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Molecular-based ferroelastics with dielectric switching properties are highly desirable for their applica-
tions on microelectronic dielectric switches, sensors, data storage, and so on. However, the current re-
ports mostly focus on organic-inorganic hybrids containing toxic heavy metal atoms, and the relatively
low phase transition temperature limits their application. In this paper, low-toxic organic salt ferroelastic
enantiomers (R/S)-4-fluoro-1-azabicyclo[3.2.1]octonium chloride [(R/S)-F-321] were designed and synthe-
sized under the introducing chirality strategy. They undergo a 432F422-type ferroelastic phase transi-
tion with a high Curie temperature (T.) of 470K, simultaneously exhibiting excellent dielectric switching
characteristics. In addition to the ordered-disordered movement of cations, the significant displacement
of anions is also responsible for such high T, and large dielectric switching ratios, which is very rare
in molecular-based switching materials. This work enriches the development of molecular ferroelastic
switching materials and gives inspiration for the exploration of environmentally friendly high T. organic
salt ferroelastics with prominent switching performances.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ferroelastics are crystals with spontaneous strain as order
parameter and their spontaneous strain can be reversed under an
external stress field [1-4], which have broad application prospects
in mechanical switches, shape memory, energy conversion, infor-
mation transformation, and storage [5-14]. As one of the three
main ferroic materials, ferroelastics have laid the foundation for
the research of multiferroics [15-21]. For example, the ferroelastic
domain walls of (CgHs5C,HsNH3),Fel'Cly crystal act as pinning
sites, improving the potential barrier for magnetization reversal
and thus achieving force-controlled ferromagnetic switching [16].
Ferroelasticity also allows polarization rotation of multiferroic ma-
terials under large stress, thereby giving rise to large piezoelectric
response [17,18,21]. Over the years, a large number of inorganic
ferroelastic materials have been developed, such as BaTiO3 [22],
BiFeO3 [23], and VO, [24]. However, these inorganic ferroelastic
materials have drawbacks such as containing harmful metals, high
energy consumption, or difficulty in regulation, which contradict
the concept of green development [25,26]. Therefore, molecular-
based ferroelastic materials with advantages such as environmental
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friendliness, low cost, ease of processing, mechanical flexibility,
and structural adjustability show great potential as feasible
substitutes for traditional inorganic ferroelastic materials [27-34].

In recent years, molecular-based ferroelastic materials with di-
electric switching properties have attracted widespread attention.
Many efforts have been made to design and synthesize ferroe-
lastic dielectric switching materials with high phase transition
temperatures and large ratios of dielectric switching [35-60].
Currently, most of the reports are mainly on organic-inorganic
hybrid perovskite systems, with relatively few simple organic salt
systems. Organic-inorganic hybrid perovskites are predominantly
composed of toxic metals, posing a potential risk of environmental
pollution. In contrast, organic salt molecular materials offer the
benefits of low toxicity, cost-effectiveness, lightweight properties,
and low acoustic impedance [37,38,44,46,57,61]. Moreover, their
exceptional mechanical flexibility has demonstrated advantages in
the development of ferroelastic and superelastic materials [62-64].
Furthermore, the current ferroelastic materials rarely achieve the
advantages of both high T. and large dielectric switching ratio,
which is not conducive to practical applications. The range of
phase transition temperature limits the application of switching
materials, while the high T. characteristic allows materials to
operate and work at relatively high or extreme temperatures
[65-67]. As a consequence, there is an urgent need to design
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Fig. 1. T. and the ratio of dielectric switching of (R/S)-F-321 compared with other compounds at 1 MHz.

and synthesize organic salt ferroelastics with high T, which is of
great significance for the development of organic salt ferroelastic
switching materials.

Recently, Xiong et al. proposed the concept of ferroelectrochem-
istry and elaborated on various targeted chemical design methods
for synthesizing molecular ferroelectrics, among which introduc-
ing chirality is an effective way to obtain molecular ferroelectrics
[66]. This is because chiral materials must crystallize in 11 chi-
ral point groups, 5 of which also are polar point groups, greatly
increasing the probability of discovering ferroelectrics [66]. Simi-
larly, according to the 94 species of ferroelastic crystals proposed
by Aizu, there are 30 types of chiral-to-chiral ferroelastic phase
transition, so introducing chirality also improves the chance of ob-
taining ferroelastics [1]. Chirality can be generated by the intro-
duction of a fluorine atom into the organic group, and the heavier
fluorine atom will increase the potential rotational energy barrier
of organic cation, resulting in significant enhancement of T. [66].
We demonstrated the feasibility of this strategy using organic salt
ferroelastic enantiomers (R/S)-F-321 with high T.. The chiral or-
ganic salt ferroelastics (R/S)-F-321 crystallize in P432,2 and P4,2,2
chiral space groups at room temperature, respectively, and experi-
ence 432F422-type ferroelastic phase transition at 470K, showing
excellent dielectric switching characteristics, which outstrip most
molecular-based ferroelastic switching materials (Fig. 1). This work
enriches the family of organic salt ferroelastics and switching ma-
terials and throws light on the design and synthesis of organic salt
ferroelastics with high T¢.

(R/S)-F-321 were easily obtained as bulk crystals by slow evapo-
ration of the ethanol solution containing equimolar (R/S)—4-fluoro-
1-azabicyclo[3.2.1]octane and hydrochloric acid at 328K after sev-
eral days. As shown in Fig. 2a, the DSC curves of (R)-F-321 exhibit
a pair of thermal anomaly peaks at T. =470K (endothermic peak)
and 437K (exothermic peak) with a large thermal hysteresis of
33K, indicating the first-order phase transition nature. According
to the DSC plot, the average enthalpy change (AH) is 13.172 kJ/mol,
and the average entropy change (AS) is 29.063] mol—! K-, Based
on the Boltzmann equation AS=RInN (R is the gas constant, and N
is the ratio of the number of independent orientations before and
after the phase transition), the value of N is evaluated as 33.026.
The large N value means that the (R)-F-321 is oriented disorderly

in the high-temperature phase. Due to their enantiomeric relation-
ship, (S5)-F-321 also exhibits similar DSC curves, showing a pair of
endothermic/exothermic peaks that appeared at 470K/437K (Fig.
S1a in Supporting information).

To verify the phase transition behavior of (R/S)-F-321, we con-
ducted dielectric measurements. As shown in Fig. 2b, the real part
(¢’) of permittivity at 1MHz of (R)-F-321 shows reversible step-
like anomalies around T, which accords with the results from DSC
measurement. During the heating process, the value of &’ increases
slowly from 6.1 at 420K, then rapidly increases to 23 at 480K, and
finally tends to flatten out after the phase transition. In the cooling
process, &’ shows a similar trend, rapidly decreasing from 21.8 at
447K to 7.5 at 428K, and then slowing down to 6.9 at 420K. Below
the T, the slowly increasing ¢’ indicates that the dipole motion is
frozen, corresponding to the low dielectric state (“Switch OFF”). As
the temperature reaches around T¢, the dipole motion is activated
and the dielectric constant sharply increases, corresponding to a
disordered phase and high dielectric state (“Switch ON”). Similar
dielectric anomalies at the phase transition also occur in (S)-F-321
(Fig. S1b in Supporting information).

Here, (R)-F-321 was selected as a representative for bistable
switching measurements at 1 MHz under several sequential cycles
to check the stability of switchable dielectric properties. As shown
in Fig. 2¢, the switching of &' between the “ON” and “OFF” state
is 23 and 6.4 respectively, and the ratio of high and low dielec-
tric states is 3.6. After 11 heating-cooling cycles, the dielectric con-
stant in the “ON” state remained almost unchanged, demonstrat-
ing the reversibility and stability. It is rare and commendable that
(R)-F-321 simultaneously has such a high T. and a large dielec-
tric switching ratio, which is much better than most molecular
dielectric switching materials (Fig. 1). This means that it can still
work with high dielectric switching sensitivity in extremely high-
temperature environments.

Here, variable-temperature single-crystal X-ray diffractions
were carried out to explore the mechanism of the phase transi-
tion. At 300K (RTP), (R/S)-F-321 crystallizes in the chiral enan-
tiomeric space group P432:2 and P4:2,2 (point group 422) re-
spectively, with the approximate unit cell parameters (Table S1 in
Supporting information). As can be seen from Fig. 3a, the asym-
metric unit of (R/S)-F-321 consists of one chiral (R/S)—4-fluoro-1-
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Fig. 2. (a) DSC curves of (R)-F-321 in a heating-cooling cycle. (b) Temperature-dependent real part (¢’) of the dielectric constant of (R)-F-321 at 1 MHz in a heating-cooling

cycle. (c) Temperature-driven ¢’ switching of (R)-F-321 at 1 MHz.

Fig. 3. (a) The asymmetric unit of (R/S)-F-321 at 300K. (b) Packing view of (R/S)-F-
321 along the c-axis at 300K (outlined in cyan solid lines representing the RTP cell
and outlined in red solid lines representing the HTP cell). The hydrogen atoms are
omitted for clarity. The black dashed line denotes a mirror plane.

azabicyclo[3.2.1]octonium cation and one chloride anion, where CI
and N atoms are linked by N-H---Cl hydrogen bond with the donor-
acceptor distance of 3.0A. The N-H---Cl hydrogen bond interaction
was also analyzed by using the Hirshfeld surface and 2D finger-
print plot (Fig. S2 in Supporting information) [68]. The red circu-
lar depressions on the Hirshfeld dnorm surface and large spikes in
the lower left of the fingerprint plot at d; ~ 0.7A and de ~ 1.3A
highlights the close contact of Cl---H hydrogen bonds. In RTP, the
structure is in a completely ordered state, where C, N, and F atoms
are wholly distinguishable. The packing view of (R/S)-F-321 along
the c-axis at 300K is shown in Fig. 3b. It can be seen that it is
a zero-dimensional packing, with molecules alternately arranged
along the 4-fold screw axis, showing the spiral chiral accumulation
brought by chiral molecules. Due to their enantiomeric relation-
ship, the structure of (R)-F-321 and (S)-F-321 display mirror sym-
metry.

When the temperature increases to 473K (HTP), (R/S)-F-321
adopts the same cubic space group F432 (point group 432), and the
unit cell parameters change significantly with a=b=c=9.5551(7)
Aj9.5815(15) A, a=pB=y=90°, V=872.38(19) A3/879.6(4) A3,
Z=4. Compared with the unit cell parameters in RTP, the a- and
b-axes lengths in HTP become longer, the c-axis length is greatly
shortened, and the cell volume is halved (Fig. 3b and Table S1 in
Supporting information). The relation of lattice cells between HTP
and RTP is a"P ~ 2aRTP, pHTP ~ /2PRTP and HTP ~ 0.25cRTP.
The packing diagram of (R)-F-321 in HTP is shown in Fig. 4a. Ob-
viously, compared to the ordered state in RTP, the (R)—4-fluoro-
1-azabicyclo[3.2.1]octonium cations exhibit a significant orienta-
tional motion with 24-fold disorder, showing a nearly symmet-
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Fig. 4. (a) Packing diagram of (R)-F-321 along the c-axis at 473 K. (b) Schematic
diagram of order-disorder and (c) displacive phase transition mechanism of (R)-F-
321. The hydrogen atoms are omitted for clarity.

ric spherical structure in the HTP (Fig. 4b). In addition to the
ordered-disordered motion of cations, the remarkable displace-
ment of chloride anions is also responsible for the phase tran-
sition. As shown in Fig. 4c, the distances from Cl1 to the left
and right planes located in the box in RTP are dg; =5.367A and
dro =4.272 A, respectively. In order to reach the equilibrium po-
sition in HTP, Cl anions in RTP need to move about x;=0.27 A
along the c-axis. Moreover, in the ab plane, the vertical distance
of each chloride ion to the central 4-fold screw axis is x, =0.75 A,
and thus Cl anions in RTP need to move about 0.75A to reach
the equilibrium position in HTP (Fig. 4c and Fig. S3 in Support-
ing information). Considering the relatively poor quality of the
crystallographic data at 473K, variable-temperature Powder X-ray
Diffraction (PXRD) measurement was performed to further verify
the rationality of the high-temperature cubic phase. As shown in
Fig. S4a (Supporting information), the significant changes of the
peaks within the selected area of the red dashed line demon-
strate the structural changes of the (R)-F-321. As the temperature
increases, the decrease in the number of diffraction peaks indi-
cates that the phase transition is a change from a low-symmetry
phase to a high-symmetry phase. The PXRD patterns measured at
297K and 493 K match very well with the simulated ones, further
proving the rationality of the crystallographic data at 300K and
473K (Figs. S4b and c). From the foregoing, the displacive changes
of chloride anions and order-disorder transition of the 4-fluoro-
1-azabicyclo[3.2.1]octonium cations result in the phase transition,
leading to ultra-high T, and large &’ switching.

According to the Aizu rule, (R/S)-F-321 undergoes a ferroelas-
tic phase transition with an Aizu notation of 432F422. Due to the
birefringence characteristics of crystals, ferroelastic domains ex-
hibit bright and dark alternating patterns under orthogonally po-
larized light. In order to observe the ferroelastic-paraelastic trans-



Z. Chen, M. Li, J. Lan et al.

478 K
(¢) Heating-2

Fig. 5. Evolution of ferroelastic domains between the paraelastic and ferroelastic
phase of (R)-F-321 in the first heating run (a), the first cooling run (b), and the
second heating run (c).

formation of (R)-F-321, the single crystal was observed using a po-
larization microscope during the heating-cooling cycles. As shown
in Fig. 5a, no ferroelastic domains were observed in the raw crys-
tal under polarized light at 350 K. When the crystal was heated to
478K, striped ferroelastic domains with alternating light and dark
suddenly appeared. When the temperature rose to 483K, the crys-
tal underwent a ferroelastic phase transition from the ferroelas-
tic phase to the paraelastic phase, and the domains disappeared
completely. Then the crystal was cooled, and as the temperature
dropped to 468K, the streaked ferroelastic domains reappeared,
becoming brighter as the temperature decreased (Fig. 5b). After
further heating the crystal above T, it can be observed that the
ferroelastic domains disappeared again (Fig. 5c). The comparison
of crystal morphology observed under polarized and depolarized
conditions is shown in Fig. S5 (Supporting information), confirm-
ing that the existence of ferroelastic domains is independent of
morphology. During continuous heating-cooling cycles, the domain
structure repeatedly disappeared and appeared, suggesting that the
ferroelastic-paraelastic phase transition is reversible.

In summary, we synthesized simple organic salt ferroelastic
enantiomers (R/S)-F-321, which undergo a high-temperature struc-
tural phase transition with an Aizu notation of 432F422 at 470K.
Due to the synergistic effect of the order-disorder transition of 4-
fluoro-1-azabicyclo[3.2.1]octonium cations and displacive change of
chloride anions, (R/S)-F-321 exhibit outstanding dielectric switch-
ing characteristic around T, showing good reversibility and sta-
bility. Therefore, they become potential candidate materials for
switch applications. The organic enantiomers prove that the intro-
duction of chirality is an effective way to develop multifunctional
phase transition materials.
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