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Organic-inorganic hybrid perovskite (H,hpz)[K(ClO,);] (H;hpz =
diprotonated homopiperazine) exhibits a distinct room-
temperature dielectric transition. The dielectric switching at 303 K
is associated with an order-disorder transition of the polar guest
cation confined in the cage, corresponding to a dynamic change
between motional and frozen states.

Responsive/smart materials can change physical and chemical
properties under external stimuli and have been widely used.”
3 Exploration of new responsive materials has been greatly
desired as the case of switchable dielectric materials.>*? This
new type of responsive electrical materials is characterized by
dielectric transitions between high- and low-dielectric states
upon external stimuli such as temperature, pressure and Iight.5
They are different from conventional constant or static
dielectric materials and have potential applications in smart
electrical and electronic devices, such as switches, sensors,
varactors and actuators.

The microscopic origin of the dielectric switching in
molecular materials is usually associated with structural phase
transition which is triggered by the motional changes of the
dipoles, e.g., rotating or hopping in the high-temperature
phase (high-dielectric state) and frozen in the low-temperature
phase (low-dielectric state).>®®  The phase transition
temperature (T,) is the switching temperature of the dielectric
constant. Therefore, tuning the local dipolar orientation is the
key to construct switchable dielectrics. This is presently still a
hard task because the local motional states of the polar
molecules in the crystal lattice are controlled by their
surroundings via intermolecular interactions which we have
still known little. Fortunately, such a difficulty can be largely
circumvented by screening some typical model systems. One is
the host-guest type of organic-inorganic hybrid frameworks, in
which the properly designed host cavity tunes the dipolar
orientations of the confined polar guest, resulting in the
desired dielectric switching.‘i'11 The mostly studied frameworks
are the organic-inorganic hybrid perovskites ABX3 in which the
bridging ligand X is commonly monodentate, e.g., halide ion,
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HCOO", CN’, N3~ and the like.™? It is found that the cavities in
the perovskite structures and the dynamics of the confined
guest A can be primarily modified by the X and finely tuned by
B.%°

— = ClOs~

Scheme 1. Schematic illustration of the basic cage unit of the
hybrid perovskite 1.

In our previous study, we reported a new series of hybrid
perovskites by introducing ClO,” and BF, as the bridging
Iigand.14 Different from the commonly used linear or V-shaped
bridging ligands which are monodentate and generally six-
coordinated with the B metal ion, the CIO,  and BF, ligands
are tetrahedral and can exhibit monodentate and/or chelating
coordination modes with the B ion. When the guest is
diprotonated 1,4-diazabicyclo[2.2.2]octane or piperazine, the
corresponding compounds exhibit order-disorder phase
transitions and dielectric responses. However, the dielectric
changes are small at T, because of the guest cations are
nonpolar and there is no net contribution from dipolar
orientations. Herein, we introduce a polar cationic guest,
diprotonated homopiperazine (H,hpz), as the A-site organic
cation to construct a new hybrid perovskite (H,hpz)[K(ClO,)s]
(1) (Scheme 1). With the contribution from the dipolar
orientation of the H,hpz guests, a striking dielectric switching
is realized at 303 K.

Compound 1 was obtained as block crystals by an
evaporation method. Thermogravimetric analysis indicates it
keeps stable below 540 K (Figure S1). Differential scanning
calorimetry (DSC) measurement shows that 1 undergoes three
reversible phase transitions at 306/299 K (Ty1), 330/330 K (T,,)
and 358/356 K (T,3) upon a heating-cooling cycle (Figure 1 and
S2). The corresponding thermal hystereses are 7 K (Ty4), O K
(Ter2) and 2 K (Ty3) at a scanning rate of 20 K min~’. For
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convenience, the room-, intermediate- and high-temperature
phases (RTP, ITP and HTP) are assigned to the phases below
the T, between the T,, and T,s;, and above the T3,
respectively. Below and above the Ti,, the ITP is further
divided into ITP a and ITP B. The corresponding entropy
changes (AS) are 15.6, 0.31 and 1.79 J-mol *-K™* for the RTP-ITP
a, ITP o-ITP B and ITP B-HTP transitions, respectively. The
corresponding microscopic state change N is estimated to be
6.54 (303 K), 1.04 (330 K) and 1.24 (357 K) by using the
Boltzmann equation AS = R In N, suggesting a characteristic of
order-disorder type of the RTP-ITP a phase transition in 1.

RTP ITPa ITPB HTP
0.4 1
- 0.2 4
%
=
> 0.0
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I ——— Cooling
Heating
-0.4

260 280 300 320 340 360 380
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Figure 1. DSC curve of 1 measured in a heating-cooling cycle
with a scanning rate of 20 K min™".

Structural phase transitions in 1 was characterized by
variable-temperature X-ray diffraction (Figure 2 and Table S1).
The perovskite structure is composed of K nodes and ClO,~
linkers to form anionic cages in which the H,hpz cations reside.
In the RTP at 203 K, 1 crystallizes in the orthorhombic space
group Pbca with a = 9.603(3) A, b = 14.769(5) A, ¢ = 20.786(7)
R and v = 2948 A In the host cage, the K' ion is
hendecahedrally coordinated by six ClO, ligands with K-O
distances between 2.749-3.308 A (Table S2), among which
there is only one CIO,” group (Cl1) acting as a monodentate
ligand and the other five acting as bidentate ligands. The
anionic cage is relatively largely distorted with different K---K
distances (7.017-7.433 A) and K---K---K angles (85.62-94.49°).
The H,hpz cation resides in the cage and adopts a completely
ordered state. It shows a chair-like conformation (Figure S3)
The -NH, groups of the cation develop one linear, two
bifurcate and one trifurcate N-H---:O hydrogen bonds with the
O atoms of the bridging ligands (Figure 2a and Table S3). In the
packing structure, the ordered cations show eight different
orientations in the cages (Figure 3a). It is notable that the
three-dimensional perovskite structure has a (6,6)-connected
pcu topology with the Schlafli symbol of (412-63).15
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Figure 2. Cage-like structural unit of 1 in the (a) RTP, (b) ITP a
and (c) HTP. Cyanic dotted lines in the left panel of (a)
represent hydrogen bonds between the cations and the host
cage. Distortion of the cage is depicted by the K" vertices with
the K---K distances (A) and K---K---K angles (°). The cations in (b)
and (c) are disordered and shown in two different colors.
Methylene H atoms are omitted for clarity.
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Figure 3 Schematic illustration of the pcu topology of the host
and orientations of the confined cation guests of 1 in the (a)
RTP and (b) ITP a. The ClO, bridging ligands are presented by
violet sticks. H atoms are omitted for clarity.

In the ITP a (328 K), the crystal still crystallizes in the same
system as the RTP but with the space group Pbcm. Compared
with the RTP, the cell parameters change distinctly with a =
10.682(10) A, b = 9.876(10) A, ¢ = 14.264(14) A and V = 1505
A3. One axis is halved and so is the volume. The K* ion, located
on a special site with a mirror symmetry (Figure S4), is
dodecahedrally coordinated by six ClO, ligands in the
bidentate mode. The anionic cage becomes more regular than
the RTP with the slightly varied K---K distances (7.167-7.307 A)
and K---K--K angles (93.80-94.49°) (Figure 2b). The H,hpz

This journal is © The Royal Society of Chemistry 20xx
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cation in the cage becomes disordered and modelled over two
sites with equal occupancies which are related by a twofold
rotation axis across the C3 atom of the ring, indicating an
roughly in-plane motion of the H,hpz cation as demonstrated
by following dielectric measurement. Due to the dynamic
motion, the cations show two different orientations in the
cages. The averaged ring planes defined by the C1, C3, C4 and
C5 atoms lie in the (013) and (013) planes with a dihedral
angle of 51° (Figure 3b). Meanwhile, parts of the O atoms of
the ClO, groups also show relatively large thermal ellipsoids
due to thermal vibrations (Table S4).

Although the structural information of 1 in the ITP B has
not been obtained due to poor diffraction data, the
successfully solved structure in the HTP (378 K) can contribute
to a better understanding of the ITP-HTP transition. The
structure at 378 K adopts the same space group as the ITP a
with slight increases of the cell parameters (Table S1). The
anionic framework shows no obvious changes of the K---K:--K
angles and only slightly elongation of the K:--K distances
(Figure 2c). The H,hpz cation still remains positionally
disordered in the cage. In addition, the vibration amplitude of
all O atoms increases in the HTP, leading to larger thermal
ellipsoid than the ITP a (Table S4). The cavity volume,
calculated by PLATON,16 increases from 124.3 A3 at 203 K,
130.9 A at 328 K to 134.8 A* at 378 K.

Variable-temperature powder X-ray
measurements were also performed on 1 to further verify the
phase transitions (Figure S5). The pattern at 298 K,
corresponding to the RTP of 1, is consistent with the simulated
one of single-crystal data. With the increase of the
temperature, the diffraction peaks change at 340 K in the ITP
with the disappearance of some peaks between 14° and 36°.
There are no distinct changes of the patterns between the ITP
and HTP, except for the gradual decrease of the peak intensity
upon heating. These results are consistent with the single-
crystal diffraction analysis.

The dielectric switching in 1 is clearly confirmed by
temperature-dependent dielectric measurements on single-
crystal and powder samples. The single-crystal has the largest
face of the b plane or [010] direction (Figure S6). Along the b
axis, the €' of relative complex permittivity € (€ = €' — ie", where
€' is the real part and &" the imaginary part) shows a striking
step-like transitions at 309/303 K upon a heating-cooling cycle,
consistent with the DSC data (Figure 4a). The value of &’
remains at about 8.4 below the T,; and then increases
abruptly to about 18.3 above the T, corresponding to the
low- and high-dielectric states, respectively. It is noteworthy
that the relatively large €' in the ITP and HTP, indicating that
there is a polar orientation contribution to the €', in contrast to
the analogues containing nonpolar guests that only show slight
dielectric changes.14 Above the T4, the €' keeps a gradual
decrease as a result of the competition between polar
orientation and thermal disturbance.® The dielectric changes
show no dielectric relaxation behaviour, indicating fast
motions of the guest beyond the measured frequency range.
The powder sample shows a switching of the €' between about
6 and 10 at 1 MHz around the T4, indicating an averaged

diffraction

This journal is © The Royal Society of Chemistry 20xx

result of the anisotropic &' (Figure S7). From the frequency-
dependent dielectric constant curves (Figure S8), it is found
that the &' values decrease slowly with the increase of
frequency at selected temperatures. The change values of €' is
much smaller in the high frequency, indicating that there is no
dielectric dispersion.17 The sudden increase of the &' from 293
K to 308 K reflects the occurrence of the RTP-ITP transition.
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Figure 4. (a) Temperature dependence of €' of 1 measured on
single-crystal sample along the b axis at 1 MHz and 5—-1000 kHz
in a cooling run (Inset: powder sample); (b) Cycles of switching
on and off of the €' between 293-340 K and at 1 MHz.

Furthermore, reversibility of the dielectric switching
between the high-dielectric state (switch on) and low-
dielectric state (switch off) at 1 MHz is demonstrated by
measuring polycrystalline sample in several sequential cycles
(Figure 4b). The switching ratio between the high- and low-
dielectric states is larger than 2. There is no observable
weakening of the dielectric signal during the cycling process,
indicating the compound is a room-temperature switchable
dielectric material and would find potential applications in
electrical responsive devices.

Considering the polar guest, the dipole moment of the free
H,hpz cation is 2.19 D calculated by DFT 3-21G method (Figure
S9). The confined cation has nearly the same chair-like
conformation and a dipole moment of 2.20 D, indicating a
relative rigidity of the backbone of the guest. In the ITP and
HTP, the cation undergoes dynamic disorders in the cage with
possible  hopping/rotating motions based on the
crystallographic analysis. The details of the molecular
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dynamics need further studies. The dynamics is a feature of
amphidynamic crystals in which there are both motional and
static components in the crystal lattices.™ This type of crystals
has a close relationship to crystalline molecular rotors or
compasses.’“?%%

In summary, a ClO,  bridging ligand based organic-
inorganic hybrid perovskite (H,hpz)[K(CIO,)s] is synthesized by
introducing a polar guest, diprotonated homopiperazine. The
guest cation undergoes an order-disorder transition at 303 K
due to the dynamic change between the motional and frozen
states, which leads to the distinct dielectric switching. This
finding demonstrate the tunability of the dielectric switchable
materials with desirable properties.

This work was financially supported by the NSFC (Grant No.
21225102).
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