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As an innovative form of stimulus-response materials, organic—inorganic hybrid phase transition materials have
become a wonderful contender in the field of functional electronic equipment due to their versatile structure,
intensive functions and straightforward preparation. However, the targeted regulation and optimization of the
electrical/optical response, along with the establishment of regular structure—performance relationships, pose
significant challenges in meeting the diverse demands of practical applications over an extended period. Herein,
we conducted a systematic investigation into the role of lattice void occupancy in regulating phase transition
temperature (T,) and related optical/electrical bistability. By taking hybrid material [TMEAJ[CA(SCN)s] featuring
a flexible ammonium cation [TMEAI* (TMEA = ethyltrimethylammonium) as the prototype, we successfully
synthesized three phase transition materials, namely [DEDMA][CdA(SCN)z], [TEMA][CA(SCN)s] and [TEA]
[Cd(SCN);] (DEDMA = and TEA =
tetraethylammonium), and the excellent regulation of the physical properties of these compounds was
achieved through subtle engineering of void occupancy. More strikingly, [TEA][Cd(SCN)s] exhibits remarkable
bistable properties in terms of dielectric and nonlinear optical responses (with second-harmonic generation

diethyldimethylammonium, TEMA = triethylmethylammonium,
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Introduction

Organic-inorganic hybrid phase transition materials exhibit
reversible conversion between at least two distinct states in
response to external stimulation, rendering them a novel class
of multifunctional materials.® They have a wide range of
applications in data storage, photoelectric detection and data
communication due to their capability of integrating the
strengths of inorganic and organic components.”"” However,
exploring targeted chemical design methods has continuously
been a crucial aspect in the construction of phase transition
materials with desirable functionalities. Another essential and
challenging issue that warrants in-depth exploration is the
targeted regulation and optimization of multifunctional phase
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organic—inorganic hybrid phase transition materials and finely adjust their intriguing functionalities.

transitions through exploiting specific structure-property
relationships.

In recent years, significant progress has been made in the
design and regulation of molecular-based phase transition
materials."®* It is worth noting that the “quasi-spherical theory”
aims to reduce molecular symmetry and generate oriented
molecular dipole moment by introducing specific chemical
groups into spherical cations, which is expected to produce
a low-symmetric polar crystal structure and even exhibit ferro-
electric phase transition behavior.**** Hua et al. modified the
[(CH;)4N]" cation with a halogen (F, Cl, Br, and I) to enhance the
phase transition temperature and successfully obtained a hybrid
perovskite ferroelectric [(CH3);NCH,I|PbI;.** Zhang et al
synthesized MeHdabco (N-methyl-1,4-diazoniabicyclo[2.2.2]
octane) with molecular dipole moments by introducing methyl
groups to break the mirror plane of DABCO (1,4-diazabicyclo
[2.2.2]octane) molecules and successfully fabricated a 3D perov-
skite structure ferroelectric [MeHdabco]RbI;.>” Although modi-
fying spherical molecules to quasi-spherical molecules can
significantly lower crystal symmetry, precisely triggering a low-
symmetric polar crystal structure remains challenging.

Void occupancy refers to the ratio of the void volume avail-
able for accommodating organic cations between inorganic
anions, to the volume of a unit cell. The slight variation in
lattice void occupancy will cause significant differences in the
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properties of phase transition materials, enabling us to
systematically investigate and design these materials with
precision.*®*® Therefore, is it feasible to discover a hybrid
system that exhibits a specific correlation between its organic
and inorganic components, facilitating precise regulation of the
crystal structure and properties, thereby enabling deeper
exploration of the structure-property relationship? In an
organic-inorganic hybrid system utilizing cadmium thiocya-
nate as the inorganic framework, the cations are arranged
within the infinite polymer [Cd(SCN);],” inter-chain void,
forming a highly compact arrangement.*” The cations in such
hybrid systems play multiple roles as organic spacers and
controllers, which can generate various fascinating structures
based on their size, shape, symmetry and charge.** Thus, it is
worthwhile to investigate the ingenious regulation of lattice
void occupancy through crystal engineering to achieve crystal
polarity and modulation of phase transitions in such systems.
Inspired by the aforementioned research strategy, we
selected [TMEA]" as a prototype cation for exploring void
occupancy, as illustrated in Scheme 1. Three novel one-
dimensional hybrid phase transition materials have been
successfully synthesized based on three larger-sized quasi-
spherical molecules, namely DEDMA, TEMA, and TEA, which
were obtained by sequentially extending the methyl group of
[TMEA]" to ethyl. The phase transition temperatures of these
materials show a gradual upward trend, prompting us to further
investigate the correlation between void occupancy and phase
transition temperature. More encouragingly, it has been
successfully demonstrated that the manipulation of void occu-
pancy enables the construction of high-temperature phase
transition materials. Simultaneously, the adoption of crystal
engineering regulations via alkyl extension triggers a trans-
formation in the crystal structure from centrosymmetric to
polar, resulting in [TEA][CA(SCN);] exhibiting prominent
nonlinear optical and dielectric bistable state response prop-
erties. This systematic molecular design work based on void
occupancy will provide new insights into the exploration of
organic-inorganic hybrid phase transition materials.

Results and discussion
Thermal analysis

The colorless rod-shaped crystals of the four compounds were
obtained through the solution method (Fig. S11), and their
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Scheme 1 The design concept of void occupancy engineering and
the experimental process.
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purity was first studied through powder X-ray diffraction (PXRD)
(Fig. S21). The obtained PXRD patterns, which are closely
consistent with the patterns generated by simulating single-
crystal formations at ambient temperature (Fig. S31), indicate
the high purity of the corresponding phases. Besides, infrared
spectroscopy further confirms the structural composition and
functional group information of the compounds. The peaks
located at 2100 and 760 cm ' belong to the characteristic
absorption peaks of SCN in the compounds, and v¢_y (2975 and
2810 ecm™ ), dc_y (1460 ecm ™), and vy (1190 ecm™') are
assigned to the absorption of ammonium cations. As a direct
and trustworthy thermodynamic analysis technique, differen-
tial scanning calorimetry (DSC) is employed in solid-state phase
transition research to record the T, and study its thermody-
namic process by measuring the heat change throughout the
temperature shift. As illustrated in Fig. S4,7 [TMEA][Cd(SCN);]
showed no noticeable reversible phase transition behaviour
during the heating-cooling cycles from 153 K to 423 K. As
depicted in Fig. 1, the extension of methyl groups in [TMEA]" to
ethyl chains resulted in three quasi-spherical molecules,
namely DEDMA, TEMA and TEA, exhibiting reversible phase
transition behaviours with sequential increasing temperature at
333/316 K (Tp1), 342/323 K (T,) and 375/358 K (Tps), respec-
tively. These transitions were accompanied by significant
thermal hysteresis observed at 16, 19 and 17 K, respectively. For
concision, the phase below the phase transition is designated as
the room-temperature phase (RTP), while the one above T, is
denoted as the high-temperature phase (HTP). Additionally, the
three compounds showed obvious enthalpy changes (AH) of
6.21, 16.12 and 17.14 k] mol ", respectively, during the phase
transition from the RTP to the HTP. Then, the entropy changes
(AS) were calculated to be 19.18, 48.38 and 46.68 ] mol ' K,
respectively, by combining with the equation AS = AH/T
demonstrating that the phase transition resulted in intrinsic
structural alterations.

Crystal structure analysis

To comprehend the impact of alkyl chain extension on the
organic-inorganic hybrid materials, the single crystal structures
of [TMEA][Cd(SCN);], [DEDMA][Cd(SCN);], [TEMA][Cd(SCN);]
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Fig. 1 DSC curves of [DEDMA][Cd(SCN)z], [TEMAJ[Cd(SCN)s], and

[TEAJ[C(SCN)z] during heating—cooling cycles.
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and [TEA][Cd(SCN);] were measured in different states. In terms
of structure, all four compounds feature a 1D ABX; perovskite
structure, wherein ammonium cations occupy the voids
between the infinite [Cd(SCN);]” chains. At 298 K, [TMEA]
[Cd(SCN);] crystallizes in the centrosymmetric space group P2,/
¢ (No. 14, point group 2/m) of the monoclinic system. The cell
parameters of [TMEA][Cd(SCN);] at 293 K are as follows: a =
9.3109(7) A, b = 10.7164(6) A, ¢ = 14.9364(11) A, § = 90.634(7)°,
V = 1490.25(18) A® and Z = 6 (Fig. S5%). As Fig. 2 displays,
[DEDMA][CA(SCN);], [TEMA][CA(SCN);] and [TEA][Cd(SCN);]
crystallizes in the space groups Pnma (No. 62, point group
mmm), P24/c (No. 14, point group 2/m) and Cmc2, (No. 36, point
group mmz2), respectively, and the detailed crystal data are listed
in Tables S1-S4.1 For compound [DEDMA][Cd(SCN);], partial
disorder is observed in the ammonium cations in the RTP, with
greater intensity of methyl disorder (Fig. S67). For compound
[TEMA][CA(SCN);], its smallest asymmetric unit is composed of
a molecular formula unit [TEMA][Cd(SCN);], with all atoms in
the general position and completely ordered (Fig. S67).

In the RTP, the anionic cadmium thiocyanate polymer chain
is configured in a zigzag Cd---Cd---Cd pattern. For the inorganic
chains of [DEDMA][Cd(SCN);] and [TEMA][Cd(SCN);], three S
and three N atoms from six SCN™ ligands are bonded to one Cd
atom to form a twisted octahedron and triple bridged one-
dimensional chain. The Cd-N bond distances in the [DEDMA]
[CA(SCN);] and [TEMAJ[CA(SCN);] range from 2.271(8) A to
2.376(7) A for [DEDMA][Cd(SCN);], and 2.282(6) A to 2.349(6) A
for [TEMA][Cd(SCN);]. The Cd-S bond distances of [DEDMA]
[CA(SCN);] and [TEMA]CA(SCN);] range from 2.704(3) to
2.756(2) A and from 2.7339(19) to 2.762(2) A, respectively. The
bond angle values of the -[N-C-S]- chains of [DEDMA]
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Fig. 2 (a) Crystal packing structures of [DEDMA][Cd(SCN)3] in the RTP
and HTP are compared. (b) Crystal packing structures of [TEMA]
[CA(SCN)s] in the RTP and HTP are compared. (c) Crystal packing
structures of [TEAJ[CA(SCN)z] in the RTP and HTP are compared.
Hydrogen atoms were omitted for clarity.
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[CA(SCN);] and [TEMA]JCA(SCN);] are from 175.9(7)° to
178.6(8)° for [DEDMA]CA(SCN);] and from 177.7(6)° to
178.9(6)° for [TEMA]Cd(SCN);], which is close to the 180°
arrangement. The bond lengths and bond angles of [DEDMA]
[CA(SCN);] and [TEMA]CA(SCN);] are comparable to those
observed in previously reported thiocyanate compounds. The
adjacent chains based on TMEA, DEDMA, and TEMA cations are
arranged in an “antiparalle]” manner to each other and traverse
the 2-fold screw axis, as shown in Fig. 3a and S8.1 Additionally,
the inter-chain void is occupied by ammonium cations.

The formation of large quasi-spherical [TEA]" cations occurs
when all methyl groups in [TMEA]" are elongated into ethyl
chains. The crystal parameters of [TEA]J[Cd(SCN)z] that we
synthesized are consistent with those reported previously in the
literature.*** It is worth noting that the anionic cadmium
thiocyanate chain shows a perfectly parallel arrangement as the
ammonium cation changes to [TEA]" (Fig. 3b), which highlights
the impact of cation control on the inorganic [Cd(SCN);]~
chains.

In the HTP, as shown in Fig. 2, three compounds belong to
the same centrosymmetric space group P6;/mmc (No. 194, point
group 6/mmm). The [DEMA]', [TEMA]" and [TEA]" cations are
situated at the symmetrical position of 6/mmm, showing anal-
ogous disordered orientation or movement patterns. We thus
model the cations as a spherical-like shape to meet their highly
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Fig. 3 Cd-Cd-Cd anion chain arrangement in [TEMA][Cd(SCN)3] (a)
and [TEAI[CA(SCN)z] (b). (c) The void profile between [Cd(SCN)z]~
chains (cations are omitted for calculation). (d) Correlation between
Cd-Cd distances and void occupancy based on our experimental
results and the literature reported. (e) Relationship between void
occupancy and phase transition temperature (compounds details can
be seen in the ESIf). (f) The energy barrier of cations in the three
compounds at different rotations (from —60° to 60°).
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6-fold disorder states. The inorganic part of the [Cd(SCN);]~
chain also exhibited disorder, with unidentified specific posi-
tions for the N and S atoms of the SCN™ anion. Therefore, the N
and S atoms in the HTP were refined as a same-site to model
a disordered state, and the [Cd(SCN);]” chain showed an infi-
nitely long regular zigzag chain. However, cadmium atoms
relocated with increasing temperature, resulting in the forma-
tion of a more regular linear Cd:--Cd---Cd chain structure
compared to that observed in the RTP. To sum up, the micro-
structure manifests that the temperature-induced structural
phase transition belongs to the order-disorder type phase
transition.

Relationship between void occupancy and phase transition

In such organic-inorganic hybrid systems, the arrangement of
chains can be influenced by charge-balanced cations filling the
inter-chain space, resulting in varying void volumes between
[CA(SCN);]™ chains to accommodate these cations.* The
differences in the inter-chain distance, void volume and the
phase transition temperature require us to further investigate
the literature to seek a deeper understanding of how void
volume affects cation motion and phase transition. We extrac-
ted structural information obtained from the reported 1D
organic-inorganic hybrid structures containing cadmium
thiocyanate and integrated it with external data to generate
relevant charts (Fig. 3d, e, Tables S5 and S71). To evaluate the
void volume between chains appropriately, we introduced the
concept of void occupancy, which is determined from the void
volume occupied in each unit cell after removing the cations
compared to the total volume per unit cell and can be calculated
by the OLEX2 software. It is evident that despite variations in
the shortest [Cd(SCN);]™ distance, as measured by the distance
between Cd atoms between chains, the void occupancy remains
relatively consistent at 30% to 45%, reflecting a stable structure
resulting from interactions between the inorganic anion
[CA(SCN);]™ chain and the cations. The correlation between
void occupancy and phase transition temperature reveals
a remarkable trend in all reported hybrid phase transition
materials, wherein the phase transition temperature increases
as the void occupancy decreases. This stems from the fact that
cations face larger energy barriers when undergoing order—
disorder conformational transitions within tightly arranged
inter-chains. For example, He et al substituted [DMIFE]"
cations with halogens, resulting in a decrease in void occupancy
from 41.67% to 32.75%, accompanied by a significant increase
in the corresponding phase transition temperature.*” In our
research, we regulated alkyl chain extended quasi-spherical
cations to alter void occupancy from 37.96% to 31.76%,
obtaining a compound [TEA][Cd(SCN);] with the highest phase
transition temperature of 375 K as currently reported (Fig. S77).
Density functional theory (DFT) calculations have been applied
to deeply investigate the 7}, enhancement mechanism and steric
hindrance effect of crystal engineering regulation on the three
newly obtained phase transition materials. The computational
models depicting the rotational energy barriers of the three
compounds are shown in Fig. S12-S14.7 In the theoretical
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calculations of the model, the energy of the system at different
rotation angles is influenced by intermolecular interactions,
steric hindrance, and cation size and mass, leading to distinct
phase transition temperatures.** The energy barrier of cations
in the three compounds at different rotation angles show
a trend of TEA > TEMA > DEDMA (Fig. 3f and Table S67), which
is consistent with the correlation between void occupancy and
T, analyzed structurally. Therefore, the introduction of
extended alkyl groups enhances the energy barrier of motion
and the steric resistance, facilitating an improvement in the
phase transition temperature.

Dielectric properties

The solid-solid phase transition behaviours usually lead to
anomalous alterations in electrical characteristics such as
dielectric constants.*>*® As demonstrated in Fig. 4a-c and S9,f
the three compounds show dielectric anomalies at 333, 342 and
375 K, respectively, accompanied by a step-like dielectric
switching behaviour from a low to a high dielectric state. It is
worth noting that the anomaly change in the dielectric constant
(A¢') during the phase transition process of [TEA][CA(SCN);] is
significantly greater than that of [DEDMA]Cd(SCN);] and
[TEMA][CA(SCN);], which can be attributed to the inherent
dipole of the polar structure. Under an external electric field, the
phase transition from polarity to a centrosymmetric structure is
accompanied by the disappearance of the dipole, resulting in
a larger dielectric constant jump. As shown in Fig. S10, the
permittivity curves of the three compounds at different
frequencies still show large dielectric anomalies around the Ty,
The aforementioned results are perfectly compatible with the
DSC observations. Furthermore, [TEA][Cd(SCN);] was selected
as a representative compound for further investigation into the
properties of switchable dielectrics, as depicted in Fig. 4b. The
switchable dielectric signal demonstrates excellent reversibility
and fatigue resistance, reflecting no decay in increasing
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measurement time even after repeated heating and cooling
between a high dielectric state and a low dielectric state within
the temperature range of 355 K to 380 K for ten cycles. This
indicates that these compounds possess the potential to serve
as exceptional candidates for thermally responsive dielectric
switching materials.

Second harmonic generation (SHG)

Normally, the SHG response is exclusively observed in non-
centrosymmetric materials or interfaces.*”** Due to the non-
centrosymmetric structure in the RTP and centrosymmetric
structure in the HTP (Fig. S117), [TEA][Cd(SCN);] is anticipated
to become a solid NLO (nonlinear optical) switching material.
We carried out SHG intensity measurement of the poly-
crystalline powder of [TEA][CA(SCN);] using the Kurtz-Perry
model (A = 1064 nm, Nd:YAG pulsed laser). As illustrated in
Fig. 5b and c, the SHG signal of [TEA][Cd(SCN);] exhibits
outstanding reversibility within the temperature range of 335-
390 K with obvious step-like SHG signal changes. The detected
SHG intensity in the RTP is approximately 2.5 times that of the
KDP (Fig. 5a), corresponding to the high SHG state (“SHG-ON
state”). When the temperature reaches 375 K, the SHG signal
intensity declines abruptly from 2.5 times that of KDP to nearly
zero (only noise error), which shows the low SHG state (“SHG-
OFF state”) in the HTP. This is consistent with the DSC-
determined reversible phase transition at 375 K. The utiliza-
tion of crystal engineering to assemble molecules in a specific
manner and achieve dipole-parallel packing is an effective
method for achieving polar crystal structures.** Compared to
a similar high SHG intensity compound (i-PrNHMe,)
[Cd(SCN);],°* [TEA][CA(SCN);] also adopts a parallel arrange-
ment of [Cd(SCN);]™ chains (Fig. 5d). The parallel arrangement
of dipole moments within a single chain generates a net dipole
moment in the crystal, which is beneficial to engender efficient
SHG properties,*” while NLO switching characteristics arise
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Fig. 5 (a) SHG signal comparison of [TEA][CA(SCN)z] and KDP at room
temperature. (b) Temperature-dependent SHG intensity curve of [TEA]
[CA(SCN)s] at 335-390 K. (c) Temperature response of [TEA]
[Cd(SCN)z] to an SHG bistable cycle (340-390 K). (d) Diagram of the
parallel arrangement of [Cd(SCN)s]~ chains in [TEA][Cd(SCN)s].
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from the structural phase transition from non-centrosymmetric
to centrosymmetric.

Conclusions

In summary, this work indicates a significant correlation
between the occupancy of voids in 1D organic-inorganic hybrid
materials and the properties of phase transition materials. The
reversible phase transitions of the three hybrid phase transition
materials, namely [DEDMA][Cd(SCN);], [TEMA] [Cd(SCN);], and
[TEA][CA(SCN);] based on quasi-spherical molecules were
successfully induced through crystal engineering, which were
verified by DSC and dielectric measurement. SXRD revealed the
order-disorder phase transition mechanism for the structural
phase transition, which involves the cooperative interaction
between organic cations and [Cd(SCN);]™ anions. In addition,
[TEA][CA(SCN);] exhibits bistable properties in terms of NLO
and dielectric response. This work provides a novel viewpoint
on the development of high-performance phase transition
materials through void occupancy engineering.

Experimental
Materials

Ethyltrimethylammonium iodide (Macklin, 98%), dieth-
yldimethylammonium hydroxide, 20 wt% solution in H,O
(HWRK Chem), triethylmethylammonium chloride (Alfa Aesar,
98%), tetraethylammonium chloride (Macklin, 98%), cadmium
nitrate tetrahydrate (Aladdin, 99%), potassium thiocyanate
(Macklin, 99%), hydrochloric acid (Sinopharm, 36-38%) and
silver carbonate (Macklin, 99%) were used as received without
further purification.

Characterization

Single crystal X-ray diffraction (SXRD), dielectric measurement,
differential scanning calorimetry (DSC), powder X-ray diffrac-
tion (PXRD), infrared spectroscopy (IR) and second harmonic
generation (SHG) are described elsewhere. Density functional
theory (DFT) calculations, calculation methods and data are
also shown in the ESI.{ The ESI contains more information.}
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