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Cyanide perovskites have demonstrated significant potential in the design of molecular ferroelastic, ferro-
electric, and multiferroic materials. However, previous research has primarily focused on three-dimen-
sional (3D) cyanide perovskites, which are structurally constrained and exhibit limited diversity. In this
study, we synthesized a new zero-dimensional (0D) cyanide perovskite ferroelastic material, (MA)z[Fe
(CN)g]l (MA = CH3NH3, methylamine), and conducted comprehensive characterization through differential
scanning calorimetry (DSC), dielectric measurements, variable-temperature structural analysis, and polar-
ized light microscopy. (MA)s[Fe(CN)g] undergoes an isomorphic phase transition with a spontaneous
strain of 0.1063. The birefringence at 300 K and 330 K is 0.302@546 nm and 0.022@546 nm, respectively.
The substantial birefringence change up to 0.28 mainly originates from the rotational motion of inorganic
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Introduction

Birefringence is a fundamental optical phenomenon in aniso-
tropic materials, and is characterized by the splitting of inci-
dent light into two orthogonally polarized beams with
different propagation velocities during transmission." This
optical property, which is intrinsically linked to the crystalline
structure and symmetry of materials, enables crucial optical
polarization state conversions, making birefringent crystals
indispensable in optoelectronic applications.””® In recent
years, the switching of birefringence by physical means has
attracted widespread attention.°® Ferroelastic materials
exhibit remarkable potential for diverse applications in sensor
technology,” actuator systems,’®'’ and shape memory
devices,'? owing to their distinctive characteristics of reversible
strain response and stress—strain hysteresis under mechanical
stress. The fundamental mechanism of ferroelasticity orig-
inates from reversible structural phase transitions and sym-
metry breaking in the crystal lattice."® For optical anisotropic
materials, ferroelastic phase transition can change the bire-
fringence properties of materials. SrTiO; undergoes an
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m3mFA/mmm ferroelastic phase transition, and the linear
development of the birefringence near the phase transition is
consistent with normal Landau mean-field behaviour. This
transition originates from the symmetry breaking during the
ferroelastic phase transition.'* Therefore, birefringence switch-
ing can be achieved by adjusting the ferroelasticity of the
material.

Organic—inorganic hybrid perovskite materials have
attracted wide attention due to their unique structure, environ-
mental friendliness, easy processing, and
biocompatibility,"> ' and have shown great potential in the
construction of ferroelastic phase transition materials and
birefringence switching materials.>*>° Recently, Wang et al.
observed thermal switching birefringence in a two-dimen-
sional (2D) layered hybrid halide perovskite (C,N;H,),PbCly,
whose birefringence can be reversibly switched by thermotro-
pic phase transition.** Ma et al. reported a 2D perovskite ferro-
electric, (N-methylcyclohexylammonium),PbCl,, which has an
unusual triple-state switching of birefringence, which involves
the variation of the ferroelastic strain and domain in the vicin-
ity of the phase transition.** Cyanide perovskites have charac-
teristic cyano groups as bridging ligands, which are co-
ordinated with different metal ions through their carbon
atoms and nitrogen atoms. This coordination asymmetry,
arising from the differing electronic properties of the nitrogen
and carbon atoms, enables the formation of diverse double
perovskite structures with the general formula A,[B'B”(CN)¢],
where A represents monovalent cations, B’ represents mono-
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valent metals, and B” represents trivalent metals. This unique
electronic structure and coordination chemistry make it
exhibit  excellent  properties in  ferroelasticity,>*®
ferroelectricity,’>*® dielectric switching,*’™**> and nonlinear
optics.*®*” However, previously reported cyanide perovskite
materials have been exclusively limited to three-dimensional
(3D) structures.**®” The formation of 3D perovskites is deter-
mined by Goldschmidt’s tolerance factor (¢), which greatly
limits the structural diversity of 3D perovskites.>® To overcome
these limitations, we propose for the first time to remove alkali
metals to design 0D materials, breaking the shackles and pro-
viding unlimited possibilities for the development of new 0D
cyanide perovskite materials.

In this work, we successfully synthesized a 0D hybrid per-
ovskite ferroelastic material (MA);[Fe(CN)s] (MA = CH;3;NH;,
methylamine). To our knowledge, (MA);[Fe(CN)s] represents
the first reported cyanide perovskite compound that deviates
from the conventional 3D perovskite framework. Notably, this
material undergoes isomorphic phase transitions with spon-
taneous strains of 0.1063. Large spontaneous strain brings a
large birefringence switch. The birefringence is 0.302@546 nm
and 0.022@546 nm at 300 K and 330 K, respectively. This out-
standing birefringence performance has exceeded those of the
main commercial birefringence crystals, such as LiNbO; (An =
0.074@546 nm),>® YVO, (An = 0.204@532 nm),*® CaCO; (An =
0.172@532 nm),** TiO, (An = 0.256@546 nm),*> and a-BaB,0,
(An = 0.122@546 nm).*? Its birefringence changes up to 0.28,
and such a large birefringence switching comes from the
rotation motion of the components with an increase of temp-
erature. This mechanism is fundamentally different from that
of the traditional birefringence switching materials, in which
the change of optical properties usually comes from the phase
transition that causes symmetry breaking.*"**®* This novel 0D
cyanide perovskite ferroelastic material, featuring significant
birefringence switching, demonstrates promising potential for
advanced optical applications.

Results and discussion
Synthesis

Silver ferricyanide and methylamine hydrochloride were mixed
in deionized water at a molar ratio of 1: 3, filtered, and the fil-
trate was placed at room temperature for 5 days to obtain red
transparent block crystals (Fig. Sla, ESIf). Fig. Sib (ESIf)
demonstrates that the red bulk crystals undergo a distinct
color change to yellow upon mechanical grinding into pow-
dered form. This chromatic transition originates from modifi-
cations in the optical absorption characteristics of the crystal-
line material, potentially associated with alterations in the
light scattering properties induced by the size reduction
process. The phase purity of the synthesized (MA);[Fe(CN)¢]
compound was confirmed through powder X-ray diffraction
(PXRD) analysis conducted at room temperature (Fig. S2,
ESIY).
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Thermal properties

Thermogravimetric analysis (TGA) was performed on the
(MA);[Fe(CN)g] compound within the temperature range of
300-1000 K (Fig. S3, ESIf). The results demonstrate that
(MA);[Fe(CN)g] exhibits excellent thermal stability, maintain-
ing structural integrity up to 470 K. To explore the potential
phase transition behavior of (MA);[Fe(CN)¢], the differential
scanning calorimetry (DSC) experiment was performed. As
shown in Fig. 1a, one distinct pair of thermal anomalies was
observed during the heating and cooling cycles, demonstrating
the reversible nature of the phase transition. Notably, the pro-
nounced thermal hysteresis observed during the heating and
cooling cycles represents a characteristic feature of first-order
phase transitions. For the convenience of description, the
crystal structure with a temperature below 319 K is called the
low-temperature phase (LTP), and above 319 K is called the
high-temperature phase (HTP).

Dielectric properties

The phase transition of (MA);[Fe(CN)g] was further verified by
measuring the change of the real part (¢') of the complex value
of permittivity with temperature at a frequency of 1 MHz.
Fig. 1b shows the temperature dependence of &' during both
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Fig. 1 (a) DSC curve; (b) the change of ¢ with temperature at a fre-

quency of 1 MHz. Inset: the variation of ¢’ values with temperature along
the crystallographic (102) and (110) planes at a frequency of 1 MHz.
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heating and cooling cycles at an applied frequency of 1 MHz.
Within the narrow temperature range of 310-325 K, a distinct
ladder-like anomaly is observed. During the heating process,
the ¢’ value increases rapidly from 7.1 at 313 K to 8.8 at 320 K,
confirming the occurrence of a phase transition. The inset
shows the variation of &' values with temperature along the
crystallographic (102) and (110) planes (Fig. S4, ESIf) at
1 MHz. Compared with the powder pellet test, single-crystal
measurements along both crystallographic directions exhibit
higher &' values and more pronounced dielectric anomalies at
the phase transition, which shows the anisotropy of the
crystal.

Structural analyses

To investigate the structural origin of phase transition behav-
ior, variable-temperature single-crystal X-ray diffraction ana-
lysis was performed on (MA);[Fe(CN)g] and the crystal struc-
tures were obtained at 300 K and 360 K. The crystallographic
data are summarized in Table S1 (ESI)}.

In the LTP (Fig. 2a), (MA);[Fe(CN)s] crystallizes in the P1
space group of the triclinic system, belonging to the 1 (C))
point group with the following unit cell parameters: a =
14.0643 A, b = 16.3738 A, ¢ = 16.5138 A, a = 60.714°, f =
76.502°, y = 75.116°. The Fe*" coordinates with six CN~ to form
the [Fe(CN)s]*~ octahedron complex with different orien-
tations, the distance between the Fe*' and the characteristic
CN™ is d(Fe-C) = 1.927-1.955 A, the angle between C-Fe-C is

(a)
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87.6°-93.8° (Tables S2 and S3, ESI{), and the MA" cations are
located around the [Fe(CN)s]>~ octahedron complexes, effec-
tively isolating the [Fe(CN)s]>~ octahedron so that the [Fe
(CN)6]>~ octahedron exists independently. The nitrogen atoms
on the MA" cations and the cyanide ligands in the [Fe(CN)e]*~
octahedron function as hydrogen bond donors and acceptors,
respectively, forming intermolecular N-H---N hydrogen bonds
(d (N-N) = 2.798-2.921 A) (Table S4, ESI{). The rich hydrogen
bond network connects the MA" cations with the [Fe(CN)s]*>~
octahedron, thereby maintaining molecular stability.

In the HTP (Fig. 2b), (MA);[Fe(CN)g] still crystallizes in the
triclinic system P1 space group and the cell parameters are a =
8.3596 A, b = 14.2847 A, ¢ = 14.3096 A, a = 81.042°, § = 74.897°,
y = 88.154°, The distance between the Fe** and the character-
istic CN™ is d(Fe-C) = 1.911-1.950 A, and the angle between C~
Fe-C is 88.2°-92.0° (Tables S2 and S3, ESI{); compared with
LTP, the [Fe(CN)e]>~ octahedral distortion is reduced. As
shown in Fig. 2c, the significant reorientation of [Fe(CN)e]*~
octahedron was observed, showing a temperature-dependent
rotation motion. The MA" organic cations exhibit two distinct
thermal response modes: (1) a cooperative rotational motion
synchronizing with the inorganic framework; and (2) some
MA" cations transform to a two-fold disordered configuration
through an order-disorder dynamic transformation.

From the LTP to HTP, the directional degrees of freedom of
organic and inorganic components are significantly reduced
due to different degrees of rotational motion with increasing

rotation

Fig. 2 (a and b) The crystal structure of (MA)z[Fe(CN)¢] at 300 K, and 360 K. The pink dotted line represents the intermolecular hydrogen bond. (c)
The phase transition mechanism of (MA)z[Fe(CN)gl. The LTP and HTP are distinguished by blue and purple pyramids, respectively. The blue circle
indicates the rotation of the [Fe(CN)¢]*~ octahedron in the LTP (transparent) and HTP. The blue dotted frame and the purple dotted frame indicate

the two types of transitions of MA* cations in the LTP and HTP.
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temperature. The [Fe(CN)s]>~ octahedron has six different
arrangement directions reduced to three, while the MA" cation
is reduced from twelve to six so that the arrangement of the
organic component and the inorganic component becomes
neat. Therefore, the phase transition of (MA);[Fe(CN)s] mainly
comes from the rotational motion of the molecule, The distor-
tion of the [Fe(CN)e]’~ octahedron and the order—disorder
dynamic transition of some cations also contributes to the
phase transition. According to the Boltzmann equation AS =
R In(N), where R represents the gas constant and N denotes the
ratio of possible orientations during the phase transition, the
calculated value of N at 319 K was 7.976, further indicating
that cooperative cation—anion rotational dynamics, rather
than solely MA" cations disordering, constitutes the principal
value of entropy change.

IR and Raman spectroscopy

The infrared (IR) spectrum of (MA);[Fe(CN)] (Fig. S5, ESIt) was
recorded at room temperature. The characteristic vibrational
modes of this compound can be compared to those of similar
materials containing [Fe(CN)s]*~.>*°® Hydrogen bonding influ-
ences the frequency, strength and the width of vibrations.®”®
The bands in the high-frequency region, between 3500 and
2600 cm™", correspond to the stretching vibrations of the N-H
groups in the crystal, and the strong and wide characteristics
confirm the existence of intermolecular hydrogen bonds. The
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strong absorption band at 2115 cm™" is assigned to the 1(C=N)
stretching vibration of the CN™ ligand. The strong absorption
bands at 1602 cm™" and 1485 cm ™" are assigned to the §(N-H)
and §(C-H) deformation vibration, respectively.
Temperature-dependent Raman  spectroscopy
(Fig. S6a and b, ESI}) reveal a reversible phase transition near
320 K, consistent with DSC analysis results. At 270 K, the
Y(C=N) stretching vibration splits into two peaks
(2106-2146 cm™'). Upon heating to 320-350 K, these split
peaks merge into a single dominant band, with the original
splitting being fully restored upon cooling. This completely
reversible spectral evolution during thermal cycling indicates
temperature-activated rotational motion of the [Fe(CN)q]*~
octahedron corresponds to the six different orientations of the
[Fe(CN)s]>~ octahedron in LTP reduced to three in HTP.

results

Ferroelastic domains

The evolution of ferroelastic domains in (MA);[Fe(CN)s] was
observed using a variable-temperature polarized light micro-
scope. At 300 K, the crystal is green and bright under orthog-
onally polarized light (Fig. 3d), but when the crystal rotates
clockwise 49°, it completely darkens (Fig. 3e). As the tempera-
ture increases to 330 K, the crystal darkens and exhibits stripe-
like ferroelastic domains with bright and dark interphases
under orthogonally polarized light (Fig. 3f). When the crystal
rotates clockwise 59° (Fig. 3g), it completely darkens and on
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Fig. 3 Ferroelastic domain evolution of (MA)s;[Fe(CN)¢l. (a—c) The morphology image of (MA)s[Fe(CN)gl under natural light. (d—j) The evolution of
ferroelastic domains in (MA);[Fe(CN)g] during heating and cooling cycles. CR represents clockwise rotation.
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clockwise rotating 89° (Fig. 3h), the crystal again exhibits
stripe-like ferroelastic domains with bright and dark inter-
phases under orthogonally polarized light, which is indepen-
dent of the surface morphology of the crystal (Fig. 3b). When
the crystal is further cooled to 300 K, the crystal becomes
bright again under orthogonally polarized light, and the stripe
domain pattern changes significantly compared with that at
330 K (Fig. 3i), which is independent of the surface mor-
phology of the crystal (Fig. 3c), and on clockwise rotating 48°,
the stripe domain pattern also changes (Fig. 3]). The crystal
shows bright (300 K)-dark (330 K)-bright (300 K) changes
under orthogonally polarized light during heating and cooling,
indicating that the birefringence properties of the crystal have
changed.

In addition, according to the variable temperature structure
analysis, in LTP and HTP, (MA);[Fe(CN)g] crystallized in same
space group (P1), both located in the ferroelastic phase, but no
obvious stripe pattern was observed at 300 K, indicating a
single-domain structure for the as-synthesized single crystal.
When heated from 300 K (LTP) to 330 K (HTP), the spon-
taneous strain generated by the phase transition induces the
appearance of stripe ferroelastic domains. Notably, upon
cooling back to 300 K, the domains persist rather than revert-
ing to the original single-domain orientation. This irreversibil-
ity stems from substantial crystal deformation during phase
transition, leading to surface defects (Fig. S7, ESI{).*

For ferroelastic materials, the spontaneous strain (gg) is a
crucial parameter for evaluating their ferroelastic properties
and it can be calculated based on the crystal lattice para-
meters. (MA);Fe(CN)s undergoes an isomorphic phase tran-
sition, both of which are triclinic before and after the phase
transition, the spontaneous strain tensor is given by:”®

[ey] = 0 €22 €23 (1)

The phase transition brings about a total &g of

= |y € (2)
iy

For (MA);[Fe(CN)e], according to the cell parameters
measured in LTP (z = 8) and HTP (z = 4), the original a, b, and
¢ axes (8.3596 A, 14.2547 A 14.3096 A) in HTP are transformed
into the new a', P, and ¢ axes (14.3096 A, 16.7192 A,
16.7558 A). a, B, v (81.942°, 74.897°, 88.154°) are also trans-
formed to o', #, y' (58.2434°, 75.5672°, 78.8970°). Based on the
transformed cell parameters in HTP and the data in LTP, the
&ss is evaluated to be 0.1063 (for more details, see the ESIf).
Notably, the &5 value surpasses that of many reported hybrid
perovskite ferroelastics, such as [dimethyl-isopropyl-fluoro
ethyl-ammonium][Cd(SCN);]  (0.078),”*  [(CH;);PCH,F][Cd
(SCN);] (0.086),”> and (nortropinium)[CdCl;] (0.061).”
Similarly, Xu et al. reported a 3D cyanide perovskite ferroelastic
(Me3;NOH),(NH,)[Co(CN)s] with an &4 of 0.105, primarily orig-
inating from the ordered—disordered dynamic transition of

4780 | Inorg. Chem. Front,, 2025, 12, 4776-4784
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organic cations.”* However, in (MA);[Fe(CN)¢], only some
organic cations underwent organic—inorganic dynamic trans-
formation yet achieved an approximate &g value of 0.1063,
which mainly arises from the cooperative rotation of both MA"
cations and [Fe(CN),]’~ anions in the lattice.

Birefringence properties

The birefringence was measured under a polarizing micro-
scope with a Berek compensator, using a pre-selected thin
crystal plate of (MA);[Fe(CN)s] (Fig. S8a, ESIT). Birefringence
occurs after polarized light passes through the measured
crystal and two polarized lights are produced with polarization
directions perpendicular to each other. Birefringence can be
obtained from the following equation:

R=|Ne—No| xT=AnxT (3)

where, R, N, N,, An, and T represent the optical path differ-
ence, extraordinary refractive index, ordinary refractive index,
birefringence, and thickness of the sample, respectively. Based
on the single-crystal XRD, the single crystal used for measure-
ment can be determined as the (001) crystal plane of (MA);[Fe
(CN)g], and the thickness of the (MA);[Fe(CN)s] sample is
6.06 pm (Fig. S8b, ESIt). Fig. 4a and b show the single crystal
at 300 K under orthogonal polarized light with a Berek com-
pensator after achieving complete extinction, respectively.
Fig. 4d and e separately show the same single crystal at 330 K
under orthogonal polarized light with a Berek compensator
after achieving complete extinction, and the chiaroscuro inver-
sion of adjacent domains can be observed (one domain
appears bright while the other appears dark), which is consist-
ent with the opposite birefringence of the adjacent ferroelastic
domain. The optical path difference at 546 nm is 1831.89 nm
at 300 K. However, the optical path difference decreases to
133.32 nm at 546 nm at 330 K. According to eqn (3), the bire-
fringence is 0.302@546 nm and 0.022@546 nm at 300 K and
330 K, respectively. This is consistent with the phenomenon
observed in the ferroelastic measurement. To our knowledge,
this birefringence of (MA);[Fe(CN)s] is relatively large com-
pared with the reported organic—inorganic hybrid birefrin-
gence crystals (Table S5, ESI{).

Within the temperature range of 300-360 K, the material
demonstrates a significant birefringence switching amplitude,
with a birefringence change up to 0.28 (from 0.302@546 nm
to 0.022@546 nm). Notably, this phenomenon represents a
unique mechanism that fundamentally differs from traditional
symmetry-breaking birefringence switch materials.>**"** For
instance, Chen et al. reported a cyanide perovskite birefrin-
gence-switching material, [CsHsFNH,],[(NH,)Fe(CN)g], where
the NH," cations form hydrogen bonds with the N atoms of
cyanide groups to construct a 3D framework. The birefringence
change up to 0.08 (from 0.08@546 nm to zero), originates pri-
marily from the symmetry breaking from the anisotropic tri-
clinic phase to the isotropic cubic phase caused by the order-
disorder phase transition.”> However, (MA);[Fe(CN)s] under-
goes an isomorphic phase transition while preserving its

This journal is © the Partner Organisations 2025
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Fig. 4 (a) Single crystal of (MA)s;[Fe(CN)¢] under the orthogonally polarized light at 300 K. (b) Single crystal of (MA)z[Fe(CN)¢] achieving complete
extinction at 300 K. (c) The octahedron stacking diagram in the LTP. (d) Single crystal of (MA)s;[Fe(CN)¢] under the orthogonally polarized light at
330 K. (e) Single crystal of (MA)z[Fe(CN)esl achieving complete extinction at 330 K. (f) The octahedron stacking diagram in HTP. In (c) and (f), distinct
color schemes are employed to differentiate the various conformational states of the octahedron.

crystal symmetry. As shown in Fig. 4c and f, the stacking dia-
grams of the [Fe(CN)s]>~ octahedron exhibit distinct differ-
ences between the LTP and HTP. In LTP, the octahedron
adopts six distinct orientation states. Upon heating, coopera-
tive rotation of the [Fe(CN)q]*~ octahedron occurs, resulting in
alignment along three preferred orientations in HTP. This
structural evolution results in decreased crystallographic an-
isotropy, which consequently modifies the birefringence pro-
perties of the crystal. Therefore, the birefringence switching is
primarily attributed to the rotational motion of organic and in-
organic components during thermal excitation. This corres-
ponds to the &4 of the crystal.

Conclusions

In summary, we have developed a novel 0D cyanide perovskite
material, (MA);[Fe(CN)g], which represents a new class of fer-
roelastic materials exhibiting both above-room-temperature
phase transition and significant birefringence switching capa-
bilities. Through comprehensive characterization, including
variable-temperature single-crystal structural analysis, polar-
ized light microscopy, thermal analysis, and dielectric
measurements, we have established a detailed understanding
of its phase transition mechanism. The material demonstrates
remarkable birefringence values of 0.302@546 nm at 300 K
and 0.022@546 nm at 330 K, exceeding those of the main com-
mercial birefringence crystals. The substantial birefringence
change up to 0.28 originates from the rotational motion of in-

This journal is © the Partner Organisations 2025

organic and organic components. This work provides a new
idea for the design of new 0D cyanide perovskite materials.
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