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Multifunctional switchable materials are attracting tremendous interest because of their great ap-
plication potential in signal processing, information encryption, and smart devices. Here, we re-
ported an organic-inorganic hybrid thermochromic ferroelastic crystal, [TMIm][CuCl4] (TMIm=1,1,3,3-
tetramethylimidazolidinium), which undergoes two reversible phase transitions at 333 K and 419 K, re-
spectively. Intriguingly, these three phases experience a remarkable ferroelastic-paraelastic-ferroelastic
(2/m-mmm-2/m) transition, which remains relatively unexplored in ferroelastics. Moreover, the fer-
roelastic domains can be simultaneously switched under temperature and stress stimuli. Meanwhile,
[TMIm][CuCly] exhibits thermochromic phenomenon, endowing it with extra spectral encryption possi-
bilities during information processing. Combined with dielectric switching behavior, [TMIm][CuCl,] are
promising for practical applications in memory devices, next-generation sensors, and encryption technol-
ogy.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Multi-channel information processing and encryption capabili-
ties play an important role among a variety of smart device ma-
terials for satisfying the development needs of the mega data era
[1-3]. Switching materials, which can be switched in two relatively
stable states with different physical properties under external stim-
ulation (such as electrical, magnetic, thermal, optical, and mechan-
ical fields), are widely utilized in signal processing, intelligent de-
vices, sensors, and so on [4-17]. Bistability with switching on/off
in switching materials is beneficial to data storage and encryption
technology [18]. Bistable materials with multiple physical channels
can not only enhance the strength of information encryption but
also expand its practical application range, which would provide
more opportunities and freedom to design devices [19,20].

Organic-inorganic hybrid compounds are considered prospec-
tive candidates for switching materials due to their inherent struc-
tural flexibility, easy processability, low acoustical, and lightweight,
with great promise for next-generation ductile and wearable
devices [21-30]. The coexistence and/or coupling of dielectric-
ferroelectric, luminescence-ferroelectricc and ferromagnetic-
ferroelectric have been reported in organic-inorganic hybrid
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systems, such as MPSnBr; (MP=methylphosphonium), tetram-
ethylphosphonium tetrachloroferrate(Ill) ([(CHs3)4P][FeCly], [3.3-
difluorocyclobutylammonium],CrCly [31-41]. However, switching
materials which exhibit bistability with three or more physical
channels simultaneously are still scarce. In this context, combining
multiple physical channels into a single material remains a big
challenge.

In recent years, the design of multifunctional switching ma-
terials was injected new vitality due to “Ferroelectrochemistry”
proposed by Xiong et al. [42,43]. Inspired by “Ferroelectro-
chemistry”, we successfully obtained an organic-inorganic hybrid
thermochromic ferroelastic crystal with multi-channel switches,
[TMIm][CuCl4] (TMIm = 1,1,3,3-tetramethylimidazolidinium), which
undergoes two reversible phase transitions at 333 K (T.;) and
419 K (T,), respectively. Noteworthily, it exhibits switchable bista-
bility in three channels of dielectric, thermochromic, and fer-
roelastic properties simultaneously. [TMIm][CuCl4] can be rapidly
switched between a low dielectric state and a high dielec-
tric state, which makes it a promising candidate for dielec-
tric switching material [44-46]. More importantly, the distor-
tion of the [CuCly] tetrahedron under the thermal stimuli pro-
duces a fascinating thermochromic phenomenon, which has great
potential applications in devices such as smart windows, vi-
sual thermometers, and temperature sensors [47-49]. Intrigu-
ingly, [TMIm][CuCl,] undergoes a unique ferroelastic-paraelastic-
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Fig. 1. (a) The DSC curve of [TMIm][CuCls] measured in second heating-cooling cy-
cle. Inset: the DSC curve of [TMIm][CuCl;] measured in first heating-cooling cycle.
(b) The temperature-dependence &’ of [TMIm][CuCl4] at 1 MHz in the heating and
cooling cycle. Inset: the &’ of [TMIm][CuCly] at 5 kHz and 10 kHz in the heating.
(c) Working concept diagram of smart device in [TMIm][CuCl]. (d) The switching
cycles of the dielectric measurement for [TMIm][CuCl,].

ferroelastic phase transition, which is very rare among the previ-
ously reported types of ferroelastic transitions. Furthermore, fer-
roelastic domains can be rapidly switched by thermal stimulation
and external stress in [TMIm][CuCly]. Due to multi-channel physi-
cal switches, [TMIm][CuCl4] would be of great significance for mul-
tiplex information processing and encryption in smart devices, in-
formation storage, etc., and has potential application prospects in
the field of modern information. This work paves the way for the
development of new multifunctional switching materials.

Differential scanning calorimetry (DSC) is the primary way to
test whether the phase transition behavior occurs. In the first cy-
cle of heating and cooling, [TMIm][CuCl4] has an endothermic peak
on the heating curve and a corresponding exothermic peak on
the cooling curve (inset of Fig. 1a). Notably, a new exothermic
peak appeared at 325 K during cooling. In subsequent measure-
ments, two pairs of thermal anomaly peaks appeared at 333/320
K (T¢) and 419/410 K (T.;) as shown in Fig. 1a, accompanied
by wide thermal hysteresis, 13 and 9 K, respectively, indicating
that both phase transitions are first-order ones [50]. For conve-
nience, the phase with a temperature higher than T, is denoted
as the high-temperature phase (HTP), that between T.; and T, as
the intermediate-temperature phase (ITP), and that below T; is
recorded as the low-temperature phase (LTP). From the DSC data,
entropy changes AS; and AS, were calculated to be 8.89 and 7.45
J mol~! K-1, respectively. In accordance with the Boltzmann equa-
tion AS=RIn(N), the N values for two phase transitions are esti-
mated to be about 3.14 and 2.23, respectively, proving that both
phase transitions are order-disorder ones [51].

To further verify the phase transition behavior, we measured
the variable-temperature dielectric constant of [TMIm][CuCly] in
the temperature range of 300—450 K. As shown in Fig. 1b, the real
part &’ exhibits a pair of distinct step-like dielectric anomalies be-
tween LTP and ITP at a frequency of 1 MHz, with a gradual increase
in &’ value around T;. Then the second dielectric anomaly was ob-
served at about T, and the corresponding more obvious dielectric
peaks could be seen at 5 kHz and 10 kHz (inset of Fig. 1b). Hence,
the existence of phase transitions is proved by two pairs of ob-
vious dielectric anomalies, which are in good agreement with the
thermal analysis results.

As shown in Fig. 1d, in the vicinity of T., the region with a
relatively low ¢’ value was denoted as "OFF" (LTP), and the region
with a relatively high ¢’ value was denoted as “ON” (ITP). The rapid
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switching of the dielectric signal between temperature-controlled
high and low dielectric states reveals that [TMIm][CuCl4] possesses
good dielectric switching properties. Furthermore, good reversibil-
ity and sustainability are exhibited in long-term measurements, in-
dicating that [TMIm][CuCl4] has great potential for smart device
applications (Fig. 1c) [52,53].

To deeply study the mechanism of microstructural change,
the single crystal of [TMIm][CuCly] was measured with variable-
temperature X-ray diffraction. In the initial heating stage,
[TMIm][CuCl4] crystallizes in orthorhombic space group Pna2;
(point group mm2) at 298 K and 373 K, respectively (Table S1
and Fig. S4 in Supporting information). When the temperature ex-
ceeds Ty, [TMIm][CuCly] crystallizes in monoclinic space group
C2/c (point group 2/m) with unit cell parameters of a =14.4227(18)
A, b=7.8394(10) A, c=12.5370(19) A, B =92.499°, V=1416.84(3)
A3, Z=4. When the temperature returns to 298 K again (RTP),
[TMIm][CuCl4] crystallizes in the monoclinic space group C2/c
(point group 2/m) with unit cell parameters of a=28.8796(14) A,
b=15.5745(6) A, c=12.1945(6) A, B=91.236°, V=5483.6(4) A3,
Z=8. The relationship with the HTP cell parameters is: af™P ~
2aHTP pRTP ~ ppHTP - (RTP ~ (HTP \When heated to 373 K (ITP)
for the second time, [TMIm][CuCly] crystallizes in the orthorhom-
bic space group Pnna (point group, mmm) with unit cell pa-
rameters of a=12.2483(6) A, h=14.5106(6) A, c=7.8439(4) A,
V=1394.10(11) A3, Z=4. Entering the high-temperature phase
again, [TMIm][CuCly] still crystallizes in the C2/c space group, and
the unit cell parameters are consistent with the previous HTP. This
exactly matches with the results of the DSC test.

In RTP, as shown in Figs. 2a and d, the asymmetric unit
of [TMIm][CuCly] contains two independent [TMIm] cations, one
complete [CulCly] anion, half [Cu2Cl4] anion and half [Cu3Cl,] an-
ion. Both organic and inorganic components are in crystallographic
order. Cul, Cu2, and Cu3 atoms in special symmetry positions are
penetrated by 2-fold axes parallel to the b-axis, respectively. The
central copper ion and four chloride ions coordinate to form an
irregular tetrahedral [CuCly] anion. The unequal CI-Cu bond dis-
tances in [Cu1Cly] are distributed between 2.235(3) A and 2.254(3)
A. Six groups of independent Cl-Cu-Cl bond angles range from
96.64° to 137.64° (Table S1). The unequal CI-Cu bond distances in
[Cu2Cly] are distributed between 2.226(3) A and 2.243(2) A. Six
groups of independent Cl-Cu2-Cl bond angles range from 100.46°
to 127.98°. The unequal Cl-Cu bond distances in [Cu3Cl4] are dis-
tributed between 2.245(3) A and 2.251(3) A. Six groups of inde-
pendent Cl-Cu3-Cl bond angles range from 97.20° to 133.75° (Ta-
ble S2 in Supporting information). The CI-Cu-Cl angles in the three
[CuCly] tetrahedra deviate considerably from the normal 109°, im-
plying the distortion of the [CuCl4] tetrahedra.

In the ITP, as shown in Figs. 2b and e, the asymmetric unit of
[TMIm][CuCl] contains half a [TMIm] cation and half a [CuCl4] an-
ion. C1 atom of [TMIm] is in a special symmetry position, crossed
by a 2-fold axis parallel to the a-axis. And Cul atom is also in
a special symmetry position, penetrated by a 2-fold axis parallel
to the c-axis. The relationship between the RTP and ITP cell pa-
rameters is: 2a'T’ ~ pRTP, 2plTP ~ (RTP (TP ~ gRTP |p contrast to
RTP, [TMIm] forms a 2-fold disorder with respect to the C2 axis
parallel to the a-axis. The two independent Cu-Cl distances of the
[CuCly] tetrahedron range from 2.213(3) A to 2.226(2) A. The four
unequal Cl-Cul-Cl angles range from 96.67° to 134.96° (Table S2).
Obviously, the CI-Cu-Cl angles of the [CuCl] tetrahedra in ITP sig-
nificantly change compared to those in RTP, indicating a change in
the geometric [CuCly] tetrahedra. Therefore, the phase transition
of [TMIm][CuCl4] between ITP and RTP should be attributed to a
synergistic effect of [TMIm] cationic order-disorder transition and
[CuCly] tetrahedral anion deformation.

In HTP, as shown in Figs. 2c and f, the asymmetric unit of
[TMIm][CuCl4] contains one independent [TMIm] cation and one
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Fig. 2. The asymmetric unit of [TMIm][CuCl,] at (a) 298 K, (b) 373 K and (c) 443 K, respectively. Packing view of structures of [TMIm][CuCly] at (d) 298 K, (e) 373 K and (f)
323 K, respectively. Parts of hydrogen atoms were omitted for clarity. Symmetric code: (i) 2-X, +Y, 3/2-Z; (ii) 2-X, +Y, 1/2-Z; (iii) 1/2-X, 1-Y, +Z; (v) 1-X, +Y, 3/2-Z.

half [CuCly] anion. The [CuCly] anion is located in a special sym-
metrical position. The Cul of [CuCly] is crossed by a double axis
parallel to the b-axis. The relationship between the HTP and ITP
cell parameters is: alTP ~ (TP pHTP ~ gITP HTP ~ pITP The [TMIm]
cation is more dissordered than that in ITP, and the skeleton of
[TMIm] cation is reversed to occupy two positions, with an oc-
cupancy rate of 0.5. The two independent Cu-Cl distances of the
[CuCl,] tetrahedron range from 2.197(8) A to 2.224(6) A. The four
unequal CI-Cul-Cl angles range from 97.7° to 130.7° (Table S2).
From ITP to HTP, there is only a small difference in the Cu-Cl dis-
tance and CI-Cu-Cl angle. Therefore, the origin of the phase transi-
tion from ITP to HTP is mainly due to the more disordered transi-
tion of the [TMIm] cation.

In order to further explore the structural changes when the
phase transition occurs, we carried out variable-temperature pow-
der X-ray diffraction (PXRD) measurements. During both mea-
surements, the experimental patterns of LTP, ITP and HTP are in
conformity with the corresponding simulation results, indicating
the phase purity (Fig. S3 in Supporting information). As shown
in Fig. S2 (Supporting information), the experimental PXRD pat-
tern remained basically unchanged when the temperature was first
heated from 298 K to 373 K. When the temperature was raised
to 443 K, the experimental PXRD pattern showed a significant
transition, that is, several diffraction peaks vanished, while some
new peaks appeared. As the temperature increased again to 343
K, the PXRD pattern also showed obvious changes. Several diffrac-
tion peaks between 18.18° and 19.54° changed, accompanied by
the peaks at 25.26° and 25.26° disappearing, and the new peaks
at 22.12° and 25.42° emerged. When the temperature continued
to increase to 443 K, the diffraction peaks at 13.38°, 14.48°, and
22.78° disappeared, and new peaks appeared at 14.14° and 18.24°.
Therefore, the diffraction peaks, which vary significantly between
298-343 K and 373-434 K, indicate the existence of two structural
phase transitions in [TMIm][CuCl], which are consistent with DSC,
dielectric, and crystallographic analyses.

The crystal structure analysis shows that [TMIm][CuCl4] under-
goes a continuous symmetric change during the heating process,
namely from the C2/c space group at RTP to the Pnna space group
at ITP, and finally to the C2/c space group at HTP. The Aizu sym-
bol is expressed as mmmF2/m, which belongs to one of the 94
species of ferroelastic phase transitions, and thus this is a unique
ferroelastic (RTP)-paraelastic (ITP)-ferroelastic (HTP) phase transi-

tion [54]. The evolution of ferroelastic domains is a distinctive fea-
ture of ferroelastic phase transitions. The ferroelastic domains of
[TMIm][CuCl4] were obtained by in situ observation of thin film
samples using polarized light microscopy. As shown in Figs. 3a-e,
stripe domains can be clearly observed by orthogonally polarized
light at 298 K (RTP). With the rise in temperature, [TMIm][CuCly4]
entered the paraelastic phase (353 K, ITP), and the corresponding
stripe ferroelastic domains vanished. An interesting phenomenon
happens, that is, the stripe ferroelastic domains reemerged as the
temperature is further increased to reach HTP, which are slightly
different from those observed at ITP. Subsequently, the ferroelas-
tic domains disappeared again when [TMIm][CuCl4] returned to
ITP during the continuous cooling process. After entering the RTP,
the ferroelastic domains appeared again. The surface of the crys-
talline film did not change in heating and cooling cycle, which in-
dicates that the evolution of ferroelastic domains depends on tem-
perature, but not on morphology (Fig. S5 in Supporting informa-
tion). The ferroelastic domains can appear and disappear repeat-
edly during the heating and cooling cycles, which is solid evidence
that [TMIm][CuCl,] undergoes a reversible ferroelastic-paraelastic-
ferroelastic phase transition.

The inherent feature of ferroelastics is that there are at least
two spontaneous strain orientation orders that can be switched
by external stress. Therefore, we further confirm the switching of
ferroelastic domains for [TMIm][CuCly] under external stress. As
shown in Fig. 4a, the ferroelastic domain pattern of the as-grown

C2/¢ (RTP)

Pnnm (ITP)

C2/c (HTP)

Heating '

Cooling

Fig. 3. (a-e) The evolution of ferroelastic domains for [TMIm][CuCl,] in heating and
cooling cycle.
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Ferroclastic domain

Fig. 4. (a) Schematic diagram of ferroelastic domain switching under stress. (b, d)
Evolution of the ferroelastic domains in [TMIm][CuCl,] under external stress stimuli
observed by orthogonally polarized light microscopy. (c, e) The topography images
of [TMIm][CuCly] for the corresponding region in (b) and (d), respectively.

crystalline thin films of [TMIm][CuCl4] can be observed under or-
thogonally polarized light in RTP. After a suitable stress was ap-
plied to the surface of the crystalline film, the stripe ferroelastic
domains (Fig. 4b) of [TMIm][CuCl,] gradually disappeared. Finally,
the ferroelastic domains tend to be monodomain or large irregu-
lar domains (Fig. 4d). From Figs. 4c and e, it can be observed that
the surface of the crystalline film was not damaged after applying
stress, which proved that the switching of ferroelastic domains was
only related to the applied external stress, confirming the existence
of ferroelasticity in [TMIm][CuCly].

Thermochromic phenomena are common in organic-inorganic
Cu(Il) halide systems [48,49]. The absorption band corresponding
to the d-d electronic transition in the Cu?* ion with the 3d® elec-
tronic configuration is related to the coordination geometry of the
central Cu?* ion, which induces the color change of the compound
[55]. The [CuCly] coordination geometry in [TMIm][CuCly] changes
significantly during the phase transition from RTP to HTP, result-
ing in its color from yellow to reddish-brown, e.g., other ther-
mochromic organic-inorganic Cu(Il) halides also exhibit phase tran-
sitions [56-58].

Due to the remarkable thermochromism of [TMIm][CuCly],
solid-state UV-vis absorption spectra at different temperatures
were performed. As shown in Fig. 5a, [TMIm][CuCl4] appear-
ance changed from yellow at 298 K to reddish brown at 443
K. [TMIm][CuCl4] absorbs light with a wavelength less than 557
nm at room temperature, which corresponds to its yellow appear-
ance. When the temperature was increased beyond T, to 443 K,
the absorption edge moved to 597 nm, which is consistent with
its reddish-brown appearance. In the UV-vis spectra of 298 K,
373 K and 443 K, the absorption edges were observed at 478,
488 and 496 nm, respectively. Furthermore, the main absorption
band of the UV-vis absorption spectrum exhibits an obvious red
shift with increasing temperature, revealing the color transition of
[TMIm][CuCly]. On the basis of the Tauc equation, the optical band
gaps were estimated to change from 2.19 eV at 298 K to 1.987 eV
at 373 K (Fig. 5b). The red shift of the absorption peak and the nar-
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Fig. 5. (a) Variable-temperature solid-state UV-vis absorption spectra are recorded
at 298 K, 373 K and 433 K. (b) The extrapolated optical band gaps for 298 K and
373 K.
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rowing of the band gap with the increase of temperature confirm
the thermochromic phenomenon, and the change of the Cu(Il) ions
coordination environment during the phase transition also plays an
important role in thermochromism.

In summary, [TMIm][CuCly] is an organic-inorganic hybrid
ferroelastic which exhibits bistability with multi-channel physi-
cal channels (dielectric, thermochromic, and ferroelastic). Ther-
mochromism has great potential applications in devices such as
visual thermometers, temperature sensors, and information en-
cryption. Noteworthily, a rare evolution of ferroelastic-paraelastic-
ferroelastic phase occurs accompanying by the phase transition
process. The ferroelastic domains of [TMIm][CuCly] can be re-
versibly switched not only under thermal stimulation but also un-
der external stress. The origin of phase transition is ascribed to the
synergy of order-disorder transition of [TMIm] cations and defor-
mation of [CuCly] tetrahedral anion. This work provides powerful
inspiration for exploring new excellent multifunctional switching
materials.
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