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Two-dimensional organic-inorganic hybrid ferroelastics with high-temperature reversible phase transi-
tions are very rare and have become one of the research hotspots in the field of ferroelastic materials.
Herein, we report three new layered organic-inorganic hybrid perovskites based on halogen-substituted
phenethylaminium, (3-XCgHsCH,CH;NH3),[CdCl4] (X=F (1), Cl (2) and Br (3)). They undergo structural
phase transitions at 376/371 K, 436/430 K, and 421/411 K, respectively, between the isomorphic high-
temperature phases (space group I4/mmm, Z=2) and different room-temperature phases with the re-
duced structural symmetries, ie., P2;/a (Z=2) in 1, P1 (Z=4) in 2, and P2;/a (Z=4) in 3, respectively.
These ferroelastic transitions arise from the order-disorder transition of organic cations together with
the synchronous displacement of inorganic layers, accompanying with ferroelastic spontaneous strains of
0.16, 0.13 and 0.12 for 1-3, respectively. By enriching layered perovskite ferroelastics based on halogen-
substituted cations, this work provides important clues for exploring new ferroic materials based on hy-
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Ferroelastic transitions are featured in spontaneous strain as
order parameter [1-3]. Different orientations of ferroelastic do-
main, a region with consistent spontaneous strain direction, can be
switched by applying external stress, endowing ferroelastic materi-
als with promising potentials in mechanical switch, shape memory,
signal processing, and superelasticity [4-7]. Since the first com-
plete elastic hysteresis loop of Pb3PO,4 was observed in 1976 [8,9],
many pure inorganic ferroelastics (such as BiVO4 [10], Gdy(Mo0O4)3
[11] and PbZr;_xTixO3 [12]) have be studied on their application
potentials [13,14]. Nonetheless, most of them face the obstacles in
the further applications because of some drawbacks such as con-
taining harmful metals, high energy consumption, or difficulty in
regulation [15-17]. Emerging organic-inorganic hybrid crystals are
regarded as an effective alternative to conventional inorganic fer-
roelastics owing to their simple processing, better mechanical flex-
ibility, and environmental friendliness [18-21]. However, to date,
the research on organic-inorganic hybrid ferroelastics is still im-
mature, and the design and synthesis of hybrid ferroelastics with
high spontaneous strain is a new challenge for scientists [22-25].

Exhilaratingly, the A;BX,-type halide hybrid perovskites
(A=organic ammonium, B=metal ion, and X =halogen) featur-
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ing two-dimensional (2D) inorganic layers separated by organic
cations have attracted increasing attention due to its potential as
ferroic and optoelectronic materials [26-30]. When such kind of
crystals undergo structural phase transition, the deformation of
inorganic layers and the order-disorder changes of organic cations
are prone to spontaneous shear distortion of the crystal lattice,
leading to a change of the crystallographic unit cell shape, which
provides favorable conditions for designing ferroelastics [26,31,32].
For instance, we previously reported a layered hybrid perovskite
halide, (CgHs(CH;)4NH3),[CuCly], which undergoes a ferroelas-
tic phase transition with an Aizu’s notation of 4/mmmF2/m at
337 K [32]. Inoue et al. reported a halide hybrid perovskite,
(C;H5NH3),[FeCly], exhibiting ferroelasticity at below 433 K and
canted antiferromagnetism at below 98 K [31]. However, the
hybrid ferroelastics based on layered perovskites are still rare,
and many reported cases have not been further studied on their
spontaneous strains.

Notably, substitution strategy has been proved to be an ef-
fective design strategy to tune the phase transitions in hybrid
crystals [33-36]. For instance, replacing hydrogen atom in the
organic cations by heavier halogens with greater electronegativity
usually increases the potential energy barrier for swing or rotating
the cations, hence increases the phase-transition temperatures
[37-40]. Moreover, substitution strategy generally could reduce
the structural symmetry for lower-temperature phase and then
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to bring about a ferroelastic phase transition [41,42]. We pre-
viously found that the F-substitution in a layered perovskite
halide, (4-fluorophenethylaminium),[CuCly], reduces the struc-
tural symmetry of room-temperature phase from orthorhombic
to monoclinic, hence brings about a mmmF2/m ferroelastic tran-
sition with a spontaneous strain of 0.011 [26]. Herein, as an
extension, to enrich the layered perovskite ferroelastic crystals
and to increase their spontaneous strains, we chose a parent
compound, (phenethylaminium),[CdCly], which crystallizes in the
C2cb space group at room temperature [43,44], and applied halo-
gen substitution on the meta-position of its phenethylaminium
cation to further reduce molecular symmetry. Our efforts have
yielded three new layered organic-inorganic hybrid perovskites,
(3-XCgH5CH,CH,NH;3 ),[CdCl4] (X=F (1), Cl (2) and Br (3)). 1-3
have isomorphic high-temperature phases (HTPs) belonging to
space group I4/mmm but different room-temperature phases
(RTPs) belonging to space groups P2;/a, P1 and P2;/a, respec-
tively, all of which are symmetrically reduced when compared
with the parent one (C2cb). The thermal stabilities, structural
details, and the underlying ferroelastic transition mechanisms
were comprehensively studied by means of thermogravimetric
analyses (TGA), differential scanning calorimetry (DSC), dielectric
measurement, variable-temperature single-crystal X-ray structural
analyses, polarization microscopy, and Hirshfeld surface analyses.

Thermal analyses showed that 1-3 are stable up to approx-
imately 470, 483 and 486 K under N, atmosphere, respectively
(Fig. S2 in Supporting information). As shown in the DSC curves
in a temperature range of 330-450 K (Fig. 1), a pairs of sharp
thermal anomalies indicating reversible one-step phase transitions
were observed at 376/371 K (Ty), 436/430 K (T,), and 421/411 K
(T3) in a heating/cooling cycle for 1-3, respectively. The total en-
tropy changes (AS) during the phase transitions in the heating pro-
cess were 45.6, 43.7 and 33.8 ] mol~! K- for 1-3, respectively. For
convenience, the phases of 1-3 at above phase-transition temper-
atures are labeled as 1_HTP, 2_HTP and 3_HTP, while those at be-
low phase-transition temperature are labeled as 1_RTP, 2_RTP and
3_RTP, respectively.

The temperature-dependent permittivities (¢ =¢’+ig’’) were
measured on powder-pressed samples in the temperature range of
330-460 K at a rate of 4 K/min for 1-3. As shown in Fig. 2, all
of them show step-like dielectric anomalies at around their phase-
transition temperatures. In detail, the &’ value (f=1 MHz) of 1 is
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Fig. 1. DSC curves of (a) 1, (b) 2 and (c) 3 in a heating-cooling cycle.
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Fig. 2. Temperature-dependent dielectric constants (¢’) measured at 0.25-1.0 MHz
upon heating for (a) 1, (b) 2 and (c) 3. Inset: temperature-dependent &’ at 1 MHz
during a heating-cooling cycle.

3.2 at 330 K, then increases to 3.8 at 400 K with increasing tem-
perature, the &’ value (f=1 MHz) of 2 is 1.8 at 350 K then in-
creases to 2.2 at 460 K upon heating, and the &’ value (f=1 MHz)
of 3 is 2.2 at 350 K then increases to 2.5 at 450 K upon heating.
The reverse dielectric drops were observed in the following cool-
ing runs (Fig. 2, inset). Such reversible step-like dielectric anoma-
lies respond to the changes in the dynamic motions of the dipo-
lar components, suggesting an order-disorder variation of the guest
cations accompanying with phase transitions in 1-3.

To investigate the microscopic mechanism of the reversible
phase transitions, the in-situ variable-temperature powder X-ray
diffractions (Fig. S3 in Supporting information) and variable-
temperature single-crystal X-ray diffractions were performed at
298 K, 386 K for 1, 293 K, 450 K for 2, and 298 K, 435 K for
3, respectively. The results revealed that all phases of 1-3 can be
described as A,BX4-type layered perovskite structures. Each Cd2*
cation is coordinated with six Cl~ ions to form a compressed oc-
tahedral coordination geometry with the equatorial and bridging
Cd-Cleq bonds longer than the axial Cd-Clyx bonds. Each CdClg oc-
tahedron links to four adjacent octahedra by sharing vertexes to
form [CdCly] layers, which are separated by double layers of or-
ganic cations 3-XCgHs5CH,CH;NH3*+ (X=F, Cl and Br) with termi-
nal -NH3 head orientating to the intra-layer cavities. Such a lay-
ered perovskite structure is stabilized by coulomb forces, N-H---Cl
hydrogen bonds, and van der Waals forces between the organic
cations and inorganic layers.

The structural analyses indicated that 1-3 have isomorphous
HTPs but different RTPs. As shown in Fig. 3, the HTPs of 1-3 pos-
sess the same tetragonal space group [4/mmm (Z=2) with similar
cell parameters, and each of their asymmetric units include one
organic cation and half [CdCl4]?>~ moieties. All organic cations are
8-fold crystallographically disordered about the 4-fold axes parallel
to the ¢ axis and the mirror perpendicular to the c¢ axis. The Cd2*
ions locate at the original and body-centered positions in a regular
compressed CdClg octahedral coordination.

For the RTPs of 1-3, their c-axis lengths are halved when
compared with those in HTPs owing to the displacements of
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Fig. 3. The crystal packing structures of (a) 1, (b) 2 and (c) 3 at RTP and HTP, re-
spectively.

adjacent inorganic layers and the deviations of Cd?* ions from
the body-centered position (Fig. S4 in Supporting informaiton).
When compared with the orthorhombic RTP (C2cb) in the par-
ent (phenethylaminium),[CdCly], the structural symmetries of RTPs
in 1-3 are reduced (Fig. S5 in Supporting informaiton). In de-
tail, 1_RTP belongs to the monoclinic space group P2;/a (non-
standard setting of P24 /c for convenience of structural comparison)
with Z=2, which is similar to the RTP of (CgHs5(CH;)4NH3),[CuCly]
[32]. In 1_RTP, each 3-FCgH5CH,CH,NH3* cation freezes into 2-
fold disordered about general position with occupancy of 0.55:0.45.
For 2_RTP, it adopts lower-symmetry triclinic P1 space group
with Z=4, in which four crystallographically independent 3-
ClCgH5CH,CH,;NH3 ™t cations are frozen into an ordered state with
slightly different orientations/conformations (Fig. S6 in Support-
ing informaiton). Accordingly, a greater distortion in the inorganic
framework was observed in 2_RTP (Fig. S7 in Supporting infor-
maiton). For 3_RTP, it also crystallizes in the monoclinic space
group P2;/a but with an increased Z value of 4, as the a-axis
[10.9801(4) A] and b-axis lengths [10.6320(5) A] are 2 times as
long as those in 1_RTP [a=7.5737(2) A, b=7.4710(2) A]. Differ-
ent from the one crystallographically independent organic cation
being two-fold disordered in 1_RTP, both of two crystallographi-
cally independent 3-BrCgHsCH,CH,NH3* cations in 3_RTP are in
completely ordered state, endowing 3_RTP with a lower crystallo-
graphic symmetry than 1_RTP.

As indicated by the above structural analyses, the transitions
from the tetragonal HTPs to the symmetrically reduced RTPs in 1-
3 belongs to 94 ferroelastic transitions deduced by Aizu [45]. In
detail, for both 1 and 3, the HTP — RTP transitions belong to fer-
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roelastic transitions with an Aizu notation of 4/mmmF2/m, as the
point group transforms from Dy, to Cp, accompanied by a holistic
decrease of symmetric elements from 16 (E, 2C4, G, 2C5, 2C"y, i,
2S4, O, 20y, 204) to 4 (E, Cy, i, oy). For 2 with a triclinic RTP, the
variation in symmetry of 2_HTP — 2_RTP belongs to a ferroelastic
transition with an Aizu notation of 4/mmmF1 and a much more
decrease of symmetry elements from 16 to 2 (E, i).

To visualize the ferroelastic transitions for 1-3, the variable-
temperature polarization microscopy was performed on single
crystals perpendicular to their (001) planes to inspect possible fer-
roelastic transition (Fig. S8 in Supporting informaiton). As illus-
trated in Fig. 4, the single crystals for 1-3 reveal a monodomain
state at 298 K, as no external strain was applied to the single
crystals, and become multi-domain ferroelastic states in the vicin-
ity of the phase-transition temperatures, then change to mon-
odomain paraelastic state upon further heating to above phase-
transition temperatures, and the multi-domain ferroelastic states
could reappeared when the temperature was cooled down to be-
low the phase-transition temperatures. Taking 1 as an example,
when the temperature rose to the vicinity of 371 K, two types
of distinguishable striped domains appeared and gradually grew
to cover the whole ab plane, illustrating the domain walls inside
which the spontaneous strain orderly aligns. In this process, some
crystal crackles appeared due to large spontaneous strains during
phase transitions (vide infra). With further heating to 381 K, the
striped domains faded away and the monodomain morphology ap-
peared. When the temperature was decreased to 375 K, numer-
ous slender striated domains reappeared. Upon cooling to 364 K
(1_RTP, ferroelastic), the multi-domains grew and remained. For
3, it revealed similar domain revolutions with 1 as both of them
belong to 4/mmmF2/m ferroelastic species, but the multi-domain
stripes in 3_RTP looks more complicate than that in 1_RTP be-
cause of the lower structural symmetry of 3_RTP. For 2 with a
much lower symmetric triclinic ferroelastic phase, when the crys-
tal was cooled from 438 K (paraelastic phase) to 432 K (ferroelastic
phase), plentiful complex and dense domain walls appeared, and
the multi-domain state was fully developed to haze the crystal. In
short, these repeatable domain revolutions in the heating-cooling
cycles well confirmed the reversible ferroelastic transitions for 1-
3.

To study the spontaneous deformation of the unit cell and
further to evaluated the ferroelastic spontaneous strains, the
temperature-dependent lattice parameters were obtained by car-
rying out Pawley refinements on the in-situ variable-temperature
PXRD patterns (Tables S4 and S5 in Supporting information) in
temperature range of 323-403 K for 1, 409-454 K for 2, and 393-
440 K for 3, respectively. The thermal expansion coefficients were
accordingly calculated by utilizing PASCal program [46]. As listed
in Table S6 (Supporting information), the volumes of 1-3 show dif-
ferent degrees of positive volume thermal expansion in RTPs and
HTPs, i.e., +214 x 1076 K-1 and 4201 x 10-% K~ for 1, 4404 x 106
K1 and +284 x 1076 K~ for 2, +105 x 1076 K-1 and +1112 x 10~6
K-1 for 3, respectively, reflecting the enhanced dynamic motions of
organic cations upon heating in these phases. It is worth to note
that the significantly larger positive thermal expansion in 3_HTP
should be mainly attributed by its unusual large intralayer ther-
mal expansion when compared with the cases in 1 and 2, aris-
ing from its highly disordered organic cation with much larger
bromine atom. In Figs. S8-S10 (Supporting information), all the
lattice parameters show a certain degree of jumps at the phase-
transition temperatures. From RTPs to HTPs, the cell volumes are
increased by 5.1%, 8.0% and 5.4% in 1-3, respectively. Such rela-
tively large volume changes during the ferroelastic transitions are
mainly contributed by the increases of their c-axes lengths by 6.3%,
8.4% and 8.6% in 1-3, respectively. In contrast, the changes in the
a-axis and b-axis lengths are not more than 1%, 2% and 3% in 1-
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Fig. 4. Evolution of the domain structure of (a) 1, (b) 2 and (c) 3 in the heating-cooling cycle.

3, respectively. As shown in Fig. 3, such dramatic changes on the
c axes and cell volumes are highly associated with the displace-
ment of the inorganic layers caused by the changes on molecular
dynamics of the 3-XCgH5CH,CH,;NH3* (X=F, Cl, Br) cations from
the ordered and tilting states in RTPs to the highly disordered and
upright states in HTPs. In addition, these dramatic changes are re-
sponsible for the aforementioned crystal cracks during the ferroe-
lastic transitions.

Based on the changes of cell parameters during phase tran-
sitions, the ferroelastic spontaneous strains were calculated for
1-3. The cell parameters for paraelastic and ferroelastic phases
at the phase-transition temperatures were deduced by extrapo-
lating the fitting lines of their HTPs and RTPs, respectively (Ta-
ble S5). The necessary matrices were applied to convert the cells
of 1_HTP, 2_HTP and 3_HTP to match those of 1_RTP, 2_RTP
and 3_RTP, respectively (for details, see Supporting information).
The calculation yielded the total spontaneous strains (&) of 0.16,
0.13 and 0.12 for 1-3, respectively. These values are smaller than
those observed in a few layered perovskite ferroelastics with
smaller organic cations such as (C3HsNH3),[CdCly] (0.239) [47] and
(C4HgN),[PbBr4] (0.191) [48], but larger than those in most hy-
brid crystals with discrete and one-dimensional coordination units
such as (Me3NCH,Br),[CoBry] (0.068) [49] and (Me4P)[Cd(SCN)s]
(0.062) (Table S7 in Supporting information) [26]. Such relatively
large spontaneous strains in 1-3 should be highly associated
with the order-disorder dynamic transitions of the flexible organic
cation and the displacement of adjacent inorganic layers.

Considering that 1-3 have almost same inorganic layers and
isostructural HTPs, their distinct RTPs should be ascribed to the
slight changes on the halogen-involving intermolecular interac-
tions. The Hirshfeld surface analyses [50] were performed on the
3-XCgH5CH,CHyNH3t (X=F, Cl and Br) cations in 1_RTP, 2_RTP
and 3_RTP, respectively, to comprehensively investigate their dif-
ferent halogen-involving intermolecular interactions. In detail, the
Hirshfeld surfaces are displayed in a red-white-blue scheme, in-
dicating the intermolecular contacts shorter (red), around (white),
and longer (blue) than van der Waals separation. In Fig. 5,
the H.--Cl contacts associating with 21.1%, 30.6%-—30.9%, and
20.7%-22.8% of the surface areas for 1-3, respectively, together
with the coulomb interactions, make a major contribution to at-
tractive host-guest molecular interactions between inorganic lay-
ers and organic cations. Conversely, the H---H contacts associating
with 47.4%, 35.2%—37.4%, and 35.8%—37.3% of the surface areas for
1-3, respectively, together with the repulsive coulomb interactions,
make the main contribution guest-guest repulsive interactions
for adjacent cations. Notably, for the adjacent cations, the X..-H
(X=F, Cl and Br) contacts associating with 20.9%, 12.0%—12.5%,
and 20.2%-24.2% of the surface area contribute important attrac-
tive interactions for adjacent cations in 1-3, respectively. The min-
imum (d;, de) pairs of intermolecular short contact indicate that

the strongest contacts are (0.88 A, 1.5 A) in 1_RTP, (0.80 A, 1.40 A)
in 2_RTP, and (0.82 A, 1.42 A) in 3_RTP, respectively, being associ-
ated with N—H..-Cl weak hydrogen bonds.

According to the increased atom weights from F to Cl and then
Br, one could expect that the order of phase-transition tempera-
tures is Ty < T, < T3, if taking account the dispersion forces as
the main intermolecular interactions. However, the experimentally
observed T, is higher than T3. Such an exceptional case should be
ascribed to the much stronger host-guest attractions in 2, as in-
dicated by its higher proportion of H---Cl (30.6%-30.9%) contacts
than those in 1 (21.1%) and 3 (20.7%-28.8%). Namely, with the
relatively stronger host-guest hydrogen bonds (Table S3 in Sup-
porting information), the organic cation 3-ClCgH5CH,CH,NH3 ™" in
2 needs to overcome a higher energy barrier to undergo order-
disorder transition, hence gives a higher phase-transition temper-
ature. Besides that, the weak halogen---halogen interactions, i.e.,
Cl.--Cl (2.2%-2.3%) in 2 and Br---Br (1.0%) in 3, also make additional
contributions to establish the higher energy barriers for rotating
the organic cations and to give higher phase-transition tempera-
tures for 2 and 3.

Compared with the orthorhombic RTP (C2ch) in parent
(CgH5CH,CH,;NH3),[CdCly], the RTPs in 1-3 have reduced crys-
tallographic symmetries, as the 3-XCgHsCH,CH,NH3+ (X = F, Cl,
Br) cations with reduced molecular symmetry freeze into an or-
dered state and being tilting relative to the inorganic layers at
room temperature, giving monoclinic or triclinic RTPs for 1-3.
In particular, with the stronger host-guest interactions, the 3-
ClCgH5CH,CH,NH3+ cations in 2_RTP seem not easy to change
their conformations hence are frozen into similar but noniden-
tical conformations for balancing abundant weak interactions,
and eventually give the triclinic space group with Z=4 for
2_RTP. By contrast, the smaller 3-FCzgH5CH,CH,;NH3™t cations in
1 can adjust the conformations relatively easily, thus can not
be completely frozen at room temperature, hence give a rela-
tively simple monoclinic structure (P2;/a) with Z=2. While the
3-BrCgH5CH,CH,NH3 ™ cations in 3 are completely frozen into an
ordered state and shows two different conformations in the asym-
metric unit (P21/a, Z=4), i.e., giving a decreased crystallographic
symmetry than 1 (P2{/a, Z=2). In short, the delicate changes
caused by the different halogen-involving intermolecular interac-
tions play important roles on tuning the phase-transition temper-
atures and yielding the distinct crystal symmetry of ferroelastic
phases for 1-3. Such influences on phase transitions well reflect
the delicate and complex balances established by abundant weak
intermolecular interactions in layered perovskites.

In  summary, by employing halogen-substituted 3-
XCgH5CH,CH;NH3+ (X=F, Cl and Br) organic cation, three
new A,BX4-type layered hybrid perovskites, ie., 1-3, were syn-
thesized. They undergo ferroelastic phase transitions at 376/371
K, 436/430 K, and 421/411 K, respectively, between the same
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Fig. 5. The Hirshfeld surface and fingerprint plots for 3-FCgHsCH,CH,NH3 ™ in (a) 1_RTP, (b) 3-ClC¢HsCH,CH,NH3 ™ in 2_RTP and (c) 3-BrCgHsCH,CH,NH3* in 3_RTP.

tetragonal HTPs (I4/mmm, Z=2) and different RTPs with the space
groups of P2;/a (Z=2), P1 (Z=4), and P2,/a (Z=4), respectively,
accompanying with spontaneous strains of 0.16, 0.13 and 0.12,
respectively. Based on the single-crystal structures, the Hirshfeld
surface analyses disclosed that the different halogen-involving
intermolecular interactions play crucial roles on tuning the phase-
transition temperatures, and more importantly, on controlling the
conformations of frozen organic cations to establish their distinct
RTPs. This work demonstrates a promising strategy to obtain new
reversible ferroelasticity taking advantage of halogen regulation,
and provides important clues to enrich the layered perovskite
family for exploring new advanced functional materials based on
hybrid crystals.

Note

During our submission, the ferroelastic phase transition of 1
was briefly reported by Yue et al. [51]. We note that we have com-
prehensively investigated the spontaneous strains during the fer-
roelastic phase transition for 1-3, and more importantly, discussed
the effect of different halogen substitutions on their phase transi-
tions.
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