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ABSTRACT: Plastic crystals that show ferroelectricity are highly promising materials for a wide range of applications. Their inherent 

remarkable malleability and highly symmetric cubic structures in the plastic crystal phase ensure that their ferroelectricity and related 

properties are retained in their bulk polycrystals. To develop functional materials based on such plastic/ferroelectric crystals, methods 

to tune their properties for specific applications are required. Here, we report the preparation of solid solutions of plastic/ferroelectric 

ionic crystals by mixing crystals with a common anion but different cations, or crystals with a common cation but different anions, 

which allows a continuous modification of the Curie temperature of the ferroelectric system over a range of 100 K. This adjustment 

of the Curie temperature allows the flexible tuning of the pyroelectric properties of the solid solutions, including a significant en-

hancement of room-temperature performance. The solid solutions also exhibit morphotropic phase boundaries in the composition–

temperature phase diagrams, which shows an abrupt change in crystal structures with a variation of composition. This study show-

cases a simple and versatile property-tuning method that can be expected to pave the way for a major progress in the development of 

materials based on plastic/ferroelectric crystals, which will eventually advance to the stage of pursuing tailor-made functional mate-

rials with desired properties. 

INTRODUCTION 

Ferroelectric materials exhibit a spontaneous electric polari-

zation whose direction can be switched by applying an electric 

field.1 In addition to the switchable spontaneous polarization, 

ferroelectric materials possess different related properties, such 

as pyroelectricity, piezoelectricity, and optical second harmonic 

generation, which have been employed in applications includ-

ing non-volatile memory elements, sensors, and actuators. Mo-

lecular ferroelectric crystals have recently attracted considera-

ble attention for their potential applications as alternatives or 

complements to widely used toxic lead-based ferroelectric per-

ovskite oxides.2 

Among the small-molecule-based ferroelectric crystals, plas-

tic crystals that exhibit ferroelectricity are attracting growing 

interest due to their unique properties and ease of develop-

ment.3,4 Plastic/ferroelectric crystals possess a plastic crystal 

phase as the high-temperature paraelectric phase and ferroelec-

tric phases as low-temperature phases. The plastic crystal phase 

is a mesophase between the solid and liquid states, which is of-

ten observed in compounds of neutral or ionic molecules with 

globular molecular structures.5 In the plastic crystal phase, the 

globular molecules rotate isotropically and their orientation is 

completely disordered, albeit that they retain long-range posi-

tional order and form crystal lattices similar to those in normal 

crystals.6 Plastic crystals undergo one or more solid–solid phase 

transitions upon cooling and become normal crystals with or-

dered molecular orientation at low temperatures. In addition to 

plastic/ferroelectric crystals, plastic crystals have been em-

ployed to develop other functional materials such as solid-state 

ion conductors7 and barocaloric materials.8 

Plastic/ferroelectric crystals possess several valuable features 

not accessible in conventional molecular ferroelectrics, which 

render the materials highly promising for practical applications. 

Plastic/ferroelectric crystals show multiaxial ferroelectricity, 

which allows the polar axis of the crystal to be changed in sev-

eral different directions in response to an applied electric field. 

The three-dimensional polarization switching is related to the 

highly symmetric cubic crystal structures in the plastic crystal 

phase and is not available for uniaxial molecular ferroelectrics 

with low crystal symmetry, where only 180°-reversal of polari-

zation is allowed.4,9 Moreover, monolithic bulk polycrystals can 

be easily prepared by applying pressure to their powders, be-

cause the plastic crystals are highly malleable and easily de-

formed without fracturing under compressive stress. The multi-

axial ferroelectricity and high malleability of plastic/ferroelec-

tric crystals allowed, for the first time, ferroelectric perfor-

mance to be achieved in bulk small-molecule polycrystals, e.g., 

compacted pellets of powders.3 Thus, both in terms of perfor-

mance in polycrystalline forms and the ready availability of 

monolithic bulk polycrystals, plastic/ferroelectric crystals share 

the strengths of ferroelectric inorganic perovskite oxides such 

as barium titanate and lead zirconate titanate, which are widely 

used as ferroelectric ceramics in industry owing to these ad-

vantages. 

Since the first report, a multitude of plastic/ferroelectric crys-

tals with various characteristics have been developed based on 

ionic molecules by combining cations and anions with globular 

molecular structures.10 To further develop these emerging func-

tional materials, a means of tuning and optimizing the proper-

ties of existing crystals and preparing tailor-made materials for 
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specific applications is required. Here, we demonstrate a 

method for tuning the property of plastic/ferroelectric ionic mo-

lecular crystals via a rational solid-solution formation technique. 

The formation of solid solutions, also called mixed crystals 

or alloys, is a widely applied property-tuning strategy and the 

key to the successful industrial applications of ferroelectric in-

organic perovskite oxides.11 For example, substitution of the 

constituent metal ions of BaTiO3, i.e., Ba2+ and Ti4+, with ions 

such as Sn4+, Pb2+, Sr2+, Ca2+, or Mg2+, allows tuning the dielec-

tric properties to obtain desired characteristics through shifting 

the temperature of or depressing the sharpness of the dielectric 

constant peak of BaTiO3. Moreover, solid solutions of ferroe-

lectric PbTiO3 with antiferroelectric PbZrO3 (PZT) or relaxor 

Pb(Mg1/3Nb2/3)O3 (PMN–PT) show a morphotropic phase 

boundary (MPB) in their composition–temperature phase dia-

grams.11,12 A morphotropic transition is defined as an abrupt 

change in the crystal structure of the solid solutions with varia-

tion in composition, and electromechanical and dielectric re-

sponses of these ferroelectric solid solutions exhibit a signifi-

cant enhancement in the vicinity of the MPB. Also, an organic–

inorganic hybrid cadmium-halide one-dimensional perovskite 

has been reported to show a significant enhancement of piezo-

electricity near the MPB, which is induced through solid-solu-

tion formation by mixing organic cations,13 while changes in the 

crystal structure and ferroelectric transition temperature with 

compositional variation has recently been achieved in lead-hal-

ide two-dimensional perovskite ferroelectrics through enantio-

meric organic cation mixing (i.e., racemization).14 

In this study, we report on the utility of a simple precipitation-

based method to prepare solid solutions of the plastic/ferroelec-

tric ionic crystal 1-azabicyclo[2.2.1]heptanium perrhenate 

([AH][ReO4]). [AH][ReO4] is a highly promising plastic/ferro-

electric crystal that shows ferroelectric switching under low 

electric fields and exhibits extremely high pyroelectric perfor-

mance in polycrystals.15 Rapid precipitation from a mixed solu-

tion of [AH][ReO4] and plastic/ferroelectric ionic molecular 

crystals with a different cation or anion, i.e., quinuclidinium 

perrhenate ([QH][ReO4])
3 or 1-azabicyclo[2.2.1]heptanium pe-

riodate ([AH][IO4]),
15 resulted in all-proportional solid solu-

tions, which cannot be obtained via other commonly employed 

crystal-growth methods. The mixed-anion or mixed-cation 

solid solutions allowed continuous tuning of the ferroelectric 

transition temperature over a range of 100 K and significantly 

enhanced the materials’ utility as pyroelectrics. We also found 

that MPBs and a novel phase emerge in the phase diagrams of 

the solid solutions. This report thus represents the first example 

of such property tuning in plastic/ferroelectric crystals. This 

versatile tuning method is potentially applicable to other related 

compounds and can be expected to greatly extend the utility of 

this class of functional materials. 

 

 

EXPERIMENTAL SECTION 

Materials. [AH][ReO4], [QH][ReO4], and [AH][IO4] were 

prepared as white powders according to literature proce-

dures.3,15 Solid solutions of the aforementioned salts were 

obtained by preparing nearly saturated ethanol solutions of mix-

tures of the salts in the desired molar ratio, to which five times 

the volume of hexane was rapidly added under stirring at room 

temperature. The thus obtained white precipitate was filtered 

off and subsequently dried under reduced pressure to yield the 

solid solution, with a typical yield of ~90%. The composition 

of the solid solutions of [AH][ReO4] and [QH][ReO4] (x in 

[AxQ1−xH][ReO4]) was determined based on an LC-MS analysis 

(Waters Acquity UPLC/ZQ2000) by estimating the molar ratio 

of [AH] and [QH] cations in the sample solutions. The compo-

sition of the solid solutions of [AH][ReO4] and [AH][IO4] (y in 

[AH][ReyI1−yO4]) were determined based on an ICP-MS analy-

sis (Agilent 8800 ICP-QQQ) by estimating the molar ratio be-

tween rhenium and iodine atoms in the sample solutions. 

Bulk polycrystalline plates of the materials for electrical 

measurements were prepared by application of uniaxial pres-

sure to the powder in the high-temperature phase, typically at 

~100 °C. A photograph of microcrystals and a bulk polycrystal-

line plate of the solid solution of [A0.5Q0.5H][ReO4] is shown in 

Figure S1. Scanning electron microscopy (SEM) images of bulk 

polycrystalline plates of several solid solutions are shown in 

Figure S2. 

Caution! Powders of [AH][IO4] and its solid solutions are 

potentially explosive because they contain periodate ions. Alt-

hough the powders did not explode under normal handling, in-

cluding heating to 150 °C and pressing at ~100 °C, they did ex-

plode when heated with a flame. 

 

RESULTS AND DISCUSSION 

Preparation of Solid Solutions [AxQ1−xH][ReO4] and 

[AH][ReyI1−yO4]. Solid solutions of molecular crystals have 

been studied extensively. It is widely accepted that the for-

mation of solid solutions is limited to those between molecules 

with similar molecular and crystal structures.16 Although signif-

icant consideration has been given to whether certain combina-

tions of molecules can form stable solid solutions, much less 

attention has been paid to experimental procedures for prepar-

ing solid solutions.17 Even though crystallization from solution, 

via e.g., evaporating the solvent or cooling the solution, is the 

most common and efficient method for preparing solid sub-

stances, this process itself can be a major obstacle to the for-

mation of solid solutions with the desired composition. When 

the constituent compounds exhibit different solubility from 

each other, the composition of the resulting solid solution often 

differs from that of the initial solution. In an unfavorable sce-

nario, even if a thermodynamically stable solid solution could 

exist, crystals with lower solubility grow first, followed by crys-

tals with higher solubility, resulting in a solid mixture with mul-

tiple phases rather than a homogeneous single-phase solid solu-

tion. To expand the utility of plastic/ferroelectric crystals and 

other functional molecular crystals, it is essential to develop a 

convenient high-yielding method that produces homogeneous 

single-phase solid solutions with a wide compositional range. 

In this study, we have successfully prepared all-proportional 

solid solutions of ionic molecular crystals, which has so far not 

been accomplished using conventional solution-evaporation 

methods. 

We have prepared solid solutions of high-performance plas-

tic/ferroelectric crystals of [AH][ReO4] by mixing it with crys-

tals that contain the same anion but a different cation 

([QH][ReO4]), or the same cation but a different anion 

([AH][IO4]). Each of the three crystals exhibits three solid 
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phases: a high-temperature plastic crystal phase (HTP) with 

CsCl-type cubic structures, and two ferroelectric intermediate- 

(ITP) and low-temperature phases (LTP), in which the crystals 

exhibit ferroelectricity due to reorientation of the polar cati-

ons.3,15 We tested several procedures for preparing solid solu-

tions of [AH][ReO4] and [QH][ReO4] in a 1:1 molar ratio, and 

established a standard protocol, i.e., a rapid-precipitation tech-

nique that is also applicable to solid solutions with other com-

positions. 

Several solid solutions of ionic plastic crystals have been ob-

tained from solvent evaporation.18 However, slow evaporation 

from ethanol or water solutions of [AH][ReO4] and [QH][ReO4] 

mixtures yielded solid mixtures with two different phases after 

the complete removal of the solvent. The PXRD patterns of the 

obtained solids were interpreted as superpositions of the pat-

terns of the rhombohedral ITP of [AH][ReO4] and the ortho-

rhombic LTP of [QH][ReO4], which are the stable phases of the 

respective crystals at room temperature (Figure S3). These re-

sults indicate that [AH][ReO4] and [QH][ReO4] crystals formed 

separately through slow evaporation, although each phase may 

contain the other component to some extent as a solid solution 

(Scheme 1). 

 

Scheme 1 Difference between slow evaporation of solvent and 

rapid precipitation from solution of mixtures. 

While solid-solution formation by heating polycrystalline 

disks of binary mixtures of ionic plastic crystals has been re-

ported,19 the present system remained intact during solid-state 

heating and did not form solid solutions (Figure S3). Moreover, 

solid solutions of organic ionic plastic crystals with low melting 

points have been prepared by solidification of a molten mixture; 

for example, a dramatic increase in ionic conductivity has been 

achieved by doping a small amount of lithium ions into the ma-

trix of plastic crystals.20 However, this method cannot be ap-

plied to the present system because the [AH][ReO4] and 

[QH][ReO4] crystals decompose before melting. 

In contrast, a solid solution was obtained via rapid precipita-

tion from a solution of [AH][ReO4] and [QH][ReO4] in ethanol, 

a good solvent, by adding five times the volume of hexane, a 

poor solvent (Scheme 1). The PXRD pattern indicates that the 

obtained microcrystalline powder represents a single phase with 

a crystal structure isomorphous to the rhombohedral ITP of 

[AH][ReO4] and [QH][ReO4] (Figure S3). The DSC traces 

shown in Figure S4 exhibit two sharp peaks corresponding to 

the two solid–solid phase transitions (HTP/ITP and ITP/LTP), 

which was also observed for both [AH][ReO4] and [QH][ReO4] 

crystals. 

Single-phase solid solutions were also obtained from rotary 

evaporation, albeit that their quality was lower than those ob-

tained from rapid precipitation. PXRD measurements showed 

that the rotary evaporation of an ethanol solution provided a sin-

gle-phase solid solution, while that of a water solution yielded 

a small amount of the orthorhombic [QH][ReO4]-type phase in 

addition to the solid solution (Figure S3). Although the PXRD 

patterns of the solid solutions obtained from these different 

methods were similar, the DSC measurements revealed notable 

differences in their quality (Figure S4). The solid solution ob-

tained from rapid precipitation exhibited sharper peaks com-

pared to those obtained from rotary evaporation. The peak 

broadening observed for the evaporated solids is probably due 

to the inhomogeneous distribution of compositions in the sam-

ples, i.e., solid solutions with slightly different compositions 

were formed, each of which undergoes phase transitions at dif-

ferent temperatures, resulting in a broad peak for the overall 

sample. 

Since the solid solutions are forced to crystallize fast during 

the rapid precipitation, the different solubility of the constituent 

compounds is not likely to result in selective crystallization. 

Thus, the obtained solid solutions possess a uniform composi-

tion that is similar to the composition of the raw solution, and 

they thus present sharp peaks in their DSC traces. This also ex-

plains the broader peaks for the solid solution obtained from 

rotary evaporation of the aqueous solution, as the crystallization 

was slower than that of the ethanol solution. 

This rapid precipitation technique provided all-proportional 

solid solutions for both the [AH][ReO4]/[QH][ReO4] and 

[AH][ReO4]/[AH][IO4] systems (Figures S5 and S6); their ana-

lyzed compositions were within 2% and 1% of those in the raw 

solutions, respectively (Tables S1 and S2). All the solid solu-

tions exhibited two solid–solid phase transitions, which gave 

rise to distinct peaks in the DSC traces (Figure S7). Given that 

the compositions of the solid solutions obtained in the present 

method were almost identical to those in the raw material solu-

tions, the solid solutions are hereafter denoted using the com-

position of the raw solution, i.e., [AxQ1−xH][ReO4] and 

[AH][ReyI1−yO4], where x (0  x  1) and y (0  y  1) represent 

the molar fraction of [AH][ReO4]. These results indicate that 

nonselective crystallization from solutions of the raw material 

mixtures is the key to preparing solid solutions with homogene-

ous compositions, and that the rapid-precipitation technique is 

a simple and efficient method for this purpose. 

Continuous Tuning of the Curie Temperature of Solid So-

lutions. We further found that the Curie temperature (TC), 

which is the transition temperature between the ferroelectric 

and paraelectric phases, of the plastic/ferroelectric crystal 

[AH][ReO4] can be changed markedly via the formation of solid 

solutions. The TC value of ferroelectric crystals defines their op-

erating temperature window; the crystals exhibit ferroelectricity 

and related properties only below the TC. Additionally, the val-

ues of several physical properties, such as the dielectric constant 

and pyroelectricity, reach a maximum as the ferroelectric crys-

tal approaches TC. Since these values often vary as a function of 

TC−T, the properties at the temperature of interest, e.g., room 

temperature, can be significantly modulated by tuning the TC. 

Furthermore, an appropriate TC is essential for the application 

of ferroelectric crystals in solid-state cooling using the electro-

caloric effect.21 Therefore, TC is an important index for func-

tional ferroelectric crystals, and its modification is the primary 

approach to tailor their characteristics to specific applications.11 

Solid-solution formation via the rapid-precipitation tech-

nique enabled us to continuously vary the TC over a range of 

100 K. The DSC traces of [AxQ1−xH][ReO4] and 

[AH][ReyI1−yO4] shown in Figure 1 for selected compositions 

and temperature ranges illustrate the changes in TC (for the 
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complete data set, see Figure S7). The TC value of the solid so-

lutions, which was defined as the transition temperature be-

tween the ITP and HTP, exhibits a linear dependence on x and 

y (Figure 1c). As the [AH] concentration x in [AxQ1−xH][ReO4] 

is decreased by substitution with [QH], the TC increases from 

323 K in x = 1 ([AH][ReO4]) to 367 K in x = 0 ([QH][ReO4]). 

On the other hand, a decrease in the [ReO4] concentration y by 

substitution with [IO4] lowers the TC in [AH][ReyI1−yO4] to 259 

K in y = 0 ([AH][IO4]). These results indicate that the TC of the 

materials can be easily set to any value between 259 K and 367 

K due to the linear dependence of TC on their compositions, 

which are virtually identical to those in the raw solutions. This 

advantage has been utilized in the precise tuning of pyroelec-

tricity described in a later section (cf. Pyroelectric Properties of 

Solid Solutions). 

Figure 1. DSC traces of (a) [AxQ1−xH][ReO4], (b) [AH][ReyI1−yO4], 

and (c) Tc of [AxQ1−xH][ReO4] as well as [AH][ReyI1−yO4] as a func-

tion of the composition. 

PXRD measurements showed that all [AxQ1−xH][ReO4] and 

[AH][ReyI1−yO4] solid solutions, as well as the end members 

([AH][ReO4], [QH][ReO4], and [AH][IO4]) have isomorphous 

structures in both the paraelectric HTP and the ferroelectric ITP, 

i.e., the phases immediately above and below the TC (Figures 2, 

S5, and S6). Each observed HTP pattern was fitted to the cubic 

crystal lattice using the Le Bail method, which indicates that the 

solid solutions are in the plastic crystal phase. The obtained lat-

tice parameter a showed a nearly linear dependence on the com-

position, obeying Vegard’s law (Figure S8).22 The PXRD pat-

terns in the ITP were also successfully fitted by the trigonal 

crystal system with the rhombohedral lattice, and the obtained 

lattice parameters a and  of [AxQ1−xH][ReO4] also show almost 

linear relationships with the composition (Figure S9). 

 

Figure 2. Powder X-ray diffraction patterns of (a) 

[AxQ1−xH][ReO4] in the cubic HTP at 380 K and (b) in the rhom-

bohedral ITP at the indicated temperatures. (c) [AH][ReyI1−yO4] in 

the cubic HTP at 330 K and (d) in the rhombohedral ITP at the 

indicated temperatures. 

Although the crystal lattices of [AH][ReyI1−yO4] in the ITP 

remain nearly cubic, they can be refined as the trigonal crystal 

system with only slightly distorted pseudo-cubic rhombohedral 

lattices (  90°) (Table S3). We therefore concluded that all 

the solid solutions [AxQ1−xH][ReO4] and [AH][ReyI1−yO4] un-

dergo transitions between the ferroelectric rhombohedral ITP 

and the paraelectric cubic HTP, whereby the TC values and lat-

tice geometry continuously vary with the composition. It should 

also be noted here that the occurrence of the same type of phase 

transition at different compositions is important for the use of 

solid solutions as pyroelectric materials, because the high pyro-

electricity of [AH][ReO4] crystals is largely due to the second-

order nature of the ITP/HTP phase transition. 

Ferroelectric Properties of Solid Solutions. The principal 

characteristics of [AH][ReO4] as ferroelectric crystals are pre-

served in the solid solutions, as shown by the comparable fea-

tures in the temperature dependence of the dielectric constant 

and polarization–electric field diagrams. Figure 3 shows the di-

electric constant ′ of [AxQ1−xH][ReO4] measured using poly-

crystalline plates as a function of temperature. At the HTP/ITP 

transition, each solid solution exhibits a sharp peak characteris-

tic of proper ferroelectric–paraelectric phase transitions, and 

these peaks occur at different temperatures. The ITP/LTP tran-

sition at lower temperatures is also found as dielectric anoma-

lies of a step-like change in the ′ values, which is attributable 

to the onset of orientational polarization due to reorientation of 

the polar cations, i.e., [AH] and [QH].3,15 The temperature de-

pendence of ′ of [AH][ReyI1−yO4] also exhibited similar fea-

tures (Figure S10): a sharp peak at the HTP/ITP transitions and 

small anomalies at the ITP/LTP transitions. These features in-

dicate that the solid-solution formation of [AH][ReO4] does not 

significantly change its dielectric behavior associated with 

phase transitions despite the marked changes in the transition 

temperatures. 
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Figure 3. Dielectric constant ′ of polycrystalline plates of 

[AxQ1−xH][ReO4] measured as a function of temperature at a fre-

quency of 10 kHz. 

The ferroelectric performance of the [AH][ReO4] crystals at 

room temperature was also maintained in the solid solutions 

[AxQ1−xH][ReO4]. Whereas both the ITP and LTP of 

[AH][ReO4] crystals are ferroelectric phases, the advantageous 

features as ferroelectric materials, e.g., low-electric-field polar-

ization switching and large pyroelectricity, are limited to the 

ITP; thus, the existence of the ITP at room temperature makes 

the [AH][ReO4] crystals highly promising.15 Therefore, we fo-

cused on the ferroelectric properties of the solid solutions in the 

ITP; those in the LTP are briefly discussed in a later section (cf. 

Characterization of LTPs and Morphotropic Phase Boundaries 

of Solid Solutions).  

 

Figure 4. Polarization–electric field (P–E) diagrams of polycrys-

talline plates of [AxQ1−xH][ReO4] in ITP (at 300 K) measured under 

a triangular electric field (10 Hz). 

Figure 4 shows the hysteresis loops in the P–E diagrams of 

[AxQ1−xH][ReO4] (x = 0.4, 0.6, 0.8, and 1) in the ITP measured 

at 300 K. While the coercive electric fields (Ec) estimated from 

the intercepts (P = 0) in the loops show some composition-de-

pendent variation (7–15 kV cm−1), the spontaneous polarization 

(Ps) estimated by the intercepts (E = 0) is almost identical for 

all solid solutions (4.2–4.4 C cm−2). Crystals of 

[AxQ1−xH][ReO4] (x = 0, 0.2), which are in the LTP rather than 

the ITP at 300 K, also showed similar Ec and Ps values in the 

ITP at elevated temperatures (Figure S11). The P–E hysteresis 

loops of the [AH][ReyI1−yO4] solid solutions in the ITP pre-

sented in Figure S12 also exhibit almost constant values for Ps 

(3.9–4.2 C cm−2), except in the case of [AH][IO4] (3.5 C 

cm−2), which was measured at a temperature (250 K) close to 

its TC (259 K). The [AH][ReyI1−yO4] systems still exhibited rel-

atively small Ec values (14–30 kV cm−1) in the ITP despite be-

ing measured at low temperatures. 

The overall similarity in the ferroelectric properties found in 

the solid solutions is consistent with their isomorphous crystal 

structures in the ITP. In particular, the small Ec values of all the 

solid solutions are highly advantageous for their use as bulk pol-

ycrystals, as they allow plates with substantial thickness to be 

easily subjected to ferroelectric switching and electrical poling. 

The present strategy for the formation of solid solutions enables 

a widening of the temperature window of the ITP (182–332 K 

for [A0.8Q0.2H][ReO4]) for a single-composition crystal, while 

covering a wide range of temperatures (182–367 K) via an ad-

justment of the composition (Figure S13). 

Pyroelectric Properties of Solid Solutions. We found that 

the solid solutions based on [AH][ReO4] exhibit flexibly tuna-

ble pyroelectric behavior, which includes a significant enhance-

ment of the pyroelectric performance at room temperature. Py-

roelectricity is the temperature dependence of the spontaneous 

polarization of anisotropic solids, and has found a wide range 

of applications, such as human-body detection and thermal-en-

ergy harvesting.23 Ferroelectric crystals are a sub-class of pyro-

electric crystals, and all ferroelectric crystals show pyroelectric-

ity. The Ps value of ferroelectrics decreases upon heating and, 

accordingly, the pyroelectric coefficient p (eq 1) becomes neg-

ative. 

𝑝 =
𝑑𝑃s

𝑑𝑇
 (1) 

Ferroelectrics that exhibit a second-order ferroelectric–

paraelectric phase transition are particularly useful for pyroe-

lectric applications. This is because the Ps value of such ferroe-

lectrics gradually decreases upon heating, which results in large 

|p| values that gradually increase over a wide temperature range 

as the temperature approaches TC. Ferroelectrics with a TC that 

is not significantly higher than room temperature are especially 

useful, as they exhibit large |p| values at room temperature. In 

such ferroelectrics, tuning the TC can significantly affect the py-

roelectric performance of the materials at room temperature.  

In addition to large |p| values, a low dielectric constant is ad-

vantageous in terms of materials applications. This is because a 

large voltage response is expected for a given thermal input, 

since pyroelectric materials usually act as dielectrics in devices. 

The voltage-related pyroelectric performance of materials can 

be evaluated using the voltage responsivity (Fv) and the electro-

thermal coupling factor (k2), which are defined by eqs 2 and 3, 

respectively: 

𝐹v =
𝑝

𝜌𝑐p𝜀0𝜀33
′  (2) 

𝑘2 =
𝑝2𝑇hot

𝜌𝑐p𝜀0𝜀33
′  (3) 

where  is the density, cp the specific heat capacity, 0 the vac-

uum permittivity, ′ the relative dielectric constant measured 

parallel to the polarization of the poled sample, and Thot the 

maximum working temperature.23d The indices Fv and k2 are of-

ten used for selecting materials for infrared sensors and thermal-

energy harvesters, respectively. 

Molecular ferroelectric crystals of triglycine sulfate (TGS) 

are particularly useful as device elements in high-performance 

infrared sensors due to their high |p| and |Fv| values at room tem-

perature (|p| = 280 C m–2 K–1 and |Fv| = 0.36 m2 C–1).23b The 
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high performance of TGS has been attributed to the synergistic 

effect of its second-order ferroelectric–paraelectric transition, 

near-room-temperature TC (322 K), and small dielectric con-

stant (′ = 38), which endow it with one of the highest hitherto 

reported |Fv| values. The [AH][ReO4] crystals also undergo a 

second-order phase transition near room temperature (TC = 323 

K) and exhibit a small dielectric constant (′  20).15 These 

features make [AH][ReO4] crystals high-performance pyroelec-

trics (|p| = 190 C m–2 K–1 and |Fv| = 0.58 m2 C–1 at 298 K) 

comparable to TGS single crystals, and their performance is 

available even in bulk polycrystalline forms.15,24 

The pyroelectric performance of the [AH][ReO4] crystals can 

be flexibly tuned by adjusting the TC to the desired value. De-

tails of the pyroelectric measurements and analysis are de-

scribed in the Supporting Information (Figures S14–S19 and 

Tables S4–S6). The formation of the mixed-anion solid solu-

tions [AH][ReyI1−yO4] decreases the TC of the system (Figure 1). 

The resulting proximity of TC to room temperature enhances the 

pyroelectricity of the solid solutions. For example, polycrystal-

line plates of the solid solution [AH][Re0.8I0.2O4] (TC = 311 K) 

exhibited a significantly increased |p| value of 290 C m–2 K–1 

at 298 K (Table S5), and the corresponding |Fv| value was en-

hanced to 0.80 m2 C–1 at 298 K (Figure 5). This |Fv| value is the 

highest among hitherto reported polycrystalline materials and is 

by more than one order of magnitude higher than that of the 

widely used polycrystalline pyroelectrics of PZT ceramics (|Fv| 

= 0.059 m2 C–1).23b The k2 (Thot = 300 K) value of the polycrys-

tals also increased from 3.3% for [AH][ReO4] to 7.1% for 

[AH][Re0.8I0.2O4], placing it among the largest values reported 

so far and much higher than that of PZT ceramics (0.68%).23d 

These results indicate that the obtained solid solutions represent 

high-performance pyroelectrics for use at room temperature. 

 

Figure 5. Comparison of pyroelectric voltage responsivity |Fv| at 

298 K. 

On the other hand, solid-solution formation by substituting 

the cation [AH] with [QH] increases the TC values, e.g., TC = 

341 K for [A0.6Q0.4H][ReO4]. Although the solid solution 

[A0.6Q0.4H][ReO4] shows a smaller |p| value and correspond-

ingly smaller values of |Fv| and k2 at 298 K (|p| = 100 C m–2 K–

1, |Fv| = 0.27 m2 C–1, and k2 = 0.80% at 298 K) (Table S6), its 

pyroelectricity is available at higher temperatures compared to 

[AH][ReO4] and [AH][Re0.8I0.2O4], as the pyroelectricity of the 

materials becomes zero above their TC. Furthermore, as the TC 

of the [A0.6Q0.4H][ReO4] crystals is significantly higher than 

room temperature, its |p|, |Fv|, and k2 values show only a small 

temperature dependence near room temperature (Figures 6 and 

S20). It is therefore expected that the [A0.6Q0.4H][ReO4] crystals 

will display a more constant and stable thermal response under 

ambient conditions, which may enhance their usability. 

 

Figure 6. Temperature dependence of the pyroelectric coefficients 

of polycrystalline plates of [AH][ReO4], [AH][Re0.8I0.2O4], and 

[A0.6Q0.4H][ReO4]. 

The aforementioned results indicate that TC tuning via solid-

solution formation is a simple yet highly effective method that 

enables the tailored fabrication of high-performance plastic/fer-

roelectric crystals that exhibit ferroelectricity and pyroelectric-

ity as bulk polycrystals. The pyroelectricity of a single sub-

stance is limited below its TC, and high performance can only 

be obtained within a specific temperature range. However, 

solid-solution formation can extend the utility of the substance 

to various temperature ranges. Notably, in the case of 

[AH][ReO4] crystals, the second-order nature of the ferroelec-

tric–paraelectric phase transition does not change upon forming 

the solid solutions, as indicated by the gradual change in the |p| 

values with changing temperature. These features allow for the 

preparation of tailor-made materials with a flexible temperature 

range for high performance. Such materials are advantageous 

for a variety of applications, including energy harvesting based 

on temperature fluctuation at various environmental tempera-

tures. 

Characterization of LTPs and Morphotropic Phase 

Boundaries of Solid Solutions. The LTPs of the mixed-cation 

solid solutions [AxQ1−xH][ReO4] were characterized, and MPBs 

were observed in the phase diagrams. Single-crystal X-ray dif-

fraction studies revealed that [AH][ReO4] and [QH][ReO4] 

share a CsCl-type cubic structure (space group: Pm3̅m) in the 

plastic crystal phase (HTP) and a pseudo-cubic rhombohedral 

structure (space group: R3m) in the ferroelectric ITP.3,15 This 

isostructural relationship is consistent with the common crystal 

structures in the HTP and ITP of the solid solutions 

[AxQ1−xH][ReO4] (Figure 2). For the LTP, the structure of 

[QH][ReO4] was determined using single-crystal X-ray diffrac-

tion analysis (orthorhombic crystal system; space group: 

Pmn21),
3 albeit that the structure of [AH][ReO4] could not be 

resolved due to inevitable twinning caused by the ITP/LTP tran-

sition.15 

The LTPs of [AxQ1−xH][ReO4] exhibit three ferroelectric 

phases with different structures upon varying x. The P–E dia-

grams of all [AxQ1−xH][ReO4] samples in the LTPs displayed 

well-defined hysteresis loops, confirming their ferroelectricity 

(Figure S21). The Ps values of [AxQ1−xH][ReO4] in the LTPs 

(4.3–5.0 C cm−2) are slightly larger than those in the ITPs (Fig-

ures 4 and S11), and the observed Ec values (60–210 kV cm−1) 

are much higher than those in the ITPs. 

Despite the similar Ps values for all x, the solid solutions 

[AxQ1−xH][ReO4] are not isomorphous in the LTPs. The PXRD 
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patterns of [AxQ1−xH][ReO4] at 160 K (Figures 7 and S22), 

where all crystals were in their LTPs, illustrate that three differ-

ent types of crystal structures are obtained depending on the 

composition: (1) For 0  x  0.6, the patterns can be fitted to 

Pmn21 structures isomorphous with that of [QH][ReO4] (x = 0); 

the obtained lattice parameters are listed in Table S7. (2) For x 

= 0.9 and 1 ([AH][ReO4]), the crystals possess isomorphous 

structures. While indexing of the complex PXRD patterns for x 

= 0.9 and 1 failed, they are clearly not isostructural with the 

Pmn21 structure for 0  x  0.6. (3) For x = 0.7 and 0.8, the solid 

solutions manifest a crystal structure different from those of the 

two aforementioned end members. The PXRD patterns of the 

newly appeared phase can be fitted to the lattice of the mono-

clinic crystal system with the space group Pc (Figure S23 and 

Table S7). These results are summarized in the phase diagram 

of [AxQ1−xH][ReO4] (Figure 8a), which demonstrates the first 

example of MPBs in plastic/ferroelectric crystals: [AH][ReO4] 

and [QH][ReO4] have different crystal structures in the LTPs, 

and their solid solutions show two MPBs with a newly produced 

monoclinic phase between them. 

 

Figure 7. Powder X-ray diffraction patterns of [AxQ1−xH][ReO4] 

for selected x values at 160 K. 

 

Figure 8. Composition–temperature phase diagrams of (a) 

[AxQ1−xH][ReO4] and (b) [AH][ReyI1−yO4]. 

The mixed-anion [AH][ReyI1−yO4] system also exhibits a 

morphotropic transition at low temperatures (Figure 8b). Simi-

lar to [AxQ1−xH][ReO4], all solid solutions [AH][ReyI1−yO4] are 

isostructural in the HTP (the cubic crystal) and ITP (the rhom-

bohedral crystal) (Figure 2). Although the complex PXRD pat-

terns in the LTP could not be indexed, the system exhibits a 

clear morphotropic transition between y = 0.6 and 0.8 (Figure 

S24). All [AH][ReyI1−yO4] crystals exhibited ferroelectricity in 

their LTPs as demonstrated by P–E hysteresis measurements 

(Figure S12). The Ps values in the LTPs in the range y = 0–0.6, 

in which the system is isostructural with [AH][IO4], are smaller 

than the corresponding ones in the ITP. In contrast, the Ps values 

in the LTPs for y = 0.8 and 1, where the system is isostructural 

with [AH][ReO4], are comparable or slightly larger than those 

in the ITP. Although the different behavior of the Ps values with 

variation of y is consistent with the presence of an MPB, the 

origins remain elusive at present due to a lack of detailed infor-

mation regarding the crystal structures. 

The MPBs found in the [AH][ReyI1−yO4] and 

[AxQ1−xH][ReO4] systems occur significantly below room tem-

perature (~200 K or below), and the properties of these materi-

als, including piezoelectricity, were not examined in the vicinity 

of the MPBs. However, the occurrence of MPBs in solid solu-

tions of plastic/ferroelectric crystals can be expected to stimu-

late an extensive exploration and investigation of MPBs and re-

lated phenomena in this molecular ferroelectric crystal family. 

These efforts will eventually lead to an expansion of the rich 

materials science of MPBs, which has thus far focused on inor-

ganic oxides. 

 

CONCLUSIONS 

In summary, we have succeeded in preparing all-proportional 

solid solutions and property tuning of plastic/ferroelectric crys-

tals of 1-azabicyclo[2.2.1]heptanium perrhenate ([AH][ReO4]). 

The obtained solid solutions maintain the ferroelectric perfor-

mance of the parent ferroelectric crystals, i.e., low-electric-field 

switching and high pyroelectricity, in the intermediate-temper-

ature phase (ITP). The formation of solid solutions allowed a 

continuous tuning of the Curie temperature (TC) of the ferroe-

lectric system over a range of 100 K. Through this adjustment 

of the TC, the pyroelectric performance of the system can be 

flexibly tuned and the |p|, |Fv|, and k2 values significantly en-

hanced at room temperature. Moreover, the solid solutions ex-

hibit morphotropic phase boundaries (MPBs) in the composi-

tion–temperature phase diagrams. 

The results of this work also underscore the importance of a 

suitable procedure for producing solid solutions. By using a 

rapid-precipitation technique that has not yet been commonly 

employed, we were able to prepare solid solutions of molecular 

ferroelectric crystals that have not yet been obtained by means 

of conventional methods. Solid solutions of molecular crystals 

have typically been prepared by either solidification from the 

molten state or slow growth from solution. Single crystals ob-

tained through the latter method are highly valuable, as they al-

low determining the crystal structure of the solid solution by 

means of X-ray diffraction analysis. However, this preparation 

procedure is, in principle, a purification process, and it is thus 

difficult to obtain homogeneous solid solutions from it. Relying 

solely on this method, may, therefore, restrict studies on solid 

solutions. Further development of preparation techniques could 

potentially enable the formation of solid solutions that have 

hitherto been considered inaccessible via conventional methods 

and would lead to new insights into solid-solution-formation 

phenomena. 

Using this rapid-precipitation method, we have demonstrated 

performance tuning and the manifestation of MPBs via the for-

mation of solid solutions, which are unprecedented for plas-

tic/ferroelectric crystals. This preparation technique can also be 

potentially applied to other plastic/ferroelectric crystals. A con-

siderable number of plastic/ferroelectric ionic crystals have 

been developed based on the combination of cations and anions 

with globular molecular structures. While each crystal exhibits 

a variety of crystal structures and ferroelectric-performance pat-

terns in the ferroelectric phase, most of these have cubic CsCl-

type structures in the paraelectric plastic crystal phase. The 
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presence of this common aristotype is analogous to the fact that 

the ferroelectric inorganic oxide family has a common cubic 

perovskite aristotype, which should be advantageous for the 

formation of solid solutions. Systematically investigating the 

solid solutions of plastic/ferroelectric ionic crystals can be ex-

pected to result in the development of tailor-made materials that 

exhibit improved performance and ease of use. The broadened 

scope of materials development may also result in the discovery 

of a wealth of novel phenomena, thereby advancing the study 

of this ferroelectric family into a rich field of functional molec-

ular science. 
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