Downloaded via XIAMEN UNIV on February 18, 2020 at 06:04:59 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Room Temperature Lead-Free Multiaxial Inorganic—Organic Hybrid

Ferroelectric

Bin Wang,# Dangwu Ma,# Haixia Zhao,*" Lasheng Long,*" and Lansun Zheng

Collaborative Innovation Center of Chemistry for Energy Materials, State Key Laboratory of Physical Chemistry of Solid Surfaces
and Department of Chemistry, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, PR China

© Supporting Information

ABSTRACT: In recent years, molecular ferroelectrics have
received more and more attention. Nevertheless, the study of
multiaxial molecular ferroelectrics is relatively rare, which
significantly restricts the development of their applications in
thin films and other potential fields. Here we demonstrate the
characteristics of a room-temperature lead-free multiaxial
inorganic—organic hybrid ferroelectric material [(CH,),NH,]
[C¢H;CH,NH,],BiBrs (1), which goes through a distinctly
reversible phase transition around 386 K and possesses six
equivalent ferroelectric directions. At 330 K, the remnant
polarization (P,) of 1 is ~1.0 uC-cm™, and the coercive field
(E) of 1 is 20 kV-em™'. The multiaxial and switching
polarization behaviors of 1 were declared with piezoresponse
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force microscopy (PFM). Notably, the emergence of six equivalent ferroelectric directions is induced by the easily disordered
cations and highly geometrically symmetrical anions, because they usually lead to a large symmetry change in the order—
disorder types of ferroelectrics. This work provides an effective approach to construct molecular multiaxial ferroelectrics.

B INTRODUCTION

As one of the most researched and exploited types of polar
materials, ferroelectrics have been widely used in ferroelectric
random access memory (FeRAM), capacitors, and nonlinear
optical components.'™> Spontaneous polarization can be
reoriented under an applied electric field for the ferroelectric
materials, which is a distinguishing characteristic compared to
other polar pyroelectric materials. Molecular ferroelectrics are
particularly interesting because of their low toxicity, easy
preparation, and flexible machinability when compared with
the inorganic ceramic ferroelectrics.””

A ferroelectric single crystal should be measured along the
spontaneous polarization vector, which is a specific direction
(the ferroelectric polarization direction), to obtain the maximal
polarization. For a uniaxial ferroelectric, polarization switching
could only be achieved along the single ferroelectric polarization
axis, and a deviation of direction would cause either the
reduction or disappearance of polarization. Meanwhile, polar-
ization switching can be along multiple directions in a multiaxial
ferroelectric. Multiaxial ferroelectrics are more desirable for use
in practical applications of molecular ferroelectrics, because the
switchable polarization can be realized in polycrystalline states,
such as thin films, powder pellets, and so on.”” For example, the
molecular ferroelectric [N(CH;),][GaCl,] possesses 12 equiv-
alent polarization directions, and the remnant polarization value
could be 3.8 4C-cm™? in free-standing film samples; this value is
just slightly below the theoretical value (4.37 uC-cm=2)."
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The quantity of equivalent ferroelectric directions is a key
factor for multiaxial ferroelectric materials."' According to the
Aizu rule,'” the structural symmetry change between the
paraelectric and ferroelectric phase determines the quantity of
equivalent polarization directions. The specific number of
polarization directions can be calculated according to the
equation: n = N,/N; where n represents the number of
orientation states (equivalent polarization directions) and N,
and N;represent the number of symmetric elements in the point
group of the paraelectric phase and ferroelectric phase,
respectively.'”'* Current reported molecular ferroelectrics are
mostly order—disorder types of molecular—ionic compounds, in
which ferroelectric transition is induced by the order—disorder
dynamic ions.">~"” From this, the easily disordered cations and
highly geometrically symmetrical anions are chosen to explore
new multiaxial ferroelectrics, as these ions usually show high
symmetry at the high temperature and translate into an ordered
low-symmetry phase at the low temperature. To date, although
the design of ferroelectric materials has improved, multiaxial
molecular ferroelectrics are still rare and need further
investigation.

Most of the single-cation Bi-based compounds crystallize in a
centrosymmetric space group.m’19 Coexistence of two types of
organic cations may not only reduce the structural symmetry,
but also improve the probability of multipolar axis.”’~>* In this
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work, two types of easily disordered cations (dimethylammo-
nium and benzylammonium cations) with different config-
urations, which were often used alone to construct ferroelectrics,
were chosen to induce the multiaxial ferroelectricity. Success-
fully, we synthesized a room-temperature lead-free multiaxial
inorganic—organic hybrid ferroelectric material, [ (CH;),NH,]
[C¢H;CH,NH,],BiBrg (1). Compound 1 exhibits a distinct
point group transition from paraelectric 3m to ferroelectric m at
approximately 386 K. The calculated n is six, indicating that 1 isa
multiaxial ferroelectric and possesses six equivalent polarization
directions. The ferroelectric behavior was measured and the
remnant polarization (P,) was around 1.0 4C-cm > with a large
coercive field (E.) of 20 kV-cm™ at 330 K. Additionally,
piezoresponse force microscopy (PFM) measurements were
performed to confirm the switching behaviors and multiaxial
terroelectricity of 1. This work provides an effective approach to
construct multiaxial molecular ferroelectrics.

B EXPERIMENTAL DETAILS

Preparation. All reagents and solvents were purchased from
Heowns Biochem Technologies, LLC, and used without any further
purification in the synthesis. An excess of concentrated hydrobromic
acid (2 mL, 40 wt %) was added to bismuth(III) bromide (1 mmol, >
97%) in methanol (20 mL). The solution was then added to
dimethylamine (1 mmol) and phenethylamine (2 mmol) while heating
at 80 °C. Pale yellow crystals of 1 can be obtained by cooling and
evaporating the solution at room temperature for several days (total
yield: 85%, based on BiBr;). The platelike crystals of 1 were washed
with methanol and dried under vacuum for 24 h.

Powder X-ray diffraction (PXRD) and elemental analysis confirmed
the purity of the samples of 1 (Figure S1). The results from elemental
analysis of 1 were as follows: Calculated (%): C 18.18, H 4.54, and N
1.30. Found (%): C 18.16, H 4.51, and N 1.27.

Single-Crystal Structures Determination. Variable-temperature
single X-ray diffractions were employed by an Agilent Supernova CCD
diffractometer with w-scan mode (Aw = 1.0°). The low temperature
phase (LTP, 100 K, 300 K) and high temperature phase (HTP, 400 K)
were performed with Mo Ka (1= 0.71073 A) and Cu Ka (1 = 1.54178
A) radiation, respectively. Data collection, cell refinement, and data
reduction were carried out in the CrysAlis PRO program. The crystal
structures were solved by direct methods (ShelXT),** and refined by the
full-matrix least-squares method based on F* with all non-hydrogen
atoms anisotropic by using the ShelXL in the OLEX2 program.”*** The
positions of all hydrogen atoms were refined using a riding model. The
hydrogen atoms in the HTP were not added because of the highly
disordered dimethylammonium and benzylammonium cations. Be-
cause the distance between the acceptors (Br) and donors (N) is longer
than 3.2 A, the hydrogen-bonding interactions are disregarded in both
the HTP and LTP (Figure S2). CCDC 1921186 (1-LTP, 100 K),
CCDC 1945996 (1-LTP, 300 K), and 1921179 (1-HTP, 400 K), which
can be obtained free of charge from the Cambridge Crystallographic
Data Centre, contain the supplementary crystallographic data for this
paper. Crystallographic data of 1 at different temperatures are shown in
Table 1.

Physical Measurements. PXRD measurements were collected
using a Rigaku Ultima IV X-ray diffractometer and a Bruker D8
Discover X-ray Powder Diffractometer for room- and variable-
temperature PXRD patterns, respectively. Variable-temperature
PXRD patterns were performed in air atmospheres at 300, 350, and
400 K. The powder sample of 1 was placed for 10 min at each test
temperature before PXRD measurements.

Thermogravimetric analysis (TGA) measurement were employed by
an SDT-Q600 thermal analyzer (TA Instruments) under an air
atmosphere in alumina crucibles with a heating rate of 10 K-
min~'(Figure S3). Differential scanning calorimetry (DSC) measure-
ments were collected using a NETZSCH DSC 200F3 instrument with
heating and cooling rates of 10 K-min™" (the mass of the sample is 6.804
mg) under nitrogen atmospheres.

Table 1. Crystal Data of 1 at Different Temperatures”

compound

[(CH;),NH,] [Cs(Hi(:HzNHz] ,BiBrg
1

temperature (K) 100.00(10) 400.00(10)

phase LTP HTP

formula weight 950.85 950.85

crystal system monoclinic trigonal

space group Pc P3ml

a(A) 10.25447(14) 8.6969(4)

b (A) 8.45982(13) 8.6969(4)

¢ (A) 14.4510(2) 10.2622(7)

a (deg) 90 90

B (deg) 90.8677(13) 90

7 (deg) 90 120

volume (A%) 1253.50(3) 672.20(8)

V4 2 1

scan mode w-scan w-scan

u (mm™") 16.603 23.365

F(000) 876.0 410.0

crystal size (mm?) 0.2 %02 % 0.1 0.3 %02 x0.1

radiation Mo Ka Cu Ka

wavelength (A) 0.71073 1.54178

20 range for data collection (deg) 6.826—51.988 8.616—125.758
-12<h<12 —-6<h<7

index ranges —-10<k<10 —-9<k<9
-17<1<17 -11<1<10

density (g cm™) 2519 2279

reflections collected 17349 1166

Ry 0.0465 0.0286

refinement method
data/restraints/parameters
goodness-of-fit on F*

R, @R, [I > 20(1)]

R,, wR, [all data]

Pinao Prmin (€ A7)

full-matrix least-squares on F

4925/14/218
1.110

0.0489, 0.1073
0.0499, 0.1079
1.98, —1.56

446/66/44
1.152

0.0715, 0.1692
0.0719, 0.1695
1.59, —=2.35

“R, = Y| — IEN/YIE), @R, = {3 [w(IF,? — IE)]/ Y [wlF,I*]}/2
and @ = 1/[6*(F,%) + (0.1361P)*] for HTP and @ = 1/[6*(F}?) +
(0.0001P)* + 56.7882P] for LTP, where P = (F,> + 2F.2)/3.

The polarization—electric field (P—E) hysteresis loops were
performed on a Radiant Precision Premier II analyzer using the
positive up negative down (PUND) method, which can eliminate the
small electrical conductivity contributions. The temperature of the
sample was controlled by a Janis cryogenic refrigeration system under

vacuum.

The dielectric permittivity, ¢ (¢ = ¢’ — ie”), measurements were

employed by a Wayne Kerr 6500B analyzer using the two-probe ac
impedance method over the frequency range from 100 Hz to 1 MHz.
Powder pressed pellets with silver paste as the two electrodes were used
for dielectric measurements.

The second harmonic generations (SHG) measurements were
employed by an unexpanded laser beam (OPOTEK, 355 II) with low
divergence (pulsed Nd:YAG, 1064 nm, 5 ns, 10 Hz repetition rate, 1.6
MW peak power). The numeral values of nonlinear optical numerical
coefficients of 1 for the SHG were determined by comparison with
those of potassium dihydrogen phosphate (KDP, Ziop'? = 0.39 pm-
V.

The piezoresponse force microscopy (PFM) measurements were
collected using a commercial piezoresponse force microscope (Cypher,
Asylum Research) by using conductive Pt-/Ir-coated silicon probes
(EFM-20, Nanoworld). PFM measurements were all performed on
crystal samples.
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Figure 1. (a) DSC curves of 1. (b) Temperature dependence of dielectric real parts (¢') for 1 at 10*>° Hz measured on a powder sample.
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B RESULTS AND DISCUSSION

DSC unambiguously revealed that 1 goes through a phase
transition at ca. 386 K on heating, and the corresponding phase
transition on cooling is observed ca. 381 K (Figures la and $4).
The entropy change (AS) to concomitant the transitions is
calculated with a value of 14.68 J-mol™"-K™'. According to the
Boltzmann equation, AS = R In N, where R denotes the gas
constant and N represents the ratio of numbers of possible
orientations for the disordered system. The N values for the
transitions is 5.82, which indicates a typical order—disorder
phase transition. To further disclose the phase transition, the
dielectric constant varying with different temperatures was
measured from 320 to 420 K (Figure 1b). The dielectric real
parts (¢’) keep almost constant (ca. 25) from 320 to 360 K.
Upon increasing the temperature, the ¢’ increases sharply from
ca. 47 to 265 at approximately 390 K and exhibits a steplike
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rising dielectric anomaly, indicating that a phase transition has
occurred at ca. 390 K. This dielectric anomaly corresponds to
the phase transition on the DSC curves. With further
temperature increase, ¢’ decreases very slowly and then remains
almost constant (ca. 202). Comparing the heating and cooling
processes, a large thermal hysteresis of ca. 9 K can be found in
the phase transition, which is consistent with the DSC result.
Meanwhile, the dielectric constants exhibit no obvious
frequency dependence below 386 K. In contrast, the dielectric
constants decrease with increasing frequency once above 386 K
(Figure SS).

To reveal the mechanism of the phase transition, the variable-
temperature single-crystal data of 1 were collected at 100, 300,
and 400 K. At 100 K (LTP), 1 crystallizes in the monoclinic
system with a polar space group of Pc. The asymmetric unit of 1
consists of one isolated [BiBrg]®” anion, two protonated
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Figure 3. Variable-temperature PXRD patterns (a) and variable-temperature SHG signals (b) of 1.

benzylammonium cations, and one protonated dimethylammo-
nium cation in the LTP (Figure 2a). Obviously, both the
dimethylammonium and benzylammonium cations are ordered,
and the BiBrs octahedron architecture is slightly distorted
because of the presence of a lone pair of s electrons (Figure
$6a).”>*” There is no phase transition from 100 to 386 K
(Figure S7). At 300 K, 1 has the same structure as that at 100 K
(Table S1). At 400 K (in the HTP), 1 crystallizes in the trigonal
system with a centrosymmetric space group of P3ml. The
asymmetric unit of 1 is composed of one-sixth of an isolated
[BiBrg]®~ anion, one-third of a protonated benzylammonium
cation, and one-sixth of a protonated dimethylammonium
cation, as shown in Figure 2b. Both the dimethylammonium and
benzylammonium moieties are obviously disordered in the
HTP. The benzylammonium cations are 3-fold disordered.
Meanwhile, the two C atoms split into three positions, and the N
atoms are 2-fold disordered along the ¢ axis in the
dimethylammonium cations. The BiBr4 octahedrons adopt a
high-symmetry configuration in the HTP (Figure S6b). As
depicted in Figure 2¢,d, in the crystal lattice, the isolated
[BiBry]*~ anions are sandwiched between two dimethylammo-
nium cations along the ¢ axis. The benzylammonium cations are
inserted into adjacent dimethylammonium cations and isolated
[BiBrg]*~ anions. The adjacent benzylammonium cations are
antiparallel, but they display different orientations in the LTP.
The arrangement of 1 is similar to the previously reported
(C4HsCH,NH,),[SnCl].**

From the point of view of symmetry, the polar space group of
Pc has a lower noncentrosymmetric point group m, which
possesses only two symmetric elements (e and o;,) with the
ordered cations and distorted [BiBry]>~ anions in the LTP of 1
(Figure 2c). In the HTP, the centrosymmetric space group of
P3m1, which has a higher centrosymmetric point group 3m with
12 symmetric elements (e, 2 Cy, 3 C,, i, 2 S, and 3 o,). For
organic cations, the benzylammonium and dimethylammonium
cations turn into highly disordered in the HTP. The N atoms in
the dimethylammonium cations, three carbon atoms of
benzylammonium cations (C2, C3, and C6 in Figure 2b) and
the Bi atoms in BiBrs octahedron are located in the 3-fold
rotation axis, while all the other atoms of 1 satisfy the
crystallographic symmetry of 3-fold rotation axis in the HTP
(Figure 2d). Therefore, the phase transition of 1 contributed to
the order—disorder of cations and the configuration change of
anions.

Variable-temperature PXRD measurements were performed
to indicate the structural phase transition. Based on the single-
crystal structures of the LTP and HTP, the experimental PXRD
patterns at 300 and 400 K, respectively, is in accordance with the
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corresponding simulated results (Figure 3a). Furthermore,
temperature-dependent SHG measurements were measured to
confirm breakage of the structural symmetry. As shown in Figure
3b, 1 has no SHG activity, and the SHG signal keeps at almost
zero in HTP regions. In the LTP regions, 1 clearly exhibits SHG
activity, which is ca. 0.77 times that of KDP (Figure S8). These
results demonstrate compound 1 crystallizes in a polar space
group in the LTP. Above all, the symmetry-breaking transition is
regarded in the Aizu notation as 3mFm, which belongs to the 88
ferroelectric species. According to Aizu notation of 3mFm, the
symmetric elements change from 12 symmetric elements (e, 2
C;, 3 Cy, i, 2S¢, and 3 6,) in the HTP to two (e and 6,) in the
LTP, and six polarization directions would be expected in the
LTP.">* This implies that 1 is a multiaxial ferroelectric.
Ferroelectric behavior is oriented in the polar direction and
consists of the equivalent polarization directions. The crystal
habit of 1 is plate-shaped. The direction perpendicular to the
plate surface was determined to be the b direction by the data
analysis software in the Agilent Supernova CCD diffractometer
(Figure S9). According to the space groups of the LTP and
HTP, the polar direction of 1 is in a certain direction on the ac
plane in the LTP (Figure S10), and 1 possesses six equivalent
polarization directions (Figure S11). As illustrated in Figure 4,
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Figure 4. P—E hysteresis loops of 1 measured at different temperatures
at a frequency of 20 Hz.

the variable-temperature P—E hysteresis loops of 1 were
measured (the electric field was approximately parallel to the ¢
direction). At 310 K, the P, value is around 0.65 #C-cm™2 With
the temperature increasing from 310 to 340 K, the P, value
increases slightly from 0.65 to 1.0 uC-cm™, because the
polarization reversal at lower temperature always needs a higher
voltage. The coercive field is ca. 20 kV-cm™, which is smaller
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area with +80/—80 V.

than the ferroelectric poly(vinylidene) difluoride family (~500
kV-cm™)*° and [Hdabco]CIO, (~83 kV-cm™!).*" Meanwhile,
the P, value of 1 is larger than most of the reported Bi-based
molecular ferroelectrics, such as [imidazolium]Bi,Cl,; (~0.26
uC-cm™2),** and (pyridinium)Bi,Br,, (~0.3 xC-cm™2),* and

is comparable with the recently reported [N,N-dimethyl-1,3-
diaminopropane] [SbCly] (~1.36 uC-cm™2)%*

(C,H4NH,),BiClg (~1.4 uC-cm™2).*> However, the P, value
of compound 1 is still lower than that of other reported
molecular ferroelectrics, for example, tetraethylammonium
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perchlorate (~7.0 uC-cm™),"" and [N(CHj;),] [GaCl,] (~3.8
uC-cm™2),"" indicating the need for further improvement.

PFM is a very useful visualization tool for the detection of
ferroelectric domains with nondestructive the sample.’*’
Amplitude and phase parameters with high spatial resolution
can be obtained from PFM images, which can afford information
about the orientation of polarization and the piezoelectric
coefficient. To further expose the ferroelectric properties of 1,
PFM on the single-crystal surface was performed. As depicted in
Figure 5, the vertical and lateral PFM amplitude and phase
images were recorded in the same area of the crystal sample of 1
along the ac plane. These results directly prove the existence of
terroelectric domains, and this proof is a lack of significant
correlation between phase images and topography image
(Figure Sa,cf).

Meanwhile, there is an obvious difference between the
domain distributions in the vertical and lateral PFM modes. As
depicted in Figure S¢,f, both phase images show antiparallel and
non-180° domains in the vertical and lateral PFM modes, but
these domains are located in different areas. Different ~180° and
non-180° domains appear simultaneously in the out-of-plane
and in-plane modes, indicating that there are different
polarization directions in this region. This result corresponds
well to the complex polarization directions. From these results,
the ferroelectricity of 1 can be identified as having multiple polar
axes.”® The spontaneously polarized state of ferroelectrics will
change under applied electricity or stress. Such domain
switching is an important feature of ferroelectric materials.
From the piezoresponse hysteresis loops measurements for the
single-crystal samples of 1, the phase hysteresis and amplitude
butterfly loops exhibit 180° polarization switching of ferro-
electric domains, which was triggered by the applied voltage
(Figure 5d).

PFM lithography can “write” single domains, domain arrays,
and complex patterns through the application of a bias voltage
with nondestructive sample surface. To further characterize the
switching behavior, a star pattern was written on the single-
crystal sample surface of 1 in a selected 15 ym X 15 ym region by
PFM lithography. In the initial state, the lateral PFM phase has
an evident bipolar domain pattern, indicating that 1 is in a
multidomain state at this selected in-plane region (Figure 6a—c).
Meanwhile, the vertical PFM phase has a single domain pattern
in this selected region (Figure $12). After the bias of +80/—80V
was applied in the probe tip, the color change in the lateral PFM
phase images indicates that the polarization direction was
switched in the star region. Specifically, uniform dark red and
yellow colors can be observed in the internal and external
regions of the star area (Figure 6d—f). The resultant star area
with a large vertical phase contrast (~180°) and a single domain
state proves that the polarization of 1 is undoubtedly switchable.
The polarization switching back with opposite voltage revealed
good ferroelectric retention of the crystal sample of 1, which can
rule out a possible origin of charging effects. The PFM results,
along with the P—E loops, confirm that 1 can possess switchable
polarization at room temperature, indicating directly that 1 is a
terroelectric material.

B CONCLUSIONS

In summary, we have successfully explored a new room-
temperature lead-free multiaxial inorganic—organic hybrid
ferroelectric material, [(CH;),NH,] [C¢{HCH,NH,],BiBr,
(1). Compound 1 has six polar directions, and the P, equals to
1.0 4C-cm™2 at 330 K. The mechanisms of the ferroelectric in

the LTP are related mostly to order—disorder of the organic
cations, along with the distortion of [BiBr,]*~ anions. This work
not only exhibits the multiaxial ferroelectricity in a lead-free
inorganic—organic hybrid material but also provides an effective
approach to construct molecular multiaxial ferroelectrics.
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