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orthorhombic space group, Iab2. The temperature-resolved
second-harmonic-generation (SHG) measurements using 800 nm
femtosecond laser pulses attest to the polar structure of DPAC on
either side of the phase transition (PT). The dc conductivity
parameters were estimated in both solid phases. The anionic substructure is in the form of [CdBr,]*” discrete complexes (0D), while
in the voids of the structure, the diisopropylammonium cations are embedded. The ferroelectric properties of phases I and II have
been confirmed by the reversible pyroelectric effect as well as by P—E loop investigations. On the basis of the dielectric responses,
the molecular mechanism of the PT at 244 K has been postulated to be of mixed type with an indication of its displacive nature.
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B INTRODUCTION

Organic—inorganic hybrid materials have received significant
attention not only because of the rich diversity of crystal

transition metals, two basic types of stoichiometries can be
distinguished: ie., the tetrahedral building blocks, with a
general formula of A;BX,, and edge-sharing or face-sharing

structures they adopt but also because these systems can be
fine-tuned to obtain desirable properties such as light
emission,’ ¢ ser11iconductivity,l’3’7 dielectric switching,g_11
ferroelectricity,'”"* and multiferroism.*”*'*'> These effects
are associated with unique combinations of organic and
inorganic components in which usually polar organic cations
occupy the voids within the inorganic frameworks. Materials of
this type can be therefore understood in terms of host—guest
chemistry, in which the host inorganic framework constitutes
the defining environment for the rotationally and/or transla-
tionally labile guest.

Halometalates stand out as a unique group of stimulus-
responsive hybrids, since the organic component is usually
more sensitive to the external stimuli, such as temperature and
electric or magnetic field strength, resulting in solid to solid
structural changes.16 The behavior, as mentioned above, is
typical for both p- and d-block halometalates. Indeed, among
the former (and smaller) group one notes a growing body of
research on halogenoantimonate(III1)'7~*° and
halogenobismuthate(III)' ' ~*” networks, while the latter
group encompasses a much broader family of halometallates
based on divalent or trivalent 3d transition metals. For 3d
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ABX; coordination polymers. Such structures include a large
class of hybrids (wherein A = monovalent or divalent organic
cation; B = Mn, Fe, Co, Cd, Mn, Cu, Sn, Pb; X = CI, By,
1),”*7*° with some of them displaying excellent electronic and
photoluminescent properties.”' ~**

Technologically relevant properties such as ferroelectricity,
semiconductivity, and switching between individual dielectric
states are determined primarily by changes in the dynamics of
the polar cation near the phase transition (PT) temperature.
However, a properly formed anionic subnet favors the creation
of the stimuli-responsive organic—inorganic hybrids. As shown
in Scheme 1, depending on the synthetic route, one can obtain
systems in which halometalates of Cd-X (X = Cl, Br, I) are

2,10,31-34

tetrahedral zero-dimensional (0D) clusters, one-
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Scheme 1. Schematic Projection of Inorganic Structures
Adopted by Ferroelectric Halocadmates

zero-dimensional (0D) clusters Y, two-dimensional (2D) grids \

dimensional linear (1D;)”'***™** or zigzag (1D) chains, ™%

and two-dimensional (2D) grids.46_51

Recently, increased interest in the hybrids based on the halo-
Cd complexes has been observed due to their photo-
luminescent properties.' > Specifically, these materials exhibit
white-light (WL) emission, rendering them as suitable
potential light sources for solid-state-lighting (SSL) applica-
tions. Also, some representatives of halogenocadmate(II)
hybrids display semiconducting proEerties, making them
applicable in color lighting or displays.””

If one looks more closely at the currently available library of
ferroelectric halocadmates (vide infra, Table 1), it is apparent
that ferroelectricity was found for each type of structure
dimensionality that these compounds can attain. Nevertheless,
one structure—property motif is persistent across all of them:
namely, 1D; linear halocadmate chains most frequently reveal
terroelectric behavior, while 0D discrete complexes and 2D
grids are less often ferroelectric. Quite remarkably, irrespective
of the structure dimensionality, all known ferroelectric
halocadmates feature a phase transition between noncentro-
symmetric and centrosymmetric space groups (i.e., a transition
of ferro-paraelectric type), whereas none of them contains
more than one ferroelectric phase.

As a part of our studies aimed at the design of room-
temperature ferroelectrics, we have synthesized a novel
organic—inorganic hybrid, (C¢H;(N),[CdBr,] or DPAC,
whose phase behavior is unique among halocadmates since
the structural phase transition (PT) occurs between two polar
phases, both of which possess excellent ferroelectric properties.
Accordingly, this paper is devoted to the characterization of
high (I)- and low-temperature (II) phases of DPAC with a
particular focus being placed on the exploration of the
noncentrosymmetric setting and the ferroelectric property
itself. X-ray crystallography and temperature-resolved second-
harmonic-generation (TR-SHG) techniques were employed to
provide complementary evidence on the acentric structure of
both phases. In turn, the ferroelectric nature of phases I and II
was evidenced from the pyroelectric investigations and, above
all, from the polarization vs electric field (P—E) hysteresis loop

measurements. The complex dielectric permittivity measure-
ment led to the determination of a correlation between the
microscopic structures and the dielectric relaxation in the
investigated phases, while DC measurements allowed us to
reveal the semiconducting properties of DPAC in the high-
temperature range.

B EXPERIMENTAL SECTION

Synthesis. Concentrated hydrobromic acid (48% Sigma-Aldrich)
was added dropwise to a suspension of CdCO; (98% Sigma-Aldrich,
345 g 20 mmol) in 10 mL of water. Then diisopropylamine
(=99.5%, Sigma-Aldrich, 4.04 g, 40 mmol) was added dropwise to the
solution. By slow evaporation at room temperature, colorless needle
crystals of (C¢H(N),[CdBr,] (DPAC) were obtained. The
composition of the compound was confirmed by elemental analysis.
Anal. Found (caled): C, 22.42 (22.65), N, 4.15 (4.40); H, 4.98
(5.07).

Thermal Analysis. DSC measurements were performed by
heating and cooling of the polycrystalline sample in the temperature
range of 200—298 K with a ramp rate of 10 K min™" using a Mettler
Toledo DSC3 instrument. The TGA/DTA measurements were
performed on a Setaram SETSYS 16/18 instrument between 290 and
900 K with a ramp rate of S K min™". The scan was performed under
flowing nitrogen (flow rate 1 dm® h™'). The melting point was
measured with a scanning rate of 10 K min™' using an Opti-Melt
MPA-100 instrument in the temperature range from 300 to 480 K.
Optical microscopy observations were carried out by using an
Olympus BXS53 apparatus combined with a LINKAM THM-600
heating/cooling stage, where the temperature was stabilized with an
accuracy of 1 K.

Crystal Structure Determination. A suitable crystal was cut
from a larger one harvested from the mother liquor. The data
collection was performed at room temperature and then for the same
crystal at 100 K. The structures were solved routinely with SHELXS
and refined with SHELXL-2017. As the space group allows a free
origin of the coordinate system along the ¢ axis, the z coordinate of
the Cd atom was kept fixed at 0.25 to facilitate an analysis of
molecular shifts. All ordered non-H atoms were refined anisotropically
and the disordered atoms isotropically, and the positions and U
factors of H atoms were constrained. The C—C and C—N distances,
as well as the valence angles in the disordered diisopropylammonium
cations, were restrained. The data collection and refinement details
are presented in Table S1 in the Supporting Information.

Electrical Measurement. All electrical measurements were
performed on polycrystalline samples in the form of pressed pellets
with various geometrical parameters (S = 20—25 mm? d = 0.8—0.4
mm). The complex dielectric permittivity was measured between 200
and 360 K by an Agilent E4980A Precision LCR Meter in the
frequency range of 135 Hz to 2 MHz. The electric measurements
were carried out under a controlled atmosphere (N,). The overall
errors for the real and imaginary parts of the complex dielectric
permittivity were less than 5% and 10%, respectively. The DC
conductivity and pyroelectric properties were tested with a Keithley
6517D electrometer/high-resistance meter between 200 and 360 K,
with a temperature ramp of 2 K min™". The ferroelectric hysteresis
loops of a polycrystalline powder were obtained by using a modified
Sawyer—Tower circuit at a frequency of 50 Hz. The surfaces of the
pellet were coated with silver conductive paint (Electron Microscopy
Sciences, 503).

Second-Harmonic Generation (SHG). SHG studies were
performed using a Quantronix Integra-C regenerative amplifier
operating at 800 nm wavelength. This instrument delivers laser
pulses of ~130 fs length and operates at a repetition rate of 1 kHz
with an average power of up to 1 W. Prior to measurements, single
crystals of DPAC and potassium dihydrogen phosphate (KDP, used
as a reference for the Kurtz—Perry test) were crushed with a spatula
and sieved through a mini-sieve set (Aldrich), collecting a
microcrystal size fraction of 88—125 yum. Next, size-graded samples
of DPAC and KDP were fixed between microscope glass slides

https://dx.doi.org/10.1021/acs.inorgchem.0c00830
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(forming tightly packed layers) that were sealed and mounted to the
holder. The laser beam was directed onto samples at 45° and was
unfocused in all cases. Signal-collecting optics, mounted to the glass
optical fiber, was placed perpendicularly to the plane of the sample
(backscattering geometry). Scattered pumping radiation was sup-
pressed with the use of a 700 nm short-pass dielectric filter
(FESHO0700, Thorlabs). The attenuation of laser beam intensity was
performed with the use of a Glan polarizer. All emission spectra were
recorded with an Ocean Optics QE Pro-FL spectrograph. A
temperature-resolved SHG (TR-SHG) study (from 287 to 235 K)
was conducted using a 800 nm beam with a mean power of 120 mW.
In this experiment, the sample was mounted to a custom-made staged
Peltier cooling system equipped with an external thermocouple.
Spectra were collected for 1000 ms at each temperature point and
were averaged five times. The assessment of the SHG efficiency of
DPAC at 295 K was performed with the use of the Kurtz—Perry
technique using KDP as a reference.””>® A Kurtz—DPerry test was
performed using an 800 nm laser beam with a mean power of 320
mW. Spectra were collected for 200 and 2000 ms for KDP and
DPAC, respectively (averaged five times).

Caution! Work with the high-power laser is dangerous to the eyes,
especially in the spectral range in which the beam is invisible. Adequate eye
protection should be used during measurements.

B RESULTS AND DISCUSSION

Thermal Properties. DPAC crystals are stable on
exposure to the air up to about 393 K (Figure Sl in the
Supporting Information). Beyond this temperature point, a
solid to semiliquid PT was observed. This transition also was
proven by the melting point measurement (Figure S2a in the
Supporting Information) and by the observation of a single
crystal under a polarized light microscope (Figure S2b in the
Supporting Information). The DSC thermal analysis reveals
the presence of one reversible solid to solid PT at 244 K
(Figure 1) with a continuous nature. A small value of AHpy
and a calculated value of ASp; equal to ca. 0.5 J/(mol K)
suggest a “displacive” mechanism of this structural trans-
formation. Figure S2c in the Supporting Information presents
the DSC diagram in the temperature range 150—450 K.

exo-—Heat Flow [mMW]—endo

0.05 mW

220 240 260 280
TIK]

Figure 1. DSC runs obtained upon heating and cooling scans for
DPAC (sample mass m = 5.812 mg). Black arrows show the
directions of runs (cooling or heating at 10 K/min).

Crystal Structures. An analysis of the variable-temperature
single-crystal structure reveals an isostructural PT at 244 K.
Therefore, the investigations were performed at 100 (phase II)
and 293 K (phase I). In both phases, DPAC crystallizes in the
orthorhombic space group Iba2. The basic unit of the crystal is
composed of one CdBr, anion and two disopropylammonium
cations (DPA') giving an overall A,BX, stoichiometry (see
Figure 2a). The Cd ion has a tetrahedral coordination

U W%% u}\z §

NN
Figure 2. (a) Crystal packing of phase II of DPAC viewed along the a

ANTE hjka [

axis. Movements of the component ions on going from phase I (red
atoms and bonds) to phase II (blue or green atoms and bonds; for the
sake of clarity only the nitrogen and cadmium atoms have been
labeled). (b) Rotation of [CdBr,]?". The anion from phase I has been
shifted so that both Cd atoms overlap. (c) Rotation of the N1 cation
along the [100] direction. (d) Transformation of the N2 cation. The
(001) plane is perpendicular to the diagram and the N2—N2
direction. (e) Transformation of the N3 cation. The superscript i
denotes a —x, —y, z symmetry operation; the [010] direction runs
vertically.

geometry with four adjacent Br atoms. The DPA" cations are
linked by weak N—H---Br hydrogen bonds with N--Br
distances of 3.41—3.64 and 3.38—3.56 A in phases I and I,
respectively (see Table S2 in the Supporting Information). In
both phases, the [CdBr,]*~ anions are ordered. As it goes over
from phase I to II, the anion rotates approximately around the
Cd—Brl axis; the magnitude of the rotation is about 33°
(Figure 2b). The diisopropylammonium cations (types N1 and
N2) in phase I are ordered, whereas type N3 is characterized
by an enhanced temperature displacement, which may indicate
its dynamic disorder. The N1 and N3 atoms are located on 2-
fold axes. When the crystal is cooled, the cations undergo the
transformations displayed in Figure 2b—e.

In phase II, all organic cations become ordered in terms of a
dynamic point of view. Cations of types N1 and N2 change
their position in the lattice; the cation N1 as a hole rotates by
180° around the [100] direction (Figure 2c), whereas N2
rotates approximately by 65° around the [120] direction; the
rotation angle is defined here as the N—X—C angle at both
temperatures (Figure 2d), where XC is the geometric center of
the two C atoms bonded to N and, in that, with N3 the
nitrogen atom slips off from the 2-fold axis. Cations of type N3
in phase II are now ordered. However, they are statistically
distributed between two positions to 50% occupancies (Figure
2e). These positions are related to each other by a rotation of
87° around the [010] direction. This results in the bisector of
the H-N—H angle, which probably shows the direction of the
most significant contribution to the dipole moment of the
diisopropylammonium cation, parallel to the [001] direction at
room temperature, becoming approximately oriented along the
[100] direction. Additionally, in the N2 and N3 cations, the
isopropyl groups rotate around the N—C bonds (approx-
imately by 120°).

Second-Harmonic-Generation (SHG) Effect. The non-
centrosymmetric character of phases I and II of DPAC is

https://dx.doi.org/10.1021/acs.inorgchem.0c00830
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strongly suggested by the X-ray diffraction data, but to gain a
complete body of evidence on the polarity of both of these
phases, we turned to the temperature-resolved second-
harmonic-generation (TR-SHG) technique. To do this, we
irradiated a size-graded powder of DPAC (88—125 um) with
800 nm femtosecond laser pulses of 120 mW mean power
from 287 to 235 K with 2—3 K steps. Figure 3 displays integral
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Figure 3. Plot of the integral intensity of the SHG signal of DPAC
between 235 and 287 K measured on cooling.

intensities of collected SHG signals plotted as a function of
temperature; experimental spectra of the SHG response are
presented in Figures S3 and S4 in the Supporting Information.
It is apparent that upon cooling the SHG signal gradually
decreases down to 244 K, at which point it increases in
intensity due to the transition to the low-temperature phase L
The downward shift in the integral intensities of the SHG
signal, as the cooling progressed, can be attributed to some
contribution of laser-induced bleaching of the sample. We have
also estimated the relative SHG efficiency for a powdered
sample in phase I, with the use of the Kurtz—Perry powder
test.””>® This test (see spectra of the produced second
harmonic of radiation in Figure S5 in the Supporting
Information) shows that phase I emits a SHG that is
approximately 2 orders of magnitude weaker than that found

for KDP of the same particle size (0.013 that of KDP at 295
K). When they are taken as a whole, the collected results
confirmed our notion that phases I and II both feature a
noncentrosymmetric setting, thus fulfilling the necessary
structural prerequisite for ferroelectricity.

Electric Properties. In order to gain information
concerning the dynamics of the diisopropylammonium cation,
dielectric measurements have been undertaken (Figures 4a,b).
In the vicinity of the transition point at 244 K, only a slight
change in the slopes of the ¢’ vs T has been found (see inset in
Figure 4a). On the other hand, the significant differences in the
dielectric responses regarding relaxation processes between
phases I and II should be noted (Figure 4b). In the
temperature range between 244 and 300 K, a pronounced,
well-shaped dielectric relaxation process is observed, which can
be ascribed to the displacement of the diisopropylammonium
cation (N3) giving the dipole moment projections on the ¢ as
well as the a direction. The frequency dependences of the real
part, €, and the imaginary part, €'/, of dielectric permittivity
measured for both phases I and II at several temperatures are
presented in Figure S6 in the Supporting Information.
Moreover, in phase I (T > 244 K) a significant contribution
of the electric conductivity is apparent, while after the
transition from phase I to the semiliquid phase this effect is
dominant (see Figure S7 in the Supporting Information).

Below the PT temperature, another dielectric anomaly with
significantly lower frequency dispersion has been found (see
Figure S6 in the Supporting Information). The dielectric
response of DPAC is well described by using the four-
parameter Cole—Cole function

€ ~ €

+ —
1+ iwt' ™" (1)

% — of _ oipl —
et =¢ —ie" =g,

where &, and &, are the low- and high-frequency limits,
respectively, @ is the angular frequency, 7 is the macroscopic
relaxation time, and @ represents the relaxation time
distribution parameter. Table S3 in the Supporting Informa-
tion contains the fitting parameters of the Cole—Cole equation
at selected temperatures. The macroscopic relaxation times (7)
are presented in Figure 4c, as a logarithmic plot of 7 vs
reciprocal temperature, 1/T (Arrhenius plot). It should be
noted that the Arrhenius relationship is well obeyed, which
indicates that the reorientations of molecules are thermally
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Figure 4. Temperature dependence of the real (a) and imaginary (b) parts of the complex electric permittivity, £* = ¢ — i¢’’, at selected
frequencies in the vicinity of PT at 244 K for the polycrystalline sample of DPAC. A dotted line indicates the PT temperature. Inset: £’ measured at
2 MHz. (c) Arrhenius plot for the macroscopic dielectric relaxation time, In 7 vs 1/T, for DPAC in phase I (red circles) and in phase II (blue

circles).
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Figure S. (a) Temperature dependence of P, and AP; after poling by an external electric field (+10 kV/cm, red line; —10 kV/cm, blue line). (b)

P—E hysteresis loops obtained at 215 K in phase IL

activated. The estimated activation energy (E,) value for
DPAC is equal to 63 (0.66 eV) and 30 (0.31 eV) kJ/mol for
phases I and II, respectively. The dielectric response in both
phases is strongly diffused—the @ values are almost always
larger than 0.2. It is surprising that the activation energy E, for
phase I is twice as large as that for phase II. This proves that
the dynamics of organic components in phase II is quite
different from that in phase I. Since the macroscopic relaxation
time (7) in phase I is longer than that in phase II, and the E,
value is much higher for phase I, some contribution of the
long-range interactions between organic cations in phase I may
be expected.

The preliminary measurements of the pyroelectric current,
Ly for a single crystal of DPAC show that, first, the
pyroelectric current does appear at the PT temperature and,
second, it is reversible with temperature (Figure S8a in the
Supporting Information) on cooling/heating. The sample was
not polarized before the experiment. Due to the rather
sensitive nature of the crystals, an application of an external
electric field, even at values as low as 50—100 V, resulted in a
breakdown of the sample. Nevertheless, the characteristic
temperature dependence of I, clearly indicates the change of
the spontaneous polarization, AP, at 244 K (the PT
temperature). Consequently, more detailed studies on AP,
have been undertaken. Namely, we decided to apply an
external electric field to the polycrystalline sample (pellets) in
order to check whether the polarization direction can be
reversed. This experiment was performed in such a way that
the sample was first polarized in the low-temperature phase II
(220 K) and then heated above 244 K. After 1/2 h of shorting
the sample, the pyroelectric current was measured on the
cooling run. The results of the pyroelectric current measure-
ments are presented in Figure S8b, whereas Figure Sa shows
the temperature dependences of AP calculated from the
equation

ST 2)

where S is a contact area of the sample (in this case of the
polycrystalline pellet).

It should be emphasized that, in the pyroelectric experiment,
we can measure only a change in the polarization value, AP;
this is why its value at 220 K in Figure Sa is equal to 0. From
the hysteresis loop observation, it is obvious that at even lower
temperature (215 K) the P, value is still equal to at least 0.11

uC/cm?®. In order to determine the origin of the Ly peak
(extrinsic or intrinsic nature), the measurements were repeated
at different temperature ramp rates (according to ref 55). Since
the sample was in a polycrystalline form, the extrinsic I, may
be due to the thermally stimulated free charge carriers, and
consequently, the broadening of the peak and an increased
background, as well as a look only at the I,,, ramp-rate
dependence, one may assume an extrinsic origin of the
aforementioned effects. As we can see in Figure S9 in the
Supporting Information, an integral exclusively of the I,
peak, observed at 244 K, does not change with the cooling rate,
which confirms its intrinsic origin. This means that the value of
AP, does not depend on the temperature ramp rate; it is
always the same spontaneous polarization value.

In order to confirm the ferroelectric properties of phases I
and II of DPAC, P—E hysteresis loop measurements were
performed. The P—E hysteresis loop at 215 K in phase II is
displayed in Figure Sb while that at 298 K (phase I) is given in
Figure S10a in the Supporting Information. It is apparent that
the polarization can be switched under an ac voltage, 10 kV at
50 Hz ac. DPAC also displays a considerable P, value of 0.11
uC/cm? in phase II (215 K). As was shown in Figure S10b in
the Supporting Information, the polarization decreases with a
decrease in temperature. As was also pointed out in the SHG
and X-ray crystallography sections, DPAC is polar in both
phases, I and IL It follows that a change in the spontaneous
polarization value, AP,, also above T close to the PT, should
be observed. However, we were not able to record well-shaped
rectangular P—E hysteresis loops for phase I of DPAC (Figure
S10a in the Supporting Information), perhaps due to the
significantly higher dielectric losses in comparison to those in
phase II and/or a significant contribution of the electric
conductivity. It should be emphasized that the hysteresis loop
measurements were performed for the polycrystalline samples.
Unfortunately, as noted earlier, a further increase in the electric
field in order to saturate P—E hysteresis led to a breakdown of
the sample; hence, the results presented reflect only the
resulting value of AP, and as such should be treated only
qualitatively as a confirmation of the polarity of phases II and I
of DPAC. Nevertheless, the presence and reversibility of AP,
despite its small value, undoubtedly indicate ferroelectricity in
both phases of DPAC.

We now comment on the effect of the structures of the
determined phases on their polar properties. On the basis of
the crystal structure data, the unit cells were constructed with
the assumption that the positive charge of [C¢H(N]* and the
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negative charge of [CdBr,]*” reside on the N atoms and Cd
atoms, respectively. According to the point electric charge
model (presented in Tables S4 and SS in the Supporting
Information) the center coordinate of negative charge is
[0.5,0.5,0.5] in both phases. Meanwhile, the center coordinates
of the positive charge are [0.5,0.5,0.43] and [0.5,0.5,0.512],
giving the P, values 2.01 and 0.39 ;C/cm” for phases I and II,
respectively. In both phases, all dipole moments of the cations,
denoted N1—N3, contribute to the resultant spontaneous
polarization vector in the crystal lattice. During the trans-
formation, the positions of all cations change significantly with
respect to CdB,””, which consequently leads to a reduction in
the resultant dipole moment and consequently the P, value.
However, a change in the N3 cation dynamics has the greatest
effect on the polarity change in the DPAC crystal. As we can
see in Scheme 2, in phase I the N3 cation is characterized by

Scheme 2. Packing Diagram of Organic (C¢H;(N)* Cations
Viewed along the a Axis with Schematically Marked Dipole
Moments
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an increased temperature displacement in either the [100] or
[001] direction, as evidenced by the increased C—N—C angle
(145.7°) in comparison to the cation N1 (121.1°) or N2
(119.8°). As was motioned above, upon cooling, the N3 cation
rotates around the b axis by 87° and becomes approximately
oriented along the a axis. In addition, the cation assumes two
positions with 50% occupancies, resulting in an almost
antiparallel orientation of the dipole moment. However, the
dipole moments of the N3 cation are oriented by an angle of
3° relative to the a axis, which means that its projection on the
polar ¢ axis is much smaller than in the case of phase L. This is
also evidenced by the change in the center coordinate of the
positive charge of N3 from [0.5,0.5,0.31] calculated for phase I
to [0.5,0.5,0.495] in the case of phase IL. Therefore, the
spontaneous polarization values in phase II have been
postulated to decrease.

So far, the data collected in Table 1 suggest that, in the case
of the hybrids based on Cd-X metallohalides, ferroelectric
properties are more often observed in the coordination
polymers (predominantly 1D) than in the 0D structures.
Also, depending on the type of anion network architecture, for
the ABX; crystals, larger values of P, are observed in
comparison to those for the A,BX, crystals. During the PT,
the DPAC crystal still reveals ferroelectric properties.
However, the decrease in the P, value in phase II is related
to the mutual displacement in the 244 K PT of the cationic
network with respect to the anionic network. The experimental
polarization values at 100 and 300 K are significantly smaller
than those estimated on the basis of a theoretical approach; the
estimated P, value at 300 K is 2.30 £C/cm? and at 100 K it
equals 0.39 uC/ cm?. The differences between the measured
and theoretical values are most likely due to the fact that the
sample was examined in the form of a polycrystalline pellet,
which always causes a smaller P, value in comparison to that
for a single crystal oriented along the polar axis. A similar
relationship was observed in the isostructural crystal
(diisopropylammonium),[MnBr,].°° In the analogue with

Table 1. Compilation of the Most Important Parameters Characterizing Structural and Spontaneous Polarization Properties
for Ferroelectric Halocadmates of CdX; and CdX, (X = Cl, Br, I) Stoichiometries”

Formula Tpr (K) cool/heat PT order type

(PD)[CACL,] 198/218 first 1D,-1D;-1D;
240/241 second

(PL)[CdCl,] 316 second 1D,;-1D;

(PL)[CdBr;] 235/238 second 1D;-1D;-1D;
244/247 second

(CPA)[CACL] 285/300 first 1D,-1D,

(CPA),[CdBr,] 338/340 second 0D-0D

(CHA),[CdCL,] 212/215 second 2D-1D,-1D,
349/367 first

(TMA)[CdBr] 162/182 first 1D,-1D;

(T™MC)[CdCly] 390/400 first ID,-1D,

(TMC)[CdBr;] 341/346 second 1D;-1D;

(TMP)[CdCl,;] 346/348 second 1D,-1D;,
387 second

(PEA),[Cd1,] 297/301 second 0D-0D

(DPA),[CdBr,] 242/244 second 0D-0D

symmetry change P, (uC/cm?) ref

C2/c > Cmc2, © Cmcm 3.6 (210 K) 36
Cme2, < Cmcm 5.1 (253 K) 37
Cmc2, & C2/ml; < Cmcm 5.65 (223 K) 38

Cc & Cmcm 1.7 (280 K) 39
Pnam < Pna2, 0.57 (293 K) 31

Cm © Cme2, < 1222 10.79° (173 K) 43

15.95" (298 K)

P6, < P6/m 0.12 (125 K) 40, 57, 58
Cc < P65/mmc 6.2 (397 K) 41
P6ymc <> P6y/mmc 3.5 (298 K) 42
P63 < P6y/m <> P63/m 0.43 (323 K) 59
P2, < P2,/m 0.20 (270 K) 60
Iab2 < Iab2 0.112 (2.01%) (215 K) c

“Abbreviations: PD, pyrrolidinium; PL, 3-pyrrolinium; CPA, cyclopentylammonium; CHA, cyclohexylammonium; TMA, tetramethylammonium;
TMC, trimethylchloromethylammonium; DPA, diisopropylammonium; PEA, 2-phenylethylammonium; TMP, tetramethylphosphonium, first, first-
order PT, second, second-order PT; 0D, zero-dimensional clusters; 1D;, one-dimensional linear chains; 1D, one-dimensional zigzag chains; 2D,

two-dimensional grids. bTheoretical calculation. “This work.
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Mn(1I), the registered loops were also unsaturated, and the
measured values (3.3 §C/cm?®) were much smaller than the
theoretical values calculated on the basis of a simple point
electric charge calculation (8.72 #C/cm?), despite the fact that
the measurements were made on a single crystal.

Figure 6 shows the results of the direct current conductivity,
04, for the polycrystalline DPAC plotted vs reciprocal
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Figure 6. dc conductivity, oy, for DPAC plotted versus reciprocal
temperature, 1000/ T.

temperature, 1/T. A small change in o, is observed at the
244 K PT. However, above 393 K, the conductivity increases
significantly. This increase is associated with the transition
from the solid to the semiliquid phase of DPAC. The
estimation of the activation energy, E, in the temperature
range 250—400 K, according to the Arrhenius relationship

( Ea )
O0;. =0, € o
dc o €Xp RT (3)

where R is a gas constant and o, is the conductivity for T —
00, shows that E, differs for phases I and II and equals 97 (0.99
eV) and 84 (0.87 eV) kJ/mol for phases I and I, respectively.
In phase I, particularly above room temperature, the DPAC
crystal shows semiconducting properties and oy, approaches a
value on the order of 107° S/m.

B CONCLUSION

In summary, we have successfully demonstrated a novel rare
example of a ferroelectric with an A,BX, stoichiometry, which
exhibits an isostructural PT at 244 K. Phases I and II both
possess polar properties. The acentricity of these phases was
confirmed by SHG measurements, while their polarity was
confirmed by the polarization reversal process, in both the
pyroelectric effect and hysteresis loop measurements, triggered
by an application of an external electric field. In the crystal
structure of DPAC there are zero-dimensional (0D) clusters
with [CdBr,]*” tetrahedral units. On the basis of both the
crystallographic analysis and DSC results, i.e. a slight change in
the PT entropy (0.58 J/(mol K)), the structural mechanism of
PT is ascribed to be of a mixed type with an indication of a
displacive nature. From a structural standpoint, the transition is
dominated by the change in dynamics and orientation of
diisopropylammonium cations. In the case of the low-

temperature phase II the overall arrangement of organic
cations generates the spontaneous polarization of 0.11 uC/cm*
as determined from P—E hysteresis loop measurements. The
determination of ferroelectric properties for both phases of
DPAC raises hopes that compounds featuring an analogous set
of polar properties, but with higher values of spontaneous
polarization, may be seen as candidate compounds for
application in micro- and nanoelectronics, batteries, and
energy storage as well as in photovoltaics. Accordingly, the
primary thrust of future work is to explore other
representatives of the 0D halocadmate family with A,BX,
stoichiometry.
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