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Three-dimensional (3D) hybrid metal-halogen perovskite multiferroic materials have great advantages in the
application of ferroic-photoelectric devices because of their excellent physical properties, including ferroe-
lectricity, ferroelasticity, large piezoelectric response, and high carrier mobility. Currently, relatively few types
of 3D hybrid metal-halogen perovskite multiferroic materials are known, as their construction requires their
organic structure to conform to the Goldschmidt tolerance factor. Moreover, their performance potential is
limited by their lower Curie temperature (T.). Herein, we successfully designed a novel 3D hybrid double
perovskite (R-3P),KBiClg (R-3P = (R)-3-hydroxypyrrolidinium, R3PBKC) using the synthesis strategy of gen-
erating K-O coordination bonds through H/OH substitution and introducing homochirality. Notably,
R3PBKC exhibited an unusually high T. (376 K) structural phase transition of P1-P1-P2;—-P6322, and the fer-
roelectric—ferroelastic multiferroicity of R3PBKC was verified using typical polarization electric field (P—E)
hysteresis loops and temperature-dependent evolution of ferroelastic domains. This study presents a simple
and efficient molecular strategy to realize the construction of 3D hybrid perovskite ferroelectrics, opening
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1. Introduction

Multiferroics are multifunctional materials exhibiting ferro-
electric (FE), ferroelastic (FA), ferromagnetic (FM), and anti-
ferromagnetic (AFM) properties."® They have broad appli-
cations in memory, actuators, energy conversion, information
storage, photoelectric devices, and sensors.”™® Organic-in-
organic hybrid perovskites (OIHPs) have many advantages for
developing ferroic order materials, such as mechanical flexi-
bility, environmental friendliness, and structural
tunability.'”>* Among them, 3D OIHPs have been widely
studied for their high absorption coefficient, high defect toler-
ance, and superior photoelectric performance, accelerating the
advancement of technologies such as solar cells, photoelectric
semiconductors, and X-ray photodetectors.”>*° For example,
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up a new research path for the design and development of 3D multiferroic materials.

[CH;NH;]PbI; has excellent photovoltaic properties and is con-
sidered a future high-performance and low-cost light harvest-
ing material.>* However, the ionic radius of the organic cations
in 3D perovskites must satisfy the Goldschmidt tolerance
factor 7 = (ra +1rx)/V2(rs +1x) (r is the ionic radius), which
poses a significant challenge in the development of 3D
OIHPs.*>%

Practicable molecular strategies in “ferroelectrochemistry”
have been proposed for the targeted design of ferroelectricity,
such as homochirality introduction, H/F substitution, and the
quasi-spherical strategy.**° For example, introducing chirality
into hybrid perovskites restricts their symmetry to chiral point
groups, including C;, C,, D,, C3, D3, C4, D4, Cs, Dg, T, and O,
among which 5 of the 11 chiral point groups are polar point
groups (Cy, C,, Cs, C4, Ce).**"*? Thus, introducing homochiral-
ity is an effective strategy to achieve ferroelectricity or multifer-
roicity. For instance, the first reported two-dimensional (2D)
ferroelectric-ferroelastic multiferroic (R/S)-N-((1-phenylethyl)
ethane-1,2-diamine)Pbl, based on the non-ferroelectric perovs-
kite (N-benzylethane-1,2-diaminium)Pbl, was successfully
obtained by introducing homochirality.*® In addition, H/F sub-
stitution has been recognized as an effective way to achieve fer-
roelectricity, such as in the case of the ferroelectric [FMeTP][Ni
(NO,);] (FMeTP = N-fluoromethyltropine), which was success-
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fully obtained via an H/F substitution strategy based on non-
ferroelectric [(CH3),N][Ni(NO,);].** Therefore, modification of
organic components is an effective approach to realize ferroe-
lectricity. However, the regulation of ferroelectricity via H/OH
substitution on organic cations is still poorly understood.

In fact, H/OH substitution shows the advantages of introdu-
cing chirality and enhancing internal molecular interactions.
The molecular ferroelectric [quinuclidine]GaCl, was trans-
formed into the molecular multiferroic (R3HQ)GaCl, (R3HQ =
(R)-3-hydroxylquinuclidinium) through the H/OH substitution
strategy.’®> Moreover, it can form coordinated bonds like K-O,
and Rb-O to control the molecular structure/symmetry. For
example, 3D double-metal perovskite (MEPRD),MBiXs(MEPRD
= 1-methylpyrrolidin-1-ium-3-ol, M = K and Rb, X = Cl and Br)
with characteristics of semiconductor.*® Considering the above
advantages, we designed a 3D multiferroic (R-3P),KBiCls (R-3P
= (R)-3-hydroxypyrrolidinium, R3PBKC) and ferroelastic
(3P),KBiCls (3PBKC, 3P = 3-hydroxypyrrolidinium) through H/
OH substitution from the non-ferroic one-dimensional (1D)
hybrid perovskite (pyrrolidinium),BiCl; (PBC) and (3-methyl-
pyrrolidine),KBiCls (3MPBKC). Interestingly, H/OH substi-
tution generates K-O coordinated bonds forming a novel 3D
structure. At the same time, it introduces homochirality redu-
cing the structural symmetry (Scheme 1). As expected, R3PBKC
crystallizes in space group P1 with a T, of 392 K. In addition,
R3PBKC has an abnormal P1-P1-P2,-P6322 phase transition
showing ferroelectric-ferroelastic multiferroicity, with a spon-
taneous polarization P; of 3.75 pC cm™?, along with semicon-
ducting properties. This work not only enriches the 3D hybrid
double-metal perovskite multiferroics compound family but
also provides a promising design strategy for hybrid perovskite
ferroelectrics.

2. Results and discussion

2.1. Crystal structure analysis

The colorless single crystals of PBC, 3MPBKC, 3PBKC, and
R3PBKC were obtained by slow solution evaporation, and the
phase purity of the four compounds was verified by powder
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Scheme 1 3D ferroelectrics are designed based on H/OH substitution

and K-O coordination bonds, followed by introduction of homochirality
to reduce symmetry, yielding 3D multiferroics.

4624 | Inorg. Chem. Front, 2025, 12, 4623-4628

View Article Online

Inorganic Chemistry Frontiers

X-ray diffraction (PXRD) (Fig. S11). Thermogravimetry analysis
(TGA) shows that R3PBKC remains stable below 507 K
(Fig. S27). All the single-crystal structures were characterized
by X-ray single-crystal diffractions, where PBC was collected at
300 K, 3MPBKC (268 K), 3PBKC (300 K), and R3PBKC at 302,
353, 386 and 413 K, respectively. The compounds PBC and
3MPBKC crystallize in the non-polar space groups Pnma and
C2/m, respectively, exhibiting 1D hybrid perovskite structures
(Table S1f). Both PBC and 3MPBKC exhibit a sandwich-like
structure, in which a one-dimensional inorganic skeleton is
intermingled with a layer of organic cations (Fig. S371). After H/
OH substitution, the 3D perovskite structure was formed by K-
O coordinated bonds. As a result, 3PBKC crystallizes in the
monoclinic polar space group Cc with the point group m (Cyy,)-
The cell parameters are a = 8.4070(4) A, b = 17.4670(9) A, ¢ =
13.4096(6) A, a =y = 90°, # = 93.585(5)°, and V = 1965.28(17) A*
(Table S1t). Its minimum asymmetric unit consists of two 3P
organic cations and one [KBiCl]*~ ion. The complex connec-
tions form a 3D caged framework, with the organic cation 3P
filling its cavity. When the homochirality was introduced, a
similar 3D structural R3PBKC was obtained. Significantly,
R3PBKC adopts the lowest-symmetric crystal system, with
space group P1.

To clarify the mechanism of the structural phase transition
(SPT), and the origin of spontaneous polarization at the mole-
cular level, the crystal structures of all phases of R3PBKC were
analyzed. In the low-temperature phase (LTP, 303 K), R3PBKC
crystallizes in the polar space group P1, and the crystal para-
meter a = 8.8250(3) A, b = 9.6134(4) A, ¢ = 13.8807(6) A, a =
87.117(4)°, § = 87.490(3)°, y = 67.156(4)°, and V = 1083.50(8) A*
(Table S2). The minimum asymmetric unit contains four R-3P
organic cations and two [KBiClg]*~ ions (Fig. 1a). Notably, the
O atom of the R-3P is connected to K forming a coordinated
bond that leads the [KCl,0,]>~ dodecahedron to twist
(Fig. S4at). Interestingly, in the intermediate temperature
phase ITP; (353 K), R3PBKC remains crystallized in the tri-
clinic system polar space group P1. This indicates that LTP to
ITP, occurs an isomorphic phase transition, with cell para-
meters a = 8.6922(2) A, b = 9.3395(3) A, ¢ = 13.4833(3) A, a =
86.838(2)°, f = 87.464(2)°, y = 65.957(3)°, and V = 997.81(5) A®
(Table S2t). The minimum asymmetric unit of the com-
ponents in ITP; is the same as that in the LTP (Fig. 1a).
Although the stacking model remains the same between LTP
and ITP;, slight changes occur in the asymmetric unit, which
is reflected in the O-K-O and K-O-C angle changes from
94.38-96.77° and 149.71-154.12° to 60.34-95.47° and
153.52-159.56°, respectively (Fig. 1b, ¢, and S4bt). To be con-
venient for the analysis of the ferroelectric origin of R3PBKC,
the cations of the four different orientation states were signed
A1, A2, A3, and A4. As shown in Fig. S5, Al, and A4 are
polarity aligned along the » and ¢ axis, respectively.
Meanwhile, the polarization components of A2 and A3 cancel
each other in the b-axis direction, and the residual polarization
is superimposed on the c-axis. Similarly, there is polarization
at the a-axis. Therefore, R3PBKC has spontaneous polarization
on three axes.

This journal is © the Partner Organisations 2025
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Fig. 1 Minimum asymmetric unit of R3PBKC shown at different temp-
eratures at LTP, ITP,, ITP,, and HTP (a). Packing views of R3PBKC at LTP
(b), ITP (c), and ITP, (d).

In ITP, (386 K), R3PBKC crystallized in the monoclinic
chiral-polar space group P2, with point group 2, and the
crystal parameters are a = 8.8088(9) A, b = 13.5482(9) A, ¢ =
9.3421(12) A, a = y = 90°, § = 115.166(14)°, and V = 1009.1(2) A®
(Table S3t). The minimum asymmetric unit consists of two R-
3P cations and one dodecahedron [KCl¢O,]’” and one octa-
hedron [BiClg]>~ (Fig. 1a). At ITP;, the CI-Bi-Cl and CI-K-Cl
bond angles are 86.30-178.38° and 66.15-151.75°, respectively.
In ITP,, the CI-Bi-Cl bond angles change to 86.13-176.61°,
and CI-K-Cl bond angles vary from 63.62 to 146.7° (Fig. Sé6a
and S6bt), which shows slight deformation of the inorganic
framework. Furthermore, the O-K-O and K-O-C angle
changes from 60.34-95.47° and 153.52-159.56° to 74.25° and
135.33-151.72°, respectively, due to the R-3P cation changes
significantly from four orientations to two (Fig. 1c and d).
Therefore, from ITP; to ITP,, the reorientation of the chiral
cations and slight distortion of the double-metal framework
induce the SPT.

In the high-temperature phase (HTP, 413 K), R3PBKC crys-
tallized in a higher symmetry hexagonal crystal system (P6322),
with unit cell parameters a = 9.3090(15) A, b = 9.3090(15) A, ¢ =
13.5171(12) A, @ = f = 90°, y = 120°, and V = 1014.4(3) A®
(Table S31). The minimum asymmetric unit has a highly dis-
ordered R-3P cation and a [KBiCls]™ ion. It is worth noting that
the special interaction force of K-O is weakened due to the

This journal is © the Partner Organisations 2025

View Article Online

Research Article

high disorder of organic cations. The bond length and bond
angles show significant changes, which are reflected in the
changes in CI-Bi-Cl and CI-K-Cl bond angles to
73.51-139.12°,  85.25-174.59°, respectively (Fig. Séct).
Compared with the previous three phases, HTP exhibits much
higher symmetry, and organic cations gradually change from
an ordered state to a highly disordered state. In addition, the
inorganic skeleton gradually changes from a twisted to a
highly regular state. Therefore, SPT results from the reorienta-
tion changes and order-disorder of the organic cations and
the gradual distortion of the inorganic framework.

2.2. Proof of ferroelectricity

To verify the SPT, R3PBKC was investigated using differential
scanning calorimetry (DSC). R3PBKC has three pairs of absorp-
tion/exothermic peaks around 347 K/317 K (T¢), 376 K/369 K
(Te2), and 392 K/386 K (T.3) revealing three SPT in R3PBKC
(Fig. 2a). The behavior of reversible SPT can also be verified by
temperature-dependent of the dielectric constant. As shown in
Fig. 2b, the dielectric anomaly of R3PBKC was measured for
the powder samples at different frequencies with temperatures
ranging from 300-400 K. The value of the dielectric constant
increases with the decrease of frequency at the same tempera-
ture, indicating a frequency dependence. During the cooling
process, when the frequency is 1 MHz, the real part of the
dielectric constant (&) shows inflection points at T¢y, Tes, and
T.3 temperature points, forming four different plateaus. The
illustration in Fig. 2b clearly shows the apparent step-like vari-
ation in the dielectric anomaly. The dielectric constants of
single-crystal R3PBKC were measured along different axes, and
the dielectric anomalies similar to those of the powder sample
were observed (Fig. S71). In addition, the imaginary part of the
dielectric constant (¢”) of the powder sample shows a distinct
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Fig. 2 (a) DSC curves of R3PBKC at 300-420 K. (b) Temperature-
dependence of the dielectric constant real part of the powder R3PBKC
measured during cooling; inset shows the cooling process at 1 MHz. (c)
Temperature-dependence of the SHG intensity for R3PBKC in a
heating—cooling cycle. (d) P-E hysteresis loops of R3PBKC along the
c-axis measured at 333, 343, 353 K and 383 K.
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step-change over the range at 280-400 K, similar to that of the
real part (Fig. S8f). It is consistent with the DSC results.
Similarly, the reversible phase transitions of PBC, 3MPBKC
and 3PBKC were confirmed by DSC measurements and dielec-
tric responses. The DSC measurement results of crystal
3MPBKC showed no reversible SPT behavior (Fig. S97).
However, the DSC curves of PBC and 3PBKC have a pair of
absorption/exothermic peaks during heating and cooling, indi-
cating that PBC, 3PBKC undergo reversible SPT. In addition,
the dielectric results of PBC and 3PBKC were consistent with
the DSC results (Fig. S10%).

The Aizu symbol for R3PBKC can be marked as 2F1, and
the corresponding symmetry element is reduced from 2 (E,
C,) to 1 (E). Symmetry breaking was confirmed by second
harmonic generation (SHG). A variable-temperature SHG
experiment was conducted over the range 310-455 K
(Fig. 2c). Specifically, after T.,, the SHG signal decreases
from 0.6 to 0.42, which corresponds to the first SPT of
R3PBKC, indicating that the space group changes from P1 to
P2,. In addition, after T.;, SHG exhibits a step-like change,
and the relative intensity dropped from 0.32 to 0.23, showing
a significant increase in symmetry elements, which is con-
sistent with the result that the space group changed from
P2, to P6322. Overall, the SHG results indicate that symmetry
breaking is consistent with space group variation. Notably,
the dielectric response and the variable-temperature switch-
ing of SHG signals indicate the potential ferroelectricity of
R3PBKC.

To verify the ferroelectricity of R3PBKC, its P-E hysteresis
loops were measured using a classical Sawyer-Tower circuit
method. As shown in Fig. 2d and S11,T a series of typical P-E
hysteresis loops were recorded at 333, 343, 353 K and 383 K
along the c-axis. The P values of R3PBKC at 333 K along the a-
, b-, and c-axis are 3.25, 3.30, and 3.45 uC cm™2, respectively. At
333 K, for a single crystal with a thickness of 2.02 mm, we
obtained the coercive field (the intercept of the loop with the
field axis) E. = 1.29 kV em™". In addition, when the tempera-
ture rises to 383 K, the P-E hysteresis loop becomes straight.
This clearly confirms the existence of a paraelectric phase in
R3PBKC. Similarly, we also carried out variable-temperature
SHG measurements and P-E hysteresis loop experiments for
3PBKC, and confirmed the potential ferroelectricity of 3PBKC
(Fig. S12%). These results reveal the ferroelectricity of R3PBKC
and 3PBKC.

2.3. Proof of ferroelasticity and semiconductor properties

The SPT of R3PBKC can be labeled as 2F1 and 622F2(s) by the
Aizu symbol, which belongs to the 94 known ferroelastic tran-
sitions, implying potential ferroelasticity. Under orthogonal
polarized light microscopy, ferroelastic materials have
different birefringence characteristics, presenting alternating
areas of light and dark. To demonstrate the ferroelasticity of
R3PBKC, the ferroelastic domain evolution was observed by
polarized light microscopy (Movie S1t). First, the morphology
of R3PBKC was observed under natural light at 353 K (Fig. 3a).
Interestingly, under polarized light, clear ferroelastic domains
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Fig. 3 Temperature-dependent evolution of the ferroelastic domain of
R3PBKC. Crystal topography of R3PBKC under natural light. (a) Evolution
of the ferroelastic domain under orthogonally polarized light during
heating/cooling (b—h).

were observed. As the temperature increases to 383 K (Fig. 3b),
the ferroelastic domain-walls decrease significantly, which
means that R3PBKC enters the ITP. When the temperature
further increases to 410 K, the ferroelastic domain shrinks and
disappears, indicating the transition from the ferroelastic
phase to the paraelastic phase (Fig. 3c and d). Subsequently, in
the process of cooling from 410 K to 353 K (Fig. 3e-h), the fer-
roelastic domain-walls reappear and expand to the initial state,
changing along the order HTP — ITP, — ITP;. The phenom-
enon of reversible ferroelastic domain wall disappearance and
reappearance driven by temperature strongly proves the ferroe-
lasticity of R3PBKC. In addition, Bi-based hybrid double per-
ovskites have potential semiconductor properties,’”” and
R3PBKC also exhibits semiconductor behavior. The optical
band gap of R3PBKC was determined by solid-state ultraviolet-
visible (UV-vis) absorption spectroscopy at room temperature.
As shown in Fig. S13,1 the absorption edge of R3PBKC appears
at 358 nm, and the absorption curve has a clear edge cutoff.
According to reports of similar structures, R3PBKC is an indir-
ect band gap semiconductor material. The optical band gap
value was determined as 3.18 eV based on the Tauc equation.
These results indicate that R3PBKC has semiconductor pro-
perties, which shows its potential as a photoelectric semi-
conductor material.

3. Conclusion

In summary, we successfully obtained a 3D hybrid bimetallic
perovskite semiconductor R3PBKC with the lowest symmetry
(P1) by using H/OH substitution to introduce homochirality
and form K-O coordinated bonds. In addition, R3PBKC exhi-
bits ferroelectric and ferroelastic multiferroicity, confirmed by
typical P-E hysteresis loops and reversible ferroelastic domain
evolution. Our study provides a new perspective to realize 3D
hybrid perovskite multiferroics and gives a deep insight into
exploring 3D hybrid multifunctional materials.
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