these rare-earth perovskites,
can also be employed to effectively tune the Ts.

Till now, only one single phase transition at most was
observed for the reported cage-like hybrid rare-earth
perovskites.>*° The reason may be due to the lack of confor-
mational flexibility/diversity for the incorporated ammonium
guests within these perovskites. Here we adopt (Me,HC-
NHMe,)", ie. (i-PrNHMe,)" cation, which exhibits a flexible
“C-N” core with a highly variable torsion angle 0y ¢, as a
conformationally flexible sphere-like guest,*®™*® to induce step-
wise phase transitions in the hybrid rare-earth perovskite
system. With this strategy, we synthesized a series of hybrid
rare-earth perovskites composed of trivalent rare-earth ions
and monovalent alkali Rb" ions, namely, (i-PrNHMe,),[RbLn
(NO3)] (Ln = La, 1; Ce, 2; Nd, 3; Sm, 4). Further studies
revealed that 1 is a two-step dielectric switch and the iso-
morphic 2-4 function as three-step dielectric switches due to
the hierarchical guest dynamics, which are sensitively tuned
by lanthanide contraction as well as lanthanide doping.

Results and discussion
Thermal analyses of 1-4

The thermogravimetric analyses of 1-4 show that they are
stable up to at least 450 K (Fig. S1f). DSC measurement was
used to detect the possible phase transitions. As shown in
Fig. 1, the DSC curves of 1 exhibit a pair of endothermic/
exothermic peaks at heating/cooling run, revealing that it
undergoes a reversible phase transition at 7. For convenience,
we label the phases below/above T; as 1a/1y phase, respect-
ively. In contrast, two reversible phase transitions at 7; and T,
are recorded for all of the homogeneous 2-4. In other words, a
metastable intermediate phase emerges in 2-4. For conven-
ience, we label the phases of 2-4 below T; as a phase, between
T, and T, as P phase, and above T, as y phase. As shown in
Table S1,T the phase transition temperatures of 7, for 1-4 are
roughly similar (282-287 K for heating process), while those of
T, for 2-4 on heating run decrease from 258 K to 229 K, and
further to 206 K. For all of these transitions, they belong to a
first-order phase transition, with moderate thermal hysteresis
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View Article Online

Research Article

1.21 lo | 1y
Heating
0.0 =——
Cooling
—1.21 \j
: . . S L
| 2| 2y
0.9 TEndo 20— 28 JK
&0 0.01 wp  K*E
Exo
%—0.9- l 20«2 2\ 2y
z *
o T T T T T T
= 33
= _ Y
£ 9% o, Se 238 JK
0.01 . % Hk
o8 2 3e<3p
: 3pV 3y
T T T T T * T
| 4p | 4y
02 do 2 4P Ajkk
0.0 *k ok
~0.5{ 40— 4V

175 200 225 250 275 300
T (K)

Fig. 1 The DSC measurement of 1-4 in a heating—cooling cycle.

of AT, between the heating and cooling runs for 1-4 (ca.
3-4 K) and relatively large thermal hysteresis of AT, for 2-4
(about 13, 20, and 26 K, respectively).

Stepwise phase transitions of 2 and its crystal structures in
three phases

To understand the phase transitions detected by DSC measure-
ment, single-crystal X-ray diffraction was performed for 1-4. It
was uncovered that 1-4 are isomorphous and the last three
have similar phase transition behavior (note: different to 2-4
which contain o/f/y three phases, 1 only features a/y two
phases), hence here only the structure of 2 is discussed in
detail as a representative. Compound 2 crystallizes in the
space group C2/m at 173 K (a phase), R3m at 273 K (p phase),
and Fm3m at 293 K (y phase), respectively (Table S21). The
crystal structure of 2 can be roughly described as an organic-
inorganic hybrid double perovskite, with a general formula of
A,(B'B")Ys (A = monovalent organic cation, B’/B” = mono-
valent/trivalent metal cation, arranged orderly and alternately
over two types of B sublattices, and Y = monovalent anionic
bridging ligand), which 1is topologically similar to
(RM3HQ),RbLa(NO;), reported by Zhang and Ye, et al.** The
Ce®" center here is twelve-coordinated by six bidentate chelat-
ing NO;™ ions, while the Rb" ion is surrounded by six O atoms
from six NO;~ ions. For each NO;™ ion, it bidentately chelates
with one Ce®" ion and further bridges with a Rb* ion through
its third O atom, which acts as an end-to-end bridging ligand
between the Ce®* and Rb" ions. The interconnection of Ce*
and Rb" ions by the bridging NO;~ ligands leads to a three-
dimensional cage-like framework, with per (i-PrNHMe,)"
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Fig. 2 Cage units and packing diagrams of 2 at 173 K (« phase), 273 K (B phase), and 293 K (y phase), respectively. The (i-PrNHMe,)* and NOz~ ions
exhibit varying degrees of disorder in all phases. H atoms are omitted for clarity.

cation residing in a cage unit (Fig. 2). Each [Ce, sRb, 5(NO3)s]”
cage unit is enclosed by twelve Ce—(NO3)-Rb fragments, with a
length of ~7.0 A.

The driving force for the structural phase transition of 2
can mainly be attributed to the different degrees of disorder of
the (i-PrNHMe,)" and NO;~ ions in its three phases. In 2a, 2f
and 2y phases, the (i-PrNHMe,)" ion features 2-, 6- and 24-fold
disorder, respectively, while the NO;™ ion exhibits 2-, 2- and
8-fold disorder, respectively (Fig. 2). The synergic disorder of
these components leads to symmetry breaking in the perovs-
kite-like structure, with the total symmetric elements of the
crystallographic point group increasing from 4 (E, C,, i, oy,) in
20 phase to 12 (E, 2Cs, 3C,, i, 2S¢, 30,) in 2f phase, and
further to 48 (E, 8Cs, 3C,, 6C', 6Cy, 1, 8S¢, 30n, 604, 6S4) in 2y
phase. Correspondingly, the occupancy factors for both Ce**
and Rb" ions in the three phases are reduced from 1/4 (2a
phase) to 1/12 (2p phase), and further to 1/48 (2y phase). Each
pair of the 2-fold disordered (i-PrNHMe,)" ions in 2« phase are
related by a mirror symmetry, and six of the 6-fold disordered
(i-PrNHMe,)" ions in 2p phase are related by Cj;, symmetry,
while twenty-four of the 24-fold disordered (i-PrNHMe,)" ions
in 2y phase are related by T4 symmetry. Overall, the organic—-
inorganic hybrid hetero-metallic perovskite structures in 2e,
2f and 2y phases are characterized by symmetries of Csy, D3q
and Oy, respectively.

Multiple dielectric switching of 2 and the related mechanism

The above-mentioned varied disordered state of the guest
(i-PrNHMe,)" ion in 2 upon thermal stimulation strongly sig-
nifies that it is swingable or rotatable in the cage-confined
space, which should cause a sensitive dielectric response
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owing to its changing orientation polarization under an AC
electric field. We thus performed the variable-temperature
dielectric measurement on the powder-pressed pellet sample
of 2, with its complex permittivity ¢* (¢’ — ie”, where &' and &”
are the real and imaginary parts, respectively) being measured
over a frequency range from 0.5 to 1000 kHz. As shown in
Fig. 3, from 100 to 340 K, the dielectric constants under all test
frequencies switch from a dielectric-inactive region I (roughly
below 153 K, 2o phase) to a dielectric-active region II
(153-253 K, 2a phase), followed by another dielectric-inactive
region III (253-285 K, 2p phase), and culminating in a new
dielectric-active state IV (above 285 K, 2y phase). It is worthy of
note that the dielectric-inactive phenomena in regions I and
III are distinct in essence (vide infra). In region II, the ¢ and &”
both show notable frequency dispersion, which can be expli-
cated in terms of the dielectric relaxation of a swingable
(i-PrNHMe,)" ion. The peak maxima of &” are recorded at
the increasing temperatures (Tpear) from 180 to 248 K for
the increasing f “0.5 — 250 kHz”. Overall, a seldom observed
pattern of multiple dielectric switching characterized by
the transitions of “Low < High < Low < High” was revealed
in 2.

From the perspective of molecular dynamics, region I is
indicative of a “frozen” state for the (i-PrNHMe,)" ion, where
its motion is significantly restricted. In contrast, region II
corresponds to a swingable (i-PrNHMe,)" ion between bis-
table states, exhibiting an increase in motion frequency from
10" to 10° as temperature rises. For region III, the
(i-PrNHMe,)" ion is in a more disordered, swing state, crystal-
lographically characterized by 6-fold disorder. This state is
marked by a motion frequency substantially exceeding 10°

This journal is © the Partner Organisations 2024
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Fig. 3 Temperature-dependent ¢ and ¢” of 2 at various AC frequencies
and the related switchable guest dynamics.

a rate too rapid to be responded by the applied AC frequency.
Transitioning into region IV, the (i-PrNHMe,)" ion enters a
fully rotating state, distinguished crystallographically by a
24-fold disorder. At this stage, the alteration in motion mode
results in an increased rotational energy barrier, conse-
quently reducing the motion frequency to below 10°. This
change brings the (i-PrNHMe,)" ion back to a dielectric
responsible state.

To deeply characterize the dielectric relaxation in region II,
the ¢* was further measured as a function of f at a series of
constant temperatures. The results uncover that there exists a
single relaxation process, which can be fitted by a Havriliak—-
Negami equation:*® e* = e, + (& — £00)/{[1 + (iw7)* P} (0 < @,
B < 1), where w is the angular frequency, 7 is the relaxation
time, a/f are related to the distribution of relaxation time, and
&s/es are the low/high-frequency limits of dielectric permittiv-
ity, respectively. The resultant fitted parameters (Table S67)
and fitted curves (Fig. 4a) match well with the experimental
data.

The parameter ¢, as the contribution of ionic polarization
apart from electronic polarization, almost remains constant
upon heating, suggesting that the electrostatic binding force
between the cage-like [RbCe(NO;)s]*~ framework and the
embedded (i-PrNHMe,)" ion changes little with rising tempera-
ture. The relaxation in region II is mainly attributed to
the dipolar polarization of the dynamically disordered
(i-PrNHMe,)" ion. The increasing &; upon heating means that
the continuously strengthened molecular thermal motion of
the disordered (i-PrNHMe,)" ion promotes the dipolar polariz-
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Fig. 4 Frequency-dependent ¢ and ¢" for 2 at selected temperatures
from 143 to 253 K in an increasing step of 10 K (a), and the Cole—Cole
diagrams are plotted as a series of arcs to show the relationship
between ¢ and ¢” (b). Solid curves represent the fit of the experimental
data to the Havriliak—Negami equation.

ation. The value of a is roughly in the range of 0.1-0.2,
suggesting a polarization mechanism with non-single relax-
ation time, and the value of f gradually deviates from 1.0
above 213 K can be mainly ascribed to the thermally enhanced
interaction between the host [RbCe(NO;)¢]*~ framework and
the guest (i-PrNHMe,)" ion. Upon heating, the relaxation time
7 turns short from 8.9 x 10™* s at 143 K t0 9.0 x 10~ s at 243 K.
The relaxation process can also be intuitively demonstrated by
the so-called Cole-Cole formalisms (¢’ vs. ¢”) drawn in an
Argand diagram, which are plotted as a series of arcs (Fig. 4b).
The relaxation times 7z obey the Arrhenius equation: 1/ =
g exp[—Ea/(kgT)], where w, is a pre-exponential factor, E, is an
activation energy, and kg is the Boltzmann constant. By line-
arly fitting the plots of 1000/T vs. In(1/7) (Fig. S4t), an w, of 2.6
x 10'° 7!, and an E, of 0.21 eV, were estimated for this relax-
ation. Such a relatively low energy barrier can mainly be
ascribed the near-spherical (i-PrNHMe,)" ion with a flexible
“C-N” core.

Temperature-tunable dielectric switching regulated by
lanthanide contraction or rare-earth doping

As implied in the above-mentioned DSC measurement, the T
of the multiple dielectric switch 2 may be sensitively tuned by
lanthanide contraction. Thus, a detailed comparison of the
temperature-dependent multiple dielectric switches of 1-4 at
various AC frequencies is performed and depicted in Fig. 5.
With a steady decrease in the size (ionic radii) of the rare-earth

Inorg. Chem. Front,, 2024, 1, 5336-5344 | 5339
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Fig. 5 Comparison of the temperature-dependent multiple dielectric
switches 1-4 at various AC frequencies. For display detail, see Fig. 3.

ions from 1 to 4 (ie., 1.061, 1.034, 0.0995, and 0.0964 A for
La**, ce®", Nd**, Sm*®", respectively), a dramatic confined effect
is realized in such a hybrid rare-earth perovskite system. The
temperature ranges of metastable f phase in 2-4 increase from
254-285 K to 218-289 K, and to 191-289 K. Overall, the utiliz-
ing of lanthanide contraction allows for the fine-tuning of Ts.
To further tune the Ty of the multiple dielectric switches
within these hybrid rare-earth perovskites, exemplary lantha-
nide doping experiments between 1 and 3 are performed in a
wide range of doping ratio. The PXRD measurements of these
doping samples show that continuous solid solutions can be
readily formed between them (Fig. S61). The comparison of
the DSC curves (Fig. S31) as well as the variable-temperature
dielectric spectra for 3 and its lanthanum-doped solid solu-
tions (Fig. S4t) clearly illustrated that the phase transition
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temperature 7; in 3 can be continuously tuned via lanthanum
doping (for instance, from 218 K in 3 to 266 K in
(i-PrNHMe;,),[Rb(Lay sNdg 5)(NO3)s], while the T, has hardly
changed). Such distinct effects can be explained as follows: in
the high-temperature phase, the nitrate ligand is highly dis-
ordered with significant atomic thermal vibrations, which
results in a relatively loose perovskite-like coordination frame-
work, making the influence of rare-earth ion radii on the struc-
ture less noticeable. For the low-temperature phase, the atomic
thermal vibrations of nitrate ligand are weakened substan-
tially. Consequently, the perovskite-like coordination frame-
work becomes more inflexible, which should be sensitively
influenced by the size of rare-earth ion. Thus, the effect of
lanthanide contraction or doping is more pronounced for the
low-temperature phase than the high-temperature one.

Multiaxial ferroelasticity in 1-4

The phase transition from 1y to 1o is theoretically ferroelastic,
characterized by the Aizu notation “m3mF2/m”,>® with up to 12
equivalent ferroelastic directions. To investigate its ferroelastic
characteristics, polarized light microscopy was employed to
examine the variable-temperature evolution of the ferroelastic
domain on a single crystal of 1. Due to the birefringence
effect, the ferroelastic domain can exhibit contrasting light
and dark patterns under orthogonally polarized light. As
shown in Fig. 6a, in the paraelastic 1y phase, no observable
domains are present at 300 K. However, upon cooling to the
1o phase at 240 K, the image becomes darker, indicating the
emergence of multiple domain patterns. Similarly, the tran-
sitions of f - o and y — f in 2, 3 and 4 are also theoretically
ferroelastic, with Aizu notations of “3mF2/m” and “m3mF3m”,
respectively, and the number of equivalent ferroelastic direc-
tions for these transitions are 3 and 4, respectively. Fig. 6b-d
demonstrate that in the paraelastic y phase at 300 K, no
domains are visible. Cooling to the P phase leads to the
appearance of ferroelastic domains. Further cooling to the o
phase darkens the image under the polarizing microscope
owing to increased domain formation. Overall, the thermal
reversibility of these domain patterns during a consecutive
cooling-heating cycle confirms the presence of ferroelasticity
in the o and P phases of these hybrid rare-earth perovskites.

Experimental
Materials and methods

All chemicals were obtained from commercial sources and
used without further purification. FT-IR spectra were recorded
on a Nicolet 6700 FT-IR spectrometer using KBr pellets from
4000 to 400 cm™". Powder X-ray diffraction (PXRD) patterns
(Cu-Ka) were collected on a Rigaku MiniFlex600 6-20 diffract-
ometer. Thermogravimetric analysis (TGA) was carried out on
a TA Q50 system at a heating rate of 10 °C min~" under a dini-
trogen atmosphere. Differential scanning calorimeter (DSC)
measurements were performed by heating and cooling the
powder sample on a TA DSC 250 instrument, at a rate of 10 °C

This journal is © the Partner Organisations 2024
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min~". The complex permittivities were measured under a

nitrogen gas atmosphere, using a Tonghui TH2828A LCR
meter in a Mercury iTC cryogenic environment controller of
Oxford Instrument, and the samples were ground and pressed
into tablets under a pressure of 3 MPa. Energy dispersive X-ray
spectroscopy (EDS) elemental mapping was carried out on a
ZEISS EVO10 scanning electron microscope (SEM).
Photoluminescence analysis was performed on an Edinburgh
FLS980 fluorescence spectrometer.

Syntheses of 1-4

In a 50 mL beaker, RbNO; (5.0 mmol), La(NO;);-6H,0
(5.0 mmol) and (i-PrNHMe,)NO; (10.0 mmol) were dissolved
in H,O (18 mL). The resultant clear solution was allowed to
stand at room temperature. Three days later, colorless block-
shaped crystals of 1 were deposited from the solution, in a ca.
87% yield based on La. IR data (KBr, cm™"): 3424(s), 2984(m),
2738(m), 2369(m), 1635(s), 1380(vs), 1335(s), 1156(m),

This journal is © the Partner Organisations 2024

1039(m), 931(m), 826(s), 742(m). When a similar procedure
was performed but with Ce(NO;);-6H,0/Nd(NO3);-6H,0/Sm
(NO3)3:6H,0 in place of La(NO3);-6H,0, block-shaped crystals
of 2/3/4 were obtained. The PXRD for the bulky crystals of
them indicated that their experimental patterns match well
with the simulated ones (Fig. S51).

Syntheses of the molecular solid solutions of 1 and 3

The slow evaporation of the aqueous solution of 1 and 3 at
308 K, in the mixing ratios of x: (1 — x), afforded the molecular
solid solutions (i-PrNHMe,),[Rb(La,Nd,_,)(NO3)s] in 100%
yield, where x = 0.2, 0.35 and 0.5, respectively. The PXRD for
these doping samples displayed that their experimental pat-
terns match well with the patterns of 1 and 3 (Fig. S6t). The
relative contents of La and Nd in these molecular solid solu-
tions were semi quantitatively checked by SEM-EDS (Fig. S71),
showing that the ratios of La and Nd in them are roughly equi-
valent to the proportion of the starting experimental materials

Inorg. Chem. Front,, 2024, 11, 5336-5344 | 5341
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(for x = 0.20, 0.35, and 0.50, the corresponding Xmapping are
about 0.26, 0.40 and 0.55, respectively).

Luminescent property of 4

The solid-state luminescent spectra of 2-4 were investigated at
room temperature. Under excitation of 403 nm, compound 4
displays the characteristic emission bands for the samarium
(m) ion (Fig. S87): two sharp emission bands at 561 nm (*Gs/,
— °Hsj;) and 595 nm (*Gs, — °Hyp,), respectively, and a
middle emission band at 641 nm (*Gs;, — ®Hyy,) as well as a
weak band at 704 nm (*Gs;, — ®Hyy)5). For 2 and 3, only some-
what weak emissions were detected.

Single-crystal X-ray crystallography

The in situ variable-temperature single-crystal X-ray diffraction
intensities for 2 at 293/273/173 K and those for 1/3/4 at 293 K
were collected on a Rigaku synergistic diffractometer equipped
with a graphite-monochromated Mo-Ka radiation (4 =
0.71073 A), respectively. Absorption corrections were applied
by using multi-scan program CrysAlisPro.”® The structures
were solved by direct methods and refined using full-matrix
least-squares technique with the SHELX program package.’>
All  hydrogen atoms were generated geometrically.
Crystallographic data and structural refinements for 2 at 293/
273/173 K, 1 at 293/223 K, and 3/4 at 293 K are summarized in
Tables S2 and S3,f respectively. Selected bond lengths are
listed in Tables S4 and S5,f respectively. CCDC numbers
2353399, 2353482-2353484, and 2353693-23536957 contain
the supplementary crystallographic data for 1-4 in this paper.
Note: the collection of low-temperature crystallographic data
for 3 and 4 failed because the peaks of single-crystal diffraction
became complicatedly multiple (from single to more than 6)
after phase transition. This occurrence may be caused by the
internal stress during the multiaxial ferroelastic phase tran-
sition, which gradually increased as the cage’s size decreased
progressively from 1 to 4.

Conclusion

In summary, our study on a series of unique cage-like hybrid
rare-earth perovskites (i-PrNHMe,),[RbLn(NO3)s] (Ln = La, Ce,
Nd or Sm), has successfully demonstrated their potential as
multiple dielectric switches with flexible temperature tunabil-
ity. The confinement of a conformationally flexible sphere-like
guest, the (i-PrNHMe,)" cation, within the perovskite frame-
work initiates hierarchical guest dynamics, facilitating step-
wise phase transitions and enabling multiple switching states
that alternate between “Low <« High < Low < High” with
heating. The adaptability of the switching temperatures can be
precisely modulated through lanthanide contraction and
doping with different lanthanide ions, highlighting their pro-
spective utility in responsive electronic devices. Furthermore,
the observation of multiaxial ferroelasticity in these com-
pounds adds to their functional versatility. Overall, the unique
hybrid perovskite system in this study offers an interesting
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platform for the exploitation of temperature-tunable multiple
dielectric switches.
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