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Ferroelastic materials with switchable spontaneous strain possess widely potential applications in
the field of energy and information conversion. Recently, organic-inorganic hybrid halide double per-
ovskites (OIHHDPs) have become a charming new platform for developing various functional materials,
such as ferroelectrics, fluorescence and X-ray detection. Nevertheless, OIHHDP ferroelastic materials, es-
pecially high-temperature ones, are rare. Herein, we initially synthesized an OIHHDP ferroelastic, (2,2-
difluoroethanamine),[(NH4)InClg] (1), which possesses a ferroelastic phase transition at 407 K. Moreover,
thanks to the flexible B-site for OIHHDPs, we replaced the NH4* ions within [(NH4)InClg],2" formworks
with K* ions, which endows with coordination bonds between 2,2-difluoroethanamine organic cations
and [KInClg],2" formworks. Due to the existence of coordination bonds, the phase transition tempera-
ture of (2,2-difluoroethanamine),[KInClg] (2) can reach 458 K. As far as we know, this value is the highest
reported in OIHHDP ferroelastics. This work offers inspiration for the design of high-temperature OIHHDP

phase transition materials including ferroelectrics and ferroelastics.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ferroelastic materials with spontaneous strain that can change
under external stress possess wide applications, such as in data
storage, sensors and mechanical switches [1-4]. Inorganic materi-
als have been dominating the mainstream of ferroelastic materials,
as exemplified by BiVOy4, Pb3(PO4), and LaAlO5 [5-7]. Nevertheless,
they suffer from high-temperature processing, lack of mechanical
flexibility and potential heavy metal toxicity. Molecule-based fer-
roelastic materials have become a competitive alternative to in-
organic counterparts due to their advantages of solution process-
ability, superior mechanical flexibility and environmental friend-
liness [8-10]. Among them, organic-inorganic hybrid halide per-
ovskites (OIHHPs) have become an appealing playground for devel-
oping molecule-based ferroelastic materials due to structural tun-
ability and variability [11,12]. Meanwhile, due to the multifunc-
tionality of OIHHPs, substantial efforts have been devoted to ex-
ploring the coupling effect of ferroelasticity with other properties
in these materials [13,14]. For instance, Centrone et al. demon-
strated that the high-power conversion efficiency of MAPbI; so-
lar cells is related to ferroelasticity [14]. Xiong et al. reported an
OIHHP TMCMMnCl; with a large piezoelectric response compara-
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ble to BaTiOs, ascribed to the multiaxial ferroelectricity in tandem
with ferroelasticity [13].

Recently, organic-inorganic hybrid halide double perovskites
(OIHHDPs), a class of novel materials, have attracted grow-
ing attention [15-17]. Theoretically, OIHHDPs outperform OIHHPs
in terms of structural tunability and variability as their ions
in the octahedral sites (B-site) consist of alternating monova-
lent ions and trivalent ions, implying a wider range of choices
[18-21]. Meanwhile, OIHHDP materials have made gratifying
achievements in developing functional materials [10,17,22,23].
For example, using n-propylammonium cations to slice inor-
ganic three-dimensional (3D) CsAgBiBr;, the first 2D OIHHDP
ferroelectric material was obtained [24]. Sun et al. demon-
strated the promising potential of OIHHDP materials in the
field of X-ray detection [25]. Strong bright broadband emissions
were discovered in 2D OIHHDP (phenethylamine)4NalnClg:Sb and
(phenethylamine),CsNalnCl;:Sb [26]. Up to now, however, only
a few OIHHDP ferroelastics have been reported, such as (n-
butylammonium),CsAgBiBr; and (piperidinium),[KBiClg] [27,28].
Despite these achievements, how to improve the phase transi-
tion temperature of OIHHDP ferroelastic materials is an impor-
tant problem to be solved since a high phase transition temper-
ature means a high working temperature range which is a promi-
nent parameter in the practical application for ferroelastic materi-
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Fig. 1. DSC curves of 1 (red) and 2 (blue) in heating and cooling run.

als. Numerous proven and effective strategies have been developed
to modulate the phase transition temperature of phase transition
materials, such as strain engineering, isotope effect, fluorine substi-
tution strategy [29-33]. Among them, the isotope effect has made
great success, as exemplified by the relatively large phase transi-
tion temperature difference between PbHPO,4 (310 K) and PbDPOy4
(452 K); the fluorine substitution strategy has also achieved re-
markable achievements in inducing ferroelectricity and enhancing
phase transition temperature; the strain engineering is mainly suit-
able for inorganic materials [30,34-37].

In this context, we initially present a 1D OIHHDP ferroe-
lastic, (2,2-difluoroethanamine),[(NH,)InClg] (1), with a 3mF2/m
type of ferroelastic phase transition at 407 K. Further, by virtue
of flexible B-site for OIHHDPs, we replaced the NH4* ions
within [(NH4)InClg],2™ formworks with K+ ions, resulting in that
C—F---H hydrogen bonds between 2,2-difluoroethanamine organic
cations and inorganic formworks are replaced with C-F-K co-
ordination bonds (CBs). The introduction of CBs enables (2,2-
difluoroethanamine),[KInClg] (2) to reach 458 K, which is 51 K
higher than that of 1, and possesses the same 3mF2/m type of fer-
roelastic phase transition.

Colorless single crystals of 1 and 2 (Fig. S1 in Supporting in-
formation) were prepared by evaporating slowly the aqueous hy-
drochloric acid solution containing stoichiometric amounts of 2,2-
difluoroethanamine, InClz3 and NH4Cl (1) or KClI (2) (details can
be seen in Supporting information). The powder X-ray diffraction
(PXRD) measurements were carried out to verify phase purity of
1 and 2. As shown in Fig. S2 (Supporting information), the experi-
mental PXRD patterns of 1 and 2 are in line with calculated coun-
terparts based on the single-crystal structure information at 301 K,
suggesting that the phases of 1 and 2 are pure.

Differential scanning calorimetry (DSC) measurements were
adopted to detect phase transition temperature for 1 and 2. As
shown in Fig. 1, the DSC curve (red) of 1 exhibits separately an
endothermic and exothermic peak at 407 and 400 K in heating
and cooling run, indicating a reversible phase transition. Notably,
after NH4* /KT -substitution was carried out, DSC curve (blue) of
2 presents a pair of reversible thermal anomalies at 458 K (heat-
ing run) and 453 K (cooling run). The phase transition tempera-
ture of 2 is 51 K higher than that of 1, suggesting that NH4*/K*-
substitution really increases phase transition temperature. The en-
thalpy change (AH) and entropy changes (AS) of 1 and 2 were
calculated separately to be about 3.45 kJ/mol, 8.48 ] mol-! K-1 and
2.99 kJ/mol, 6.53 ] mol~! K-, implying that 1 and 2 possess a first-
order phase transition.[38] According to the Boltzmann equation
(AS=RInN, where R is gas constant, N is the ratio of possible con-
figurations, details can be seen in Supporting information), the N
of 1 and 2 was estimated to be 2.78 and 2.2, respectively, which is
greater than 2, suggesting an order-disorder phase transition fea-
ture [39]. The relatively large thermal hysteresis of 1 (7 K) and 2
(5 K) suggests a first-order phase transition [40]. For convenience,
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Fig. 2. (a) Disordered NH4* ion within [(NH4)InClg],2" formworks. (b) Pack-
ing diagram of 1 along b axis in LTP. (c) Hydrogen bond distribution of 2,2-
difluoroethanamine cation in 1. (d) [KInClg],?™ formworks in 2. (e) Packing dia-
gram of 2 along b axis in LTP. Two 2,2-difluoroethanamine organic cations in dif-
ferent configurations: (f) two F atoms of 2,2-difluoroethanamine organic cations co-
ordinated with the different K* ions, namely form A, and (g) two F atoms of 2,2-
difluoroethanamine organic cations coordinated with the same a K* ions, namely
form B. The H atoms of C atoms were omitted for clarity.

we labeled the phase above and below the phase transition tem-
perature (407 K for 1 and 458 K for 2) as high-temperature phase
(HTP) and low-temperature phase (LTP), respectively.
Variable-temperature single-crystal X-ray diffraction measure-
ments were performed to investigate the phase transition mech-
anism of 1 and 2, and the effect of NH4*/KT-substitution. In
LTP, 1 crystallizes in the monoclinic space group of C2/c (point
group 2/m) with a cell parameter: a=13.0539(3) A, b=7.7268(2)
A, ¢=16.2067(4) A, B=91.419(2) ° and V=1634.19(7) A3 (Table
S1 in Supporting information). 1 adopts a hexagonal double per-
ovskite structure, in which InClg and (NH4)Clg octahedra adopting
face-sharing mode construct 1D frameworks extending infinitely
along ¢ axis. Detailly, each In3t ion is coordinated with six Cl-
ions to form InClg octahedra, the In-Cl bond length ranging from
2.512 A to 2.527 A (Fig. S3a in Supporting information); each NH,*
ion interacts with the surrounding six Cl~ ions by N-H---Cl hydro-
gen bonds and ionic bonds to form (NH4)Clg octahedra, in which
NH4* ions site the two-fold (C,) rotation axis parallel to crystal-
lography b axis, exhibiting two-fold disorder state (Figs. 2a and
b) [28,41]. Thinking of NH4* ion as one N* ion, the N-Cl bond
length ranges from 3.311 A to 3.39 A (Fig. S3b in Supporting in-
formation). The distortion index (Ad) and bond angle variance
(02) were adopted to evaluate the distortion of individual InClg
and (NH4)Clg octahedra (detailed calculation process can be seen
in Supporting information) [42]. As shown in Table S2 (Support-
ing information), the Ad/o? for (NH4)Clg octahedra and InClg oc-
tahedra in the 1 were calculated to be 9.79 x 1073/751.47°% and
2.09 x 1073/1.6427°2, respectively, indicating that (NH,4)Clg octahe-
dra possess a worse distortion than that of InClg octahedra. 2,2-
Difluoroethanamine organic cations whose two F atoms of -CF,
groups exhibit a disordered state with splitting into two parts oc-
cupy spaces among the 1D [(NH,4)InClg],2" formworks. The in-
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teractive forces between 2,2-difluoroethanamine organic cations
and [NH4InClg],2" formworks mainly result from two aspects:
N-H.--Cl hydrogen bonds between -NH3* groups and Cl~ ions of
[NH4InClg],2" formworks; N-H---F hydrogen bonds between two
F atoms of —-CF, groups and NH4* ions of 1D [(NH,4)InClg]n2™"
formworks (Fig. 2c). As shown in Fig. 2e, similar to 1, 2 also
adopts a 1D hexagonal double perovskite structure, and crystal-
lizes in the monoclinic space group of C2/m (point group 2/m) with
a cell parameter: a=13.3593(3) A, b=7.5390(2) A, c=15.9426(4)
A, B=91.246(2) ° and V=1605.29(7) A3 in LTP (Table S1). Dif-
ferent from 1, 1D inorganic frameworks of 2 are composed of
InClg and KClg octahedra connected to each other in a face-sharing
mode (Fig. 2d). Similarly, the distortion of individual InClg and
KClg octahedra in the 2 was evaluated by Ad and o2 (detailed
calculation process can be seen in Supporting information). The
Ad/o? for InClg and KClg octahedra were 1.80 x 10-3/0.7846°2 and
1.869 x 1072/738.40°2, respectively, suggesting InClg octahedra pos-
sess more perfect octahedral configuration than that of KClg octa-
hedra. As NH4" ions are replaced by K* ions, the interactive forces
between two F atoms of -CF, groups and inorganic formworks
changes from N-H.--F hydrogen bonds to C-F-K CBs (Figs. 2f and
g). Accordingly, 2,2-difluoroethanamine organic cations become or-
dered due to the existence of C-F-K CBs.

In HTP, both 1 and 2 transition to trigonal space group of P3m1
(point group 3m) (Table S1). As shown in Fig. S4 (Supporting in-
formation), the relationship of lattice cell for 1 and 2 between
LTP and HTP is 2aHTP ~ gLTP 4 pLTP pHIP o pLTP o HTP . (LTP,
2,2-Difluoroethanamine organic cations of both 1 and 2 exhibit a
disordered state, which site at 3-fold axis (C3) and mirror plane
(ov) (Figs. S5 and S6 in Supporting information). Therefore, the re-
versible phase transition of 1 and 2 mainly results from disordered
rotating movement of 2,2-difluoroethanamine organic cations. The
C-F-K CBs between organic cations and inorganic formworks raise
the potential rotating energy barrier of organic cations, which in
turn increases the phase transition temperature of 2. Similar ex-
amples have been reported [43,44].

To understand the C-F-K CBs generating intermolecular inter-
actions between the cations and inorganic formworks, we obtained
the visualization map of the distribution of the interactions by Hir-
shfeld surface analysis [45-48]. For Hirshfeld surface of 1, the blue
and white areas are predominant, and the red areas focus on the
hydrogen bonding interactions [F---H] and [H---Cl]. The 2D finger-
print plots showing [F---H] and [H---Cl] interactions are 19.3% (Fig.
S7 in Supporting information) and [H.--Cl] 44.2% (Fig. 3a), respec-
tively. Although the [F---F] interaction shows a red area and the
interaction is 12.6%, the result is pseudo that the repelling inter-
action of F atoms is caused by the disordered treatment. As for
crystal 2, the red areas of the surfaces of F atom and H atoms
are increased, showing stronger molecular interaction. The 2D fin-
gerprint plots showing the two [H---Cl] interactions are 47.4% (A),
43.6% (B), respectively (Figs. 3b and c). Moreover, C-F-K CB ([F---K])
also shows red areas, and the 2D fingerprint plots of [F.--K] interac-
tion show the interactions are 8.0% (A), 4.5% (B), respectively (Fig.
S8, Supporting information). Therefore, the Hirshfeld surface anal-
ysis reveals the C-F-K CBs certainly enhance the interactions be-
tween the cations and inorganic frameworks, and then increase the
rotating energy barrier of the cations and anions. This result corre-
sponds to the DSC measurement that the phase transition temper-
ature of 2 increased substantially comparing with 1.

The reversible phase transition of crystals usually goes with di-
electric constant anomalies [49,50]. We recorded the real part of
complex dielectric constant (¢, e=¢' - ig", where ¢ is the com-
plex dielectric constant; &” is the imaginary part) of 1 and 2 de-
pendent on the temperature variation. As shown in Fig. 4a, the &’
of 1 exhibits a gradual increase as the temperature rises. When
the temperature increases to around phase transition temperature
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Fig. 3. The Hirshfeld surfaces mapped with dnom and fingerprint plots for 2,2-

difluoroethanamine organic cations of 1 in (a) LTP, and 2,2-difluoroethanamine or-
ganic cations in (b) form A and (c) B of 2 in LTP.
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Fig. 4. The ¢’ of (a) 1 and (b) 2 as a function of temperature.

(407 K), the large dielectric anomalies can be observed within the
frequency of 1-1000 kHz. The highest value of &’ for the frequency
of 500 Hz is 8 times than that of one at the stable state, confirm-
ing that 1 possesses a phase transition. As shown in Fig. 4b, the ¢’
of 2 below around 458 K exhibits a stable state of about 6. As tem-
perature rises to 458 K, the ¢’ of 2 presents a spike, suggesting a
phase transition. Moreover, with increase of temperature, the &” of
1 and 2 also presents anomalies at about 407 and 458 K, respec-
tively (Fig. S9 in Supporting information). The variable-temperature
&’ and ¢" measurements further confirm an increase of phase tran-
sition temperature after NH4+/K*-substitution, in line with the re-
sults of DSC measurements.

According to Aizu notation, both 1 and 2 undergo a 3mF2/m
type of ferroelastic phase transition [51]. The number of symme-
try elements change from 12 (E, 2Cs, 3Gy, i, 2S¢ and 30) in HTP
to four (E, G, i and o) in LTP, and therefore spontaneous strain
of both 1 and 2 possesses three possible orientation states. Ferroe-
lastic domains with different orientation strains exhibit different
birefringence properties under orthogonally polarized light [8,52].
Therefore, ferroelastic domains can be observed based on this the-
ory with the polarized optical microscope. Adopting orthogonally
polarized light with transmission mode, the evolution of ferroe-
lastic domain structure for single-crystal of 1 was observed from
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(@)

Fig. 5. Evolution of the ferroelastic domain structure for 1 from (a) LTP to (b) HTP
to (c) LTP. The first and second column panels represent natural and optical polar-
ized microscope images for single-crystal of 1, respectively.

LTP to HTP to LTP. As shown in the second column panels of Fig.
5a, the single-crystal of 1 presents distinct stripe ferroelastic do-
mains in LTP. As the temperature increases to above 407 K (HTP),
the single-crystal of 1 exhibits uniform contrast, suggesting that
ferroelastic domains disappear (Fig. 5b). As the single-crystal of 1
back to low 407 K (LTP), the ferroelastic domains reappear and
change, implying a reversible ferroelastic transition phase (Fig. 5c).
Additionally, a group of natural optical microscope images in situ
for single-crystal of 1 was obtained as a control to eliminate the
possibility of different birefringence effects from the interference
of morphology of single-crystal. As shown in first column panels
of Fig. 5, there is no relationship between ferroelastic domains and
the morphology of single-crystal. As shown in Fig. S10 (Support-
ing information), the evolution of the ferroelastic domain structure
for 2 from LTP to HTP to LTP can be also observed, confirming its
ferroelasticity.

In summary, we presented two one-dimensional high-
temperature organic-inorganic hybrid halide double perovskite
(OIHHDP)  ferroelastic  materials, (2,2-difluoroethanamine),
[(NH4)InClg] (1) and (2,2-difluoroethanamine),[KInClg] (2). 1
possesses a high phase transition temperature of 407 K. 2 ex-
hibits a higher phase transition temperature of 458 K, due to the
existence of C-F-K CBs between 2,2-difluoroethanamine organic
cations and [KInClg],2" formworks. The evolution of ferroelas-
tic domains for 1 and 2 was observed by the polarized optical
microscope. This work sheds light on the design of eco-friendly
high-temperature OIHHDP phase transition materials including
ferroelectrics and ferroelastics.
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