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Tunable thermotropic phase transition triggering
large dielectric response and superionic
conduction in lead halide perovskitest

Dong-Sheng Shao,? Lei Sang,? Ya-Ru Kong,® Zheng-Rong Deng,?
Hong-Bin Luo, () ** Zheng-Fang Tian {2 and Xiao-Ming Ren**<¢

Lead halide perovskites have been demonstrated as multifunctional materials. Herein, we demonstrate the
tunable thermotropic phase transitions and optical bandgap, together with large dielectric response and
superionic conduction through mixed halogen anion modification in a family of bromide-iodide lead
halide perovskites [EtsPrNI[PblBrs_,] (EtzsPrN* = triethylpropylammonium and x = 0, 1.08, 1.83, 2.50 and
3; labeled as 1-5 sequentially). All members in this family are isomorphic at room temperature, crystalliz-
ing in the monoclinic space group P2;/n or P2,/c, and undergo a phase transition above 440 K. DSC
revealed a phase transition that is relevant to the order-to-disorder transformations of globular-shaped
cations. Significantly, the lead halide perovskites exhibit superionic conduction beyond 1073 S cm™ in the
high-temperature (HT) phase. This study provides an efficient strategy for design of multifunctional lead

rsc.li/frontiers-inorganic halide perovskites.

Introduction

Solid-solid phase transitions triggered by external stimuli (e.g.,
temperature, radiation or stress) have been observed in a range
of materials. This type of phase transition frequently associates
with massive changes of some physical properties in electrics,
optics and magnetism;'™ in addition, some solid-solid phase
transitions show high latent heat.® Consequently, the solid-
solid phase transition materials have garnered persistent
research interest owing to their vast potential applications in
memory devices, sensors, switches, etc.”® and thermal energy
storage and conversion.'*""

Over the past decade, lead halide perovskites have become
a versatile platform for realizing phase transition materials.
Such types of perovskites, especially three-dimensional (3D)
perovskites, generally adopt the molecular formula of ABXj,

“State Key Laboratory of Materials-Oriented Chemical Engineering and

College of Chemistry and Molecular Engineering, Nanjing Tech University,

Nanjing 211816, P. R. China. E-mail: hbluo@njtech.edu.cn, xmren@njtech.edu.cn;
Tel: +86-25-58139476

bHubei Key Laboratory for Processing and Application of Catalytic Materials,
Huanggang Normal University, Huanggang 438000, P. R. China

“College of Materials Science and Engineering, Nanjing Tech University,

Nanjing 211816, P. R. China

State Key Laboratory of Coordination Chemistry, Nanjing University,

Nanjing 210093, P. R. China

tElectronic supplementary informatI) available. CCDC 2174163-2174166.
For ESI and crystallographic data it=—<~J or other electronic format see DOI:
https://doi.org/10.1039/d2qi01650h

This journal is © the Partner Organisations 2022

12715 and B and X are

wherein A is a monovalent organic cation,
the Pb** ion and halogen anion, respectively. Typically, in
these 3D lead halide perovskites, the Pb>" ions are coordinated
by six halogen anions to give PbXs octahedra, and the organic
cations are accommodated in the interstices between PbXg
octahedrons. Notably, the organic cations are highly flexible,'®
which may have considerable freedom of motion; as a
result, the organic cations often undergo order-to-disorder
transformations'’*° as induced by temperature, thereby
leading lead halide perovskites to undergo structural phase
transitions. To date, many 3D, 2D and 1D lead halide perovs-
kites with structural phase transitions have been reported®’>°
owing to the diversity of organic cations and variability of con-
comitant structures; more importantly, phase transition along
with the simultaneous physical properties of lead halide per-
ovskites are tunable through structure modification, and it is
favorable for design of ideal multifunctional materials. For
example, Xiong et al.>” discovered that, by introducing halogen
atoms into the organic cations of [CH;NH;]Pbl;, the phase
transition temperature has been tuned in a wide range from
184 to 312 K, and therefore, achieved room-temperature lead
iodide perovskite ferroelectrics. Ye and co-workers®® reported
that the phase transitions of lead halide perovskites are
tunable through the replacement of halogen anions, and the
synthesized lead halide perovskites [C,H;,NS|PbX; (X = Cl, Br,
and I) with different halogen anions display diverse phase
transitions and the accompanied band gap, dielectric and
second-harmonic generation properties. On the other hand,
several studies demonstrated that the tunable band gap is
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coupled with the photoluminescence of lead halide perovs-
kites with mixed halogen anions.>*”*! However, to the best of
our knowledge, it is rarely reported that the tunable phase
transitions of lead halide perovskites are achieved through
introducing mixed halogen anions, which may be a facile way
to manipulate the phase transitions, and endow lead halide
perovskites with unprecedented physical properties.

In this work, we present a feasible approach of anion modi-
fication by incorporating mixed halogen anions into lead
halide perovskites to manipulate the phase transitions as well
as the dielectric responses and ionic conduction. We have suc-
cessfully synthesized a series of bromide-iodide mixed lead
halide perovskites [Et;PrN]|[PbI,Br;_,] (x = 0, 1.08, 1.83, 2.50
and 3; labeled as 1-5 sequentially). In the lattice of 1-5, the
globular-shaped quaternary ammoniums easily gain rotational
degrees of freedom, leading to order-to-disorder transform-
ation, as expected, and all members in this family undergo a
phase transition at a certain temperature, moreover, initiating
large dielectric responses and superionic conduction (¢ > 10~°
S em™) in the HT phase.

Results and discussion
Crystal structure and halide content

Single-crystal X-ray diffraction analysis revealed that 1 crystal-
lizes in the monoclinic centrosymmetric space group of P2,/c
at 100 K, and is isomorphic to the iodide analogue
[Et;PrN][PbI;] (5)** that was previously reported by us. As
shown in Fig. 1a, an asymmetric unit of 1 is composed of two
crystallographically independent Pb®>" ions (Pb1l and Pb2),
three different Br~ ions (Brl, Br2 and Br3), and one Et;PrN"
cation. Both Pb1 and Pb2 ions are coordinated by six Br~ ions
to form a distorted coordination octahedron, in which the Pb-

(a)

(b)

Bra#2 Br2#1 Br3#1

[
Br2#3 Br3 Br2

Fig. 1
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Br bond lengths fall in the range of 3.0046(5)-3.0483(6) A, and
Br-Pb-Br bond angles range from 78.465(13) to 180.0°. The
neighboring PbBrs octahedra are connected through face-
sharing mode into a one-dimensional (1D) infinite {PbBr;}.,
chain along the a-axis. As indicated in Fig. 1c, the Et;PrN"
cations fall in the spaces of inter-chains of {PbBr;}.

By partially replacing bromide ions in the lattice of 1 with
iodide ions, we have prepared a series of mixed-halide perovs-
kites [Et;PrN][PbLBr;_,] (2, x = 1.08; 3, x = 1.83; 4, x = 2.50).
Single crystal structure refinements demonstrate that the Br~
and I" ions are randomly distributed at the halide sites to give
the mixed-halide inorganic {PbLBr;_,}., chain, and the molar
ratio of Br/I was determined according to their site-occupancy
factors, to give 1.08 (2), 1.83 (3) and 2.50 (4), respectively. As
shown in Fig. S1,} all powder X-ray diffraction (PXRD) patterns
of mixed-halide perovskites match well with the simulated pat-
terns obtained from their single crystal structures, indicating
that the obtained mixed-halide perovskites possess high phase
purity. The elemental microanalyses for C, H and N together
with energy dispersive spectroscopy (EDS) for Br and I have
been performed for the mixed-halide perovskites and the
results are collected in Table 1, indicating that the molar frac-
tions (x) in 2-4 acquired from different techniques are consist-
ent with each other.

PXRD patterns of isomorphic 1-5 display high similarity
(Fig. 2a); however, most of the diffraction positions shift gradu-
ally toward smaller angles in this family with increasing the
molar fraction of I" ions (Fig. 2b). This observation indicates
that I" ions substituting Br~ ions lead to some inter-planar
spacing expansion owing to the ionic radius of iodide being
larger than that of bromide.*® Interestingly, the cell parameters
show non-monotonic changes with the molar fraction (x) of I”
ions in 1-5. As shown in Fig. 2c, the lengths of the a- and
b-axis and V increase with x increasing, whereas the length of

Feded
¢ j\%’ E

©cC
©H

(a) Asymmetric unit in 1 with thermal ellipsoids drawn at the 50% probability level. (b) Two types of PbBrg octahedra in 1 with the symmetric

codes#1l=1-x,-y,1—-z;#2=2—-x,-y,1 -z #3 =1+ x, y, z. (c) Packing diagram of 1 viewed along the a-axis.
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Table 1 The molar fraction (x) determined by crystal structure refinement, EDS and elemental analyses in 2—4

Crystal EDS/Atom% Elemental analysis
Compound X Br% 1% X C% H% N% x
2 1.08 11.52 6.01 1.03 16.83 3.45 2.18 1.09
3 1.83 6.00 8.82 1.79 15.97 3.28 1.82 1.85
4 2.50 3.03 13.25 2.44 15.32 3.20 1.75 2.45
(a) (b)
——Simu. lor 1
—1 2 —3
4—5
= A PN VNS =
< < e AR
\. A e A AR AAA SN A i) T A
E | ORI TV Y PUTT I o E A IRV NP |
A " Y A N A4 A
N . L M e
10 20 30 40 50 0 15 20 25 30
267° /o
© @ 20
1.15
z ——2 ot 3.244 >
ERERTY B < Fe
E e 3 3.181 /
< —-—V Ay
2 1.054 b= ‘
= ——p = 3.124
o = —8—PbI-X1
< 1.004 2 —e—Pb1-X2
QE) i 3.06+ —e—Ib1-X3
= ] 4 Pb2-X1
g 0.95 g | 7 —=—Pb2-X2
S M 3.004 Pb2-X3
Z 0.904= T T v T T v T
0 1 2 3 0 1 2 3
x value in [Et PrN][PbI Br_ ] x value in [Et PrN][Pbl Br, ]
Fig. 2 (a and b) PXRD patterns of 1-5. Plots of (c) unit cell parameters versus the molar fraction (x) and (d) Pb—Br/l bond length in 1-5.

the c-axis and g angle in 2-4 shrink for the two parent perovs-
kites 1 and 5.

The Pb-X (X = Br or I) bond lengths and the distorted
degree of the PbXs octahedron in 1-5 are inspected, and
the results are depicted in Fig. 2d and summarized in Table 2,
respectively. In general, the octahedral distortion of PbX, can
be estimated using the parameter of A, through eqn (1),>*?>

6

In eqn (1), dy, and d; represent the mean Pb-X bond
distance and six individual Pb-X bond distances, respect-

10

20

30

ively. In addition, Robinson et al*® developed another [Of§

method to quantitatively evaluate a PbXs octahedron
distortion, in which the distortion parameters concern the
bond angle (bite angle) variance, 6%y, with the expression
below,

1 2 2 1 2
AOC'Z = gz [(dl - dm)/dm} (1) Opet = HZ (ai - 90) (2)
=1 i—1
Table 2 Distortion parameters for PbXe octahedra in 1-5
Compound 1 2 4 5
Octahedron Pb1 Pb2 Pb1 Pb2 Pb1 Pb2 Pb1 Pb2 Pb1 Pb2
dm/f-\ 3.035 3.024 3.101 3.120 3.147 3.162 3.187 3.198 3.218 3.225
Apet X 107° 1.613 2.331 28.87 30.54 29.18 29.72 12.88 14.30 1.457 2.545
oct 43.62 38.63 25.52 32.54 21.63 26.66 21.57 25.24 20.56 22.85

This journal is © the Partner Organisations 2022

Inorg. Chem. Front,, 2022, 00,1-10 | 3

9]
(92



9]

10

30

40

93]
9]

Research Article

In eqn (2), a; represents the X-Pb-X angle adopting cis-
arrangement of two X~ ions in a PbX, octahedron. The results
in Table 2 display that there are smaller differences for the
parameters dy, and 4, in the two parent compounds 1 and 5,
while bigger differences are observed in the three mixed-halide
perovskites 2-4 for both the average Pb-X bond length (d,)
and the distorted parameter (4,.) between two inequivalent
PbX, octahedra, and this distinction is due to I” and Br™ ions
having distinct radii. The distorted parameter (6%.), which
concerns that the bite angles deviate from a right angle in a
PbX, coordination octahedron, decreases with the molar frac-
tion (x) of I” ions increasing. In addition, two different PbXg
coordination octahedra show a much distinct distortion para-
meter ¢”oc in 1-5.

Phase transition behavior

Differential Scanning Calorimetry (DSC) plots, with two
sequential heating and cooling runs, are displayed in Fig. 3a
and Fig. S3t for 1-5. A couple of endothermic and exothermic
peaks are clearly observed at 480/470 K in the first heating-
cooling run in the DSC plot of 1, suggesting that, therein, a
reversible phase transition occurs. As for 2-5, the reversible
thermotropic phase transition temperature is around 470/
458 K (2), 461/451 K (3), 452/443 K (4) and 445/440 K (5)
(Fig. S3a-3d), respectively. The two parent compounds 1 and 5
exhibit the highest and the lowest temperature of phase tran-
sition (480/470 K for 1, Fig. 3a; 445/440 K for 5, Fig. S3dt), and
the phase transition temperatures in 2-4 fall within the inter-
val of those in 1 and 5, and moreover, show a decreasing trend
with the increasing molar fraction (x) of I” ions. The endother-
mic or exothermic anomaly peaks in the second heating-
cooling run shift slightly toward lower temperature with
respect to those in the first heating-cooling process because
the dynamic motion of alkyl chains in Et;PrN’ cations is
unable to follow the quick change of temperature during the
DSC measurement, and the similar phenomena have been uni-
versally observed in the ion-liquid crystals.*”*

The phase transition enthalpy changes (4H) in the first
heating process are estimated to be 20.9 k] mol™" (1), 14.96
kJ mol™" (2), 14.18 k] mol ™" (3) and 13.14 k] mol " (4), respect-

@) _g
1st Heating and Cooling 480K
= 2nd Heating and Cooling
50 _4] )
3 Heating
i —_—
£ o
S5
+— p—
B 4 Cooling
T 470K

8 r v v r
400 420 440 460 480 500
Temp. /K

Fig. 3
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ively. The AH values in mixed-halide perovskites are compar-
able to that in 5 (14.40 k] mol "), while less than that in 1. The
phase transition entropy changes (AS) have been calculated by
the equation AS = AH/T. to be 43.54, 31.83, 30.76, 29.70 and
32.36 ] mol™* K™* for 1-5 in sequence; herein, AH and T, are
the phase transition enthalpy changes and critical tempera-
ture, respectively. The phase transition AS may be expressed as
AS = RInN in statistical thermodynamics, in which R and N
represent the gas constant and the ratio of state numbers of
possible configurations between HT and low-temperature (LT)
phases. The N values are gauged to be 188 (1), 46 (2), 40 (3), 33
(4) and 49 (5), and such large N values suggest that the phase
transition in 1-5 arises from the order-disorder structural
transformation, which is probably relevant to the order-to-dis-
order transformation of alkyl chains in cations. Notably, the
large AS values suggest that 1-5 might be promising barocalo-
ric materials,*>*® and the large phase transition entropy is
attributed to the heavily disordered alkyl chains of tetraalky-
lammonium cations, which is also observed in other hybrid
perovskites.>*4°

Plots of dielectric permittivity (&) versus temperature at the
selected frequencies are shown in Fig. 3b and Fig. S5f for 1-5.
All compounds show a dielectric phase transition in the vicin-
ity of the thermal anomaly, with the peak temperature of 478 K
(1), 463 K (2), 453 K (3), 443 K (4) and 432 K (5) in the curve of
¢ vs. T. These peak temperatures are slightly lower than that
acquired from DSC measurements because the temperature
change rates are distinct for the two techniques. 1-5 exhibit a
comparable change tendency of &' against T; herein, the
changes of ¢ versus T in 1 are described in detail. The &' value
of 1 is independent of temperature and frequency in
200-432 K, suggesting that the thermally activated dipole
motion is suppressed below 432 K, and strongly related to the
frequency above 432 K, and followed with a dielectric permit-
tivity peak. The dielectric permittivity, related to the dipole
motion or ion displacement,*™** is closely dependent on the
crystal structure of a material, and the large dielectric anomaly
in 1-5 is possible to arise from the order-disorder transform-
ation of alkyl chains in cations or the relative displacement of
cations to inorganic {PbX;}., chains. The change of an alkyl

(b)
12004 [ —e—10 MI12 5
o 533 kH7,
= —o—145Kllz 40
g 9001| —e—105 KiK. /‘
£ —e—39kHz 10 4
g —e—20 kIlz
3 600+
.0
& 300{ 7
‘T‘J /g
D 0- T T T T
400 420 440 460 480 500
Temp. /K

(a) DSC curves with two sequential heating-cooling runs, and (b) temperature dependence of the dielectric permittivity (¢') at selected fre-

quencies for 1 (the inset figure shows the magnified dielectric permittivity at 10 MHz).
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chain conformation does not significantly alter its dipole, and
therefore, the large variation of dielectric permittivity around
transition temperature arises from the ion displacement in the
lattice.

It failed to determine the crystal structures of 1-5 in the HT
phase owing to cations being highly disordered, making it
impossible to define the atomic sites in cations. Alternatively,
the variable-temperature PXRD technique was used for inspec-
tion of structure changes between LT and HT phases, and vari-
able-temperature PXRD patterns are displayed in Fig. 4 and
Fig. S4f for 1-5. The five compounds display similar trends of
PXRD patterns changing with temperature from LT to HT
phases, and herein, only variable-temperature PXRD patterns
of 1 are analyzed in detail. At first glance all PXRD patterns of
1 in 303-493 K show high similarity, implying that the crystal
structures are quite analogous to each other in both LT and
HT phases (e.g., PXRD patterns at 443, 473 K in LT phase and
at 483, 493 K in HT phase). However, the imperceptible
changes are also obvious when PXRD patterns are carefully
compared to each other. With rising temperature in
303-493 K, some diffraction peaks start to split into two or
three peaks; for example, the broad and asymmetric peak with
26 = 9.20° at 303 K corresponding to the overlap of (020) and
(011) diffractions shifts toward the smaller 20 angle side with
increasing temperature, and splits into two peaks from 323 to
493 K (Fig. 3b), and the diffraction peaks with 26 = 15.82° and
18.67° at 303 K originating from (120) and (130) diffractions
show a similar variation tendency as temperature increases. It
is worth noting that, with temperature further elevated above
493 K, the several split peaks in 303-493 K combine together
into a single peak again, and the main diffractions of (020),
(011), (013), (120), (130), (140) and (220) remain; moreover, all
diffractions shift to the smaller 20 angle side. The diffraction
peak splitting in 303-493 K is probably due to the changes of
cell parameters with the increasing temperature. As tempera-
ture increases above 493 K, many of the diffraction peaks in
the PXRD patterns show very low intensity, and only several
peaks are distinctly observed. This is because the globular-
shaped cations gain more thermal energy at high temperature,
and the rotational freedom degrees of cations are much
increased, leading to plastic crystal behavior.***° Actually, the
crystals of 1 show plastic deformation in the HT phase
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(Fig. S61). On the basis of the above analysis, the phase tran-
sitions occurred in 1-5 are mainly ascribed to the order-dis-
order transformation of the alkyl chain conformation in
cations.

Changes of color and optical bandgap

UV-visible absorption spectra of 1-5 in Fig. 5b show the
tunable onset of the absorption band, and the onset of the
absorption band moves from the wavelength of 353.9 nm to
421.9 nm as the molar fraction (x) of I" ions increases, leading
to the color of 1-5 changing from colorless to yellow in
sequence (Fig. 5a). The electron band structures were calcu-
lated for 1 and 5 (Fig. S77), respectively, revealing that both 1
and 5 are indirect bandgap semiconductors, and thus, the
Kubelka-Munk plot is obtained from the absorption spectrum
by the Tauc equation eqn (3),** in which F(R,,) is the Kubelka-
Munk function®*® and A4 is a constant. The Kubelka-Munk plot
is displayed in Fig. 5c.

(v - F(R))""* = (v — Ey) (3)

The optical band gaps (Eg) of 1-5 are estimated from the
Kubelka-Munk plot (Fig. 5¢) and depicted in Fig. 5d; the E, is
3.50 eV for 1, 3.14 eV for 2, 3.01 eV for 3, and 2.95 eV and 2.93
eV for 4 and 5, respectively, showing a decreasing trend with
increasing the molar fraction (x) of I” ions.

Impedances and conduction

The alternating current (AC) impedance spectra are depicted
in Fig. 6a-c and Fig. S8-S127 for 1-5. The linear Nyquist plots
appear at temperatures below 400 K, suggesting the negligible
conduction of 1-5. As the temperature is increased above
400 K, an imperfect arc occurs in each Nyquist plot in the
high-frequency region, corresponding to electron/ion transfer
in the bulk phase and grain boundary, together with a spur in
the low-frequency regime which is relevant to the mobile ions
blocked by the electrode/electrolyte interface. 1-5 show typical
thermally activated conduction. The Nyquist plots were fitted
using the Zview program to give resistances (R) (Fig. S1371), and
the ionic conductivity (6) was calculated according to the
equation of ¢ = L/RS, where the symbols L and S represent the
thickness and cross-sectional area of the compressed pellet

(b)
—303K—323K 343 K—383K
4 443 K——473 K—483 K——493 K
—— 503 K——S13K
;; i PEE—
= A —
; SR il i
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Fig. 4 Variable-temperature PXRD patterns of 1 in the 26 range of (a) 5-50° and (b) 8—20°.
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Fig. 6 (a—c) Nyquist plots at selected temperatures and (d) temperature-dependent ionic conductivity of 1.

sample. The temperature-dependent ionic conductivities are
denoted in Fig. 6d for 1 and in Fig. S147 for 2-5, respectively.
1-5 show rather low conduction (6 = 107'°-107% S cm™") below
400 K owing to the migration of ions being restricted in the
lattice, and the o value increases from 4.75 x 107° S cm™" at
393 Kt01.83 %107 Sem™ ' at433 Kand 9.25x 10 °Sem ™ at
469 K in 1. As temperature is increased from 469 K to 479 K,
the o value in 1 is almost improved by three orders of magni-

6 | Inorg. Chem. Front., 2022, 00, 1-10

tude, with ¢ = 1.26 x 107> S cm™" at 479 K, indicating that 1
achieves a superior ionic state above 479 K owing to superionic
phase transition.*®™*® The temperature of superionic phase
transition coincides with that of the structural phase tran-
sition, demonstrating that the superionic phase transition of 1
arises from the structural phase transition. To date, order-to-
disorder structural phase transition resulting in sharply
increased ionic conductivity is observed in many ionic
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conductors.”™*” In the case of 1, the orientation and displace-
ment motion of the disordered cations in the lattice provides a
facile manner for the ion migration, thereby leading to high
ionic conductivity. To further demonstrate that the high con-
ductivity of 1 is mainly contributed by the ionic rather than
the electronic conduction, the chronoamperometry measure-
ments were carried out for evaluating the electronic conduc-
tivity of 1 (Fig. S157%). It is worth noting that the electronic con-
ductivity of 1 only reaches 2.07 x 107% S ecm™" even at 463 K,
several orders of magnitude less than the total conductivity
acquired from AC impedance measurements, unraveling that
the ionic conduction dominates in the charge transport
process of 1. As expected, the ¢ value of 2-5 also sharply jumps
around the phase transition temperature; that is, the ¢ value of
2 increases by three orders of magnitude from 1.03 x 1077 S
cm™! at 453 K to 1.28 x 10™* S ecm™" at 463 K, and the ¢ is
enhanced by two orders of magnitude around the structural
phase temperature for 2-5, to reach the value of 5.55 x 107° S
cm™! at 453 K, 2.49 x 107° S ecm™" at 443 K and 3.13 x 107° S
em™' at 433 K, respectively. Compared with 2-5, 1 exhibits
higher ionic conduction, especially the superionic conduction
(6>107° S em™) in the HT phase. As mentioned in DSC ana-
lysis, 1 displays the largest ratio of state numbers in 1-5,
which is more than 4 times higher than that of 2-5, suggesting
that the cations of 1 in the HT phase acquired much more
rotational degrees of freedom and are easy to diffuse and
migrate, and this superionic conduction mechanism is similar
to the well-known one in organic ionic plastic crystals.*>~>"

Conclusion

In this study, we present the investigations of crystal structure,
phase transition, electronic spectra, dielectrics and conduction
for a family of mixed lead halide perovskites [Et;PrN][PbLBr;_,]
(0 £ x < 3), and demonstrate that the phase transition tempera-
ture, optical bandgap and color, and conduction are mediated
by the change of x value in [Et;PrN][PbLBr;_,] (0 < x < 3). Five
isomorphic lead halide perovskites show a phase transition at a
certain temperature, and in the HT phase, the globular-shaped
quaternary ammoniums gain enough rotational degrees of
freedom, featuring plastic crystals and leading to a larger
enthalpy change of phase transition, large dielectric response
and superionic conduction with ionic conductivity beyond 1073
S em™'. These perovskites might be promising barocaloric,
dielectric and ionic conducting materials that can be utilized in
various devices. This study discloses that the superionic con-
ducting lead halide perovskite phase transition materials may
be achieved by rational molecule design.

Experimental section
Chemicals and materials

All of the chemicals and solvents were purchased from com-
mercial suppliers and used without further purification.

This journal is © the Partner Organisations 2022
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Triethylpropylammonium iodide ([Et;PrN]I) and triethyl-
propylammonium bromide ([Et;PrN]Br) were prepared follow-
ing a modified procedure that was used for preparation of ben-
zylpyridinium iodide or bromide.>”

Preparation of [Et;PrN][PbBr;] (1)

PbBr, (1.101 g, 3 mmol) and [Et;PrN]|Br (0.6725 g, 3 mmol)
were dissolved in DMF (25 mL) to form a clear colorless solu-
tion at ambient temperature. Colorless block-shaped crystals
were grown by slow evaporation of the clear colorless solution
in an oven at 40 °C for two weeks. The crystals were collected
by suction, washed with a little amount of DMF (<1 mL) one
time and ethanol three times (3 x 5 mL) sequentially, and
dried in air. Yield: ~40%. Anal. calc. for CoH,,NPb Br;: C,
18.28; H, 3.75; N, 2.37%. Found: C, 18.27; H, 3.71; N, 2.28%.

Preparation of mixed lead halide perovskites 2, 3, and 4

These mixed-halide crystals were harvested using an analogous
process which is described below. A certain molar ratio of
[Et;PrN]Br, [Et;PrN]I, PbBr, and Pbl, were mixed in a small
amount of DMF to prepare a clear solution at ambient temp-
erature, [Et;PrN|Br/[Et;PrN]|I/PbBr,/Pbl, = 0:1:1:0 for 2,
1:1:1:1for3 and 1:0:0:1 for 4, respectively. Afterward, the
beaker containing the abovementioned solution was placed in
an oven at 40 °C, and the crystals were grown two weeks later,
which were collected by suction, washed repeatedly with a
small amount of DMF (<1 mL) one time and then ethanol
three times (3 x 5 mL), and finally dried in air. Yield: ~66%
calculated on the reactant PbBr, for 2, ~56% calculated on the
reactant PbBr, for 3, and ~70% calculated on the reactant PbI,
for 4.

Characterization

Elemental analyses (C, H, and N) were performed with an
Elementar Vario EL. EDS was carried out by means of a
Hitachi S-3400N scanning electron microscope. DSC measure-
ments were performed on a NETZSCH DSC 204F1 Phoenix
with a temperature change rate of 10 K min~". Thermogravimetric
analysis (TGA) was performed with an SDT Q600 thermo-
gravimetric analyzer in 300-950 K under a nitrogen atmo-
sphere with a heating rate of 20 K min~'. PXRD data were col-
lected on a Bruker D8 Advance powder diffractometer at
ambient temperature, and the measurement was performed at
40 kv and 40 mA, and using Cu Ko radiation (A = 1.5418 A).
Variable-temperature PXRD measurements were carried out
using a SHIMADZU XRD-6100 diffractometer with Cu Ka radi-
ation (4 = 1.5418 A), operated at 40 kv and 40 mA. Solid-state
UV-vis absorption spectra were recorded on a PerkinElmer
Lambda 950 UV-vis-near-IR spectrophotometer at ambient
temperature.

Dielectric permittivity and impedance spectra were recorded
using a Concept 80 system (Novocontrol, Germany) in
123-493K, and the frequencies span from 1 to 10”7 Hz. All of
the samples were prepared in the form of a disk with a dia-
meter of 7 mm, and a thickness of ca. 0.660 mm, 0.959 mm,
1.003 mm and 1.235 mm for 1-4 sequentially.
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X-ray crystallography

Single-crystal X-ray diffraction data were collected for 1-4 at
100 K using the graphite-monochromated Mo Ka (4 =
0.71073 A) radiation on a CCD area detector (Bruker SMART).
Data reduction and absorption corrections were performed
with the SAINT>® and SADABS>* software packages, respect-
ively. Structures were solved by direct methods using the
SHELXL-2014 software package.® The non-hydrogen atoms
were anisotropically refined using a full-matrix least-squares
method on F°. All hydrogen atoms were placed at the calcu-
lated positions and refined as riding on the parent atoms. The
details of data collection, structure refinement and crystallo-
graphy are summarized in Table S1.}
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