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Modulating molecular structures and dielectric
transitions in organic—inorganic hybrid crystalsy
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In this paper, three new hybrid phase transiton compounds, [HmpylCdBrz; (1, Hmpy = N-
methylpyrrolidinuium cation), [Hmpyl,CdBr4 (2) and [HmpylsCdBr3-CdBry4 (3), were synthetized by means
of regulating the ratio of reactants. Systematic characterizations consisting of variable temperature X-ray
single crystal diffraction, differential scanning calorimetry (DSC) and dielectric measurements reveal that 1
with infinite one-dimensional (1D) [CdBrsl,~ chains undergoes a phase transition around 278 K; 2 with
isolated [CdBr4]?~ tetrahedrons exhibits a high-temperature phase transition close to 367 K, accompanied
by prominent switchable dielectric behavior. Interestingly, 1D [CdBrsl,~ chains and isolated [CdBr4]%~
tetrahedrons both exist in 3, associated with a phase transition at 320 K. The phase transitions in the three
compounds are originated from the order-disorder transitions of the Hmpy cation. It is expected that our
finding would promote the development of hybrid dielectric transition materials with adjustable properties.

Introduction

The macroscopic properties of functional materials are gener-
ally closely related to their microstructure. Consequently, the
control of material properties, such as dielectric, optical and
magnetic properties could be realized through the regulation of
molecular structure.® Recently, much interest has been devoted
to the dielectric materials (switchable dielectric and ferroelec-
tric, etc.) for their promising uses as the modern electrical and
electronic devices.> Theoretically, dielectric behavior is always
companied by the changes in molecular dipolar moments, as
a result, phase transition compounds associated with the vari-
able dipolar moments have been mostly reported to be dielec-
tric materials.>*> However, only a small number of dielectric
transition materials could be considered as promising dielectric
candidates regarding their phase transition temperature
(above/or near the room temperature) and dielectric behavior
(e.g. switchable dielectric). Therefore, great efforts have been
paid into controlling the dielectric properties by means of
adjusting the molecular structures.*”®

Organic-inorganic hybrid strategy has been proven to be one
of the most feasible approaches to design diverse structures due
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to their readily self-assembling.'®** At the same time, studies of
organic-inorganic hybrid has also been extended to phase
transition materials.”*** Structurally, the organic components
located in the gaps of the inorganic metal skeletons possess
large freedom of motion (e.g. reorientation/frozen transitions).*
The dynamic components are responsive to the external stimuli
such as temperature, light, pressure, electric and magnetic
fields, etc.,'® resulting in structural phase transition accompa-
nied by some interesting physical properties'’->* In this case, the
dielectric properties might be tuned through the modulation
of organic cations in organic-inorganic hybrid phase transition
materials.**?* For example, a series of metal-formate A
[Mg(HCOO);] (A = organic ammonium cation), [NH,]
[Mg(HCOO);], [CH;CH,NH;][Mg(HCOO);], and [NH;(CH,),-
NH;][Mg,(HCOO),] display dielectric transitions at 255, 374,
and 412 K, respectively.”® The approaches of replacing organic
cations achieve the regulation of dielectric transitions from low
temperature to high temperature, as well as the dielectric
responsive characteristics. Besides, the regulation of dielectric
properties can also be achieved by the control of inorganic
frameworks.>*” For instance, B-site of metal-formate system
[NH,NH;][B(HCOO);] (B = Mn**, Zn**, Co®" and Mg”*) undergo
dielectric responses at 350 K (Mn and Zn), 380 K (Co) and 348 K
(Mg), respectively.® Therefore, some practical and promising
dielectric properties could be obtained by substituting compo-
nents within the similar structures. But the reports of control-
ling dielectric responses in completely different inorganic
frameworks resulted from the modulation of ratio of the reac-
tants are very scarce.

Herein, the present work has been reported structural phase
transitions and dielectric responses in three hybrids, [Hmpy]

This journal is © The Royal Society of Chemistry 2017
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CdBr; (1), [Hmpy],CdBr, (2) and [Hmpy];CdBr;-CdBr, (3),
which were synthetized by the stoichiometric regulation of
same reactants (Scheme 1). These three organic-inorganic
hybrid compounds with completely different molecular struc-
tures display controllable structural phase transitions and
dielectric responses: 1 with 1D chains experiences a dielectric
phase transition at 278 K, 2 with isolated tetrahedrons shows
a switchable dielectric anomaly at about 367 K and 3 with
integrated geometry undergoes a phase transition at 320 K,
achieving the regulation of phase transition temperatures and
dielectric behaviors. Systematic characterization reveals that
the order-disorder transitions of Hmpy cations lead to the
phase transitions coupled with striking dielectric behavior in
the three compounds.

Experimental
Synthesis

All chemicals were purchased from Aladdin and without further
purification. Clear colorless crystals of 1, 2 and 3 were synthe-
sized by slow evaporation of the HBr/H,O (40%, w/w) solution
containing Hmpy hydrobromide and CdBr,-4H,O with the
molar ratioof 1: 1,2 : 1 and 3 : 2 after a few weeks, respectively
(Fig. S1, ESIT). Phase purities of 1, 2 and 3 in the form of poly-
crystalline samples were confirmed by powder X-ray diffraction
(PXRD) measurements, in which the experimental patterns
match well with the simulated ones (Fig. S2-S4, ESIt). Infrared
(IR) spectra show the strong vibration peak in the three
compounds at around 3100 cm™’, indicating the presence of
R;N'H (Fig. S5, ESIf). TGA measurements reveal that the
samples of 1, 2 and 3 are stable below about 560 K (Fig. S6, ESIT).

Single-crystal X-ray crystallography

Variable-temperature X-ray single-crystal diffraction data for the
single crystals of 1, 2 and 3 were collected on a Rigaku Saturn
724" diffractometer with Mo-Ke. radiation (1 = 0.71073 A). All
the structures were solved using direct methods and refined by
the full-matrix method based on F> by means of the SHELXLTL
software package.”® The non-hydrogen atoms were refined
anisotropically using all reflections with I > 2¢(I). The carbon-
bound H atoms were added geometrically and refined using
the riding model with Ui, = 1.2U,4(C and N). As to 2, the
structure at 373 K was refined in P3 with high R factors,
resulting from the poor crystal quality after long exposure at

CN— + CdBry

% Br,'
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Scheme 1 The synthetic routes of 1, 2 and 3.
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high temperature. Crystallographic data and details of the three
compounds are summarized in Table S1, (ESIT).

Thermal measurements

Thermogravimetric analysis was recorded on a DSC/DTA-TG
SDT-Q600 instrument at the rate of 10 K min~' under
nitrogen atmosphere from room temperature to 800 K. Differ-
ential scanning calorimetry (DSC) was performed on a Perkin-
Elmer Diamond DSC instrument by heating and cooling the
polycrystalline samples with a rate of 10 K min~" in aluminum
crucibles under nitrogen at atmospheric pressure.

Dielectric measurements

The dielectric permittivity toward 1, 2 and 3 were measured on
a Tonghui TH2828A instrument at selected frequencies in the
corresponding temperature range. The measuring AC voltage
was 1 V. The powder-pressed pellets and single crystal sample
deposited with silver conducting glue were used in dielectric
measurements.

Results and discussion
Thermal properties

DSC measurements were performed to study the phase transi-
tions in 1, 2 and 3. As plotted in Fig. 1, thermal anomaly peaks
were detected at 273/278 K for 1, 340/367 K for 2 and 315/320 K
for 3 in cooling and heating runs. Such results demonstrate
a reversible phase transition in 1 at 273 K (below the room
temperature), in 2 at 367 K and in 3 at 320 K (above the room
temperature), respectively. Moreover, the observed thermal
hysteresis (5 K for 1 and 27 K for 2) and obvious A-type peak
reveal the feature of discontinuous first-order in the process of
phase transitions.*”*° The broad peaks in 3 with a hysteresis of
5 K indicates a weak first-order type of phase transition. It is
noted that the phase transition point (7;) of 2 is approximately
97 K higher than 1 and about 47 K higher than 3. The obvious
changes of T, in the three compounds illustrate that their phase

transition properties have been adjusted through the
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Fig. 1 DSC curves of 1 (a), 2 (b) and 3 (c).
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modification of molecular structures (Scheme 1), achieving the
regulation of T, in a wide temperature range. In addition, the AS
(J mol~* K™) for phase transitions in the heating process of 1, 2
and 3 were estimated approximately 3.146, 0.813 and 0.472,
respectively. Based on the Boltzmann equation AS = R In(N), R
being the gas constant, the ratio of respective geometrically
distinguishable orientations N (1), N (2) and N (3) are calculated
to be 1.46, 1.10 and 1.06, respectively. For convenience, the
phases above 273 K (1), 367 K (2) and 320 K (3) are assigned as
the high-temperature phase (HTP), and the phase below 273 K
(1), 340 K (2) and 315 K (3) as the low-temperature phase (LTP).

Crystal structures

The crystal structure of 1 has a hexagonal perovskite-type
structure, containing infinite chains of face-sharing CdBre
octahedrons, which are comparable to some reported one
dimensional perovskite-type hybrids, such as [C3;H,NS]|[CdBr;].>°
1 crystallizes in the orthorhombic space group Pnma (no. 62) at
293 K (HTP). The asymmetric unit in the HTP consists of one
independent Hmpy cation, three Cd atoms, and six Br atoms,
where the Hmpy cation is divided equally by the m plane (101)
(Fig. 2a). The face-sharing Cd octahedrons with Cd-Br distances
ranging from 2.771 (1) to 2.806 (1) A and adjacent Br-Cd-Br
angles varying from 83.63 (5)° to 180° (Table S2, ESIt) form one-
dimensional chains along the crystallographic b-axis, in which
the Hmpy cations occupy the cavities between the adjacent
chains (Fig. S7, ESIT). Upon cooling to 263 K (LTP), the inorganic
configuration of 1 is similar to that in the HTP. But the crystal
structure was solved in the space group P2;/c (no. 14). The
relationship of the cell unit is »*** ¥ = ¢*?* X and ¢*** ¥ = p*>3 X
(Table S1, ESIt). The molecular structure of LTP is composed of
an independent Hmpy cation, three Cd atoms, and nine Br
atoms, accompanied by the absence of mirror plane. Moreover,
the Hmpy cation is clearly ordered than that in the HTP (Fig. 2b).

Compound 2 contains an independent monomeric [CdBr,]*~
anion and two crystallographically independent Hmpy cations
(Fig. 2c and d). In the HTP, 2 crystallizes in the centrosymmetric
orthorhombic space group Pbca (no. 61). The value of Br-Cd-Br
angles belonging to [CdBr,]*~ anion vary from 104.74(2)° to
113.11(2)° and the Cd-Br distances range from 2.554 (4) to 2.615
(5) A (Table S3, ESIt), leading to a weak distortion of tetrahe-
drons. As the temperature decreased to the LTP, the inorganic
skeleton of 2 is almost unchanged compared to that in the HTP
(Table S3, ESIT). It is noted that the Hmpy cations can be
described in two parts (A and B). In the HTP, A and B molecules
are all strongly disordered. Moreover, the atoms of A molecule
are almost in a plane (Fig. 2c). Whereas, the Hmpy cation expe-
riences great changes in the LTP, in which the N atom of A part
occupies two symmetric sites and the two Hmpy cations are more
ordered than those in the HTP (Fig. 2d). In addition, the organic
cations have hydrogen-bonding interactions with the inorganic
chains through N-H---Br hydrogen bonds with the donor-
acceptor distances of 3.491(1) A, contributing to a three-
dimensional hydrogen bond network (Table S4 and Fig. S8, ESIT).

Interestingly, compound 3 consists of monomeric [CdBr,]*~
anions, infinite [CdBr;],” chains and independent Hmpy cations
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Fig. 2 Molecular structures of 1 at 293 K (a) and 263 K (b). Molecular
structures of 2 at 373 K (c) and 293 K (d). Molecular structures of 3 at
343 K (e) and 253 K (f). The dashed lines denote the N—H---Br inter-
actions. Thermal ellipsoids for all atoms are shown at 30% probability
level.

(Fig. 2e and f). The crystal structures of 3 in the HTP and LTP both
crystallize in trigonal space group P3 and the inorganic frame-
works regarding [CdBr;]~ and [CdBr,]> anions are comparable
to those in 1 and 2 (Table S5, ESIt). The cell parameters of HTP
and LTP show slightly different (Table S1 ESIT), but the thermal
ellipsoids of Hmpy are obviously larger than those in the LTP
(Fig. 2e and f). As shown in Fig. S9 (ESIt), each N atom of the
Hmpy bearing an extra proton that forms hydrogen-bonding
interaction toward a Br atom belonging to a [CdBr,]”~ anion
with the distance of N-H---Br 2.332 A (HTP) and 2.365 A (LTP),
respectively (Table S6, ESIt). Then, it seems like that three Hmpys
and an independent [CdBr,]*~ anion as a whole fills in the blank
between the inorganic chains along the c-axis.

Dielectric properties

The temperature dependence of the real part (¢') of the complex
dielectric permittivity at several selected frequencies is shown
in Fig. 3. For 1, there is a pair of anomalies at 1000 kHz in the
vicinity of 273 K in a cooling and heating run, indicating
a reversible dielectric transition (Fig. 3a). Upon cooling, the ¢

This journal is © The Royal Society of Chemistry 2017
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slowly decreases to ca. 14 with the decreasing of temperature
from 310 to 275 K. Then ¢ occurs a turning point at 273 K and
goes on decreasing slowly to offer a inconspicuous step-like type
dielectric anomaly. The unstable dielectric value before and
after the phase transition point demonstrates the competition
between external electric field induced orientational polariza-
tion and temperature triggered dynamic motion of the Hmpy
cation.*® Moreover, as the frequency decreases, the anomaly
around 273 K is gradually obvious with the larger changes of the
¢, revealing the ¢’ is strongly frequency dependent (Fig. 3b). As
to the imaginary part ¢, there is a pair of wide peaks close to
273 K in a cooling and heating run (1000 kHz), confirming the
reversible phase transition in 1 (Fig. S10a, ESIT). Also, the ¢’
demonstrates slightly frequency dependence in that the
maximum value of 800 kHz is greater than that of 1000 kHz. In
combination of structural analyses, the dielectric transition in 1
is in virtue of the order-disorder transition of the Hmpy cation.

For 2, temperature dependent ¢ was measured in the
temperature range of 325-380 K at 1000 kHz are drawn in
Fig. 3c, where ¢ exhibits an remarkable step-like dielectric
behavior. In the heating process, the ¢ remains stable at ca. 10
(low-dielectric state) below 364 K. Then the ¢ shows a sharp rise
close to 23.5 (high-dielectric state) followed by an approximately
2 times as high as that in the LTP. The large thermal hysteresis
during the heating and cooling process (ca. 25 K) and the
remarkable dielectric switching make 2 a promising energy
storage and switchable dielectric material. Also, the ¢ of 2
shows the prominent frequency dependence. The ¢ at lower
frequencies increases quickly accompanied by the decreasing of
measured frequencies (Fig. 3d), and the ¢” is similar to ¢ with
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Fig. 3 The temperature-dependence of the real part (¢') measured at
1000 kHz and selected frequencies of the polycrystalline sample of 1 (a
and b), 2 (c and d) and 3 (e and f).
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strongly frequency dependence (Fig. S10b, ESIT). The thermal
hysteresis observed in the curve of ¢ (ca. 27 K) is accordance
with the real part and the result of DSC measurement. Based on
the single crystal structures of 2, the Hmpy cations are strongly
disordered in the HTP. As the temperature decreased to the
LTP, the Hmpy cations change to be relative ordered.’>*
Therefore, the dielectric responses of 2 are originated from the
dynamic motions of the organic cations.

For 3, there is a general change in the curve of ¢ around
320 K (Fig. 3e). In the HTP above 360 K, the ¢’ keeps a value of ca.
70. And then, the ¢’ slowly decreases to 6 with the temperature
cooling to around 240 K in the LTP. Moreover, the dependence
of frequency also can be observed in the curve of ¢’ in the range
of 10 kHz-1000 kHz (Fig. 3f). The unstable dielectric behaviors
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— Powdered Samples
— b-axis

24 -
a-axis

280 320

)
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— Powdered Samples
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320 340 360 380
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1
120.
w
12
" 90 .
60
304

280 320
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Fig. 4 The temperature-dependence of the real part (¢') of 1 (a), 2 (b)

and 3 (c) measured on crystal samples along the a-, b- and c-axes.
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in the HTP and LTP are similar to those in 1, indicating the
competition between the thermal motion and polarization of
organic cations. The imaginary part ¢’ shows broad peaks in the
process of phase transition around 320 K (Fig. S10c, ESIf).

Therefore, the features of the dielectric responses of 1, 2 and
3 can be addressed by the orientational transitions of the Hmpy
cations between the HTP and LTP. In the HTP, the organic
cations demonstrate dynamic motions. As the temperature
decreased in the LTP, the motions of cations are frozen.** In
addition, the difference in phase transition temperature and
the dielectric behaviors in the three compounds is due to the
various inorganic anionic frameworks, leading to the different
dynamic motions of the Hmpy cations.™¢

The dielectric anisotropy measurements of 1, 2 and 3 were
performed on the crystal samples, respectively. As shown in
Fig. 4a, the ¢ of 1 in the HTP along the b- and a-axes are larger
than that in the powdered samples, but the ¢ along the c-axis is
the smallest one. Based on the structural analyses, the rotation
motions of the Hmpy cations in the ab-plane may be responsible
for the dielectric anisotropy in 1. In 2, step-like dielectric
anomalies are observed around 367 K along the different crys-
tallographic directions. Moreover, the ¢ along the a- and c-axes
are larger than that in the direction of b-axis. The anisotropy can
be explained that the reorientationally disordered Hmpy cations
in 2 settled in the ac-plane will result in the motions along a-and
c-axes. In 3, the ¢ along the c-axis is remarkably greater than
those along the a-and b-axes. It can be illustrated that the Hmpy
cations in 3 are located in the planes parallel to c-axis and the
reorientational motions of Hmpy cations will give the largest
contribution to the dielectric anomaly along the c-axis.

Conclusions

In this work, three new controllable structural cadmium-
bromate compounds have successfully synthesized by regu-
lating the ratio of reactants. Compound 1 is comprised of the
[CdBr;],,~ chains and the Hmpy cations occupied the space of
the adjacent chains. The isolated [CdBr,]>” tetrahedrons and
the Hmpy cations are alternated in 2. Interestingly, 3 shows
novel structure, containing [CdBr; ], chains, isolated [CdBr,]*~
tetrahedrons and Hmpy cations filled in the interval of inor-
ganic frameworks. In the diverse molecular structures of the
three hybrid compounds, the order-disorder transitions of the
Hmpy cations, which are responsive to the temperature,
contribute to the adjustable dielectric responses. 1 displays
a phase transition at ca. 273 K. 2 shows a promising switchable
dielectric behavior approximately at 367 K. 3 undergoes a phase
transition ca. 320 K. Given that the reported hybrid structures
here are easily prepared and tuned, our finding is expected to
provide new impetus to construct new functional materials
showing controllable structures with adjustable properties
based on organic-inorganic hybrids.
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