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ABSTRACT: A layered organic—inorganic hybrid compound, tetra-
(cyclopentylammonium) decachlorotricadmate(II) (1), in which the
two-dimensional [Cd;Cl;o]*", networks built up from three face-
sharing CdClg octahedra are separated by cyclopentylammonium
cation bilayers, has been discovered as a new phase transition material.
It undergoes two successive structural phase transitions, at 197.3 and
321.6 K, which were confirmed by differential scanning calorimetry
measurements, variable-temperature structural analyses, and dielectric
measurements. The crystal structures of 1 determined at 93, 298, and
343 K are solved in P2,2,2,, Pbca, and Cmca, respectively. A precise
analysis of the structural differences between these three structures FP2,2;2
reveals that the origin of the phase transition at 197.3 K is ascribed to

the order—disorder transition of the cyclopentylammonium cations, while the phase transition at 321.6 K originates from the
distortion of the two-dimensional [Cd;Cl,,]*", network.

T,(197.3 K) T,(321.6 K)
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Bl INTRODUCTION dimensional [M;X,,]*", networks of three face-sharing MX;
octahedra are very sparse.'?

In the course of exploring new phase transition materi-
als,"'™'* we discovered that the reaction of CdCl, with
cyclopentylamine (CPA) in the presence of aqueous HCI
afforded a layered organic—inorganic hybrid,
[CsHyNH;],Cd;Cly, (1), containing a two-dimensional
[Cd;Cl,o]*, network. Herein, we report the crystal structure
and the studies of phase transition properties of 1 by variable-
temperature single-crystal structure analyses, differential scan-
ning calorimetry (DSC), and dielectric measurements.

Phase transition materials have attracted more and more
attention owing to their potential applications in data storage,
signal processing, sensing, switchable dielectric devices, etc.”?
Various approaches have been developed to prepare the phase
transition materials. Among them, the synthesis of organic—
inorganic hybrid compounds, which are able to combine
desirable characteristics from both types of constituents, is one
of the most effective methods.>* In particular, the layered
organic—inorganic hybrids are extensively investigated in view
of their interesting structural phase transitions.® Earlier studies

have shown that the main structural features of these layered B EXPERIMENTAL SECTION

compounds are that the inorganic layers alternate with organic Synthesis. Concentrated HCl (400 g 0.04 mol) was added
bilayers or monolayers and there are hydrogen-bonding dropwise to cyclopentylamine (1.70 g, 0.02 mol) in water (30 mL).
interactions between the organic and inorganic components.6 The solution was then added to an aqueous solution of cadmium
Freezing and reorientation of the organic cations and chloride (3.42 g, 0.015 mol). Large-size colorless block crystals (Figure
deformation of the anionic framework were Shown to easily Sl, Supporting Information) of 1 were obtained by slow evaporation

of the mixed solution at room temperature after a few weeks. The IR
spectra of 1 (Figure S2, Supporting Information) show the N—H
-1

stretching vibrations of the RNH;* group at about 3200—3100 cm™".
The RNH;" deformation vibrations are observed at 1591 and 1487

induce the phase transitions.”® Therefore, the layered organic—
inorganic hybrid compounds are excellent candidates to show
phase transition behaviors. Notable examples of such hybrids

are compounds with the general formula [(R-NH;),MX,], cm™. The variable-temperature powder X-ray diffraction (PXRD)
(where R = organic ammonium cation, M = divalent metal ion, patterns for 1 are shown in Figure S3 in the Supporting Information.
and X = halogen), which consist of a two-dimensional network The experimental patterns matching very well with the simulated ones
of corner-sharing MX, octahedra and are widely studied for in terms of the crystal structures for the different phases confirms the
their phase transition properties.””® For instance, phase purity of the crystals.

[(C3H,NH;),MCl,] (M = Cu, Cd, and Mn) undergo structural

phase transitions associated with the motion of the rigid Received: March 11, 2014

propylammonium cation.” However, layered hybrids with two- Published: August 13, 2014
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Crystallography. Variable-temperature X-ray single-crystal dif-
fraction data were collected on a Rigaku Saturn 924 diffractometer
with Mo Ka radiation (4 = 0.71073 A) at 93, 298, and 343 K. Data
processing including empirical absorption corrections was performed
using the Crystalclear software package (Rigaku, 2005). The structures
were solved by direct methods and refined by the full-matrix method
based on F* by means of the SHELXLTL software package. Non-H
atoms were refined anisotropically using all reflections with I > 20(I).
All H atoms were generated geometrically and refined using a “riding”
model with Uy, = 12U,y (C and N). The asymmetric units and the
packing views were drawn with DIAMOND (Brandenburg and Putz,
2005). Angles between some atoms were calculated using DIAMOND,
and other calculations were carried out using SHELXLTL. Crystallo-
graphic data and structure refinement at 93, 298, and 343 K are listed
in Table 1.

Table 1. Crystal Data and Structure Refinement for 1 at 93,
298, and 343 K

moiety formula 4(C¢H,,N), 4(C4H},N), 4(C¢H,N),
Cd,Cly, Cd,Cl, Cd;Cl,,

fw 1036.35 1036.35 1036.35

cryst syst, space orthorhombic, orthorhombic, orthorhombic,
group P2,.2,2, Pbca Cmca

temperature (K) 93 298 343

a (A) 7.4195(14) 19.440(4) 7.584(6)

b (A) 19.498(4) 7.5603(15) 24.83(2)

c (A) 24.118(5) 24.644(5) 19.520(13)

volume (A%, Z  3489.0(12), 4, 3622.0(13), 4,  3676(5), 4

Toin/ T 0.408/0.483 0.423/0.496 0.428/0.501

F(000) 2040 2040 2040

reflns collected/ 13245/8019 33267/4147 12 841/2277
unique

Ry, 0.0622 0.0545 0.0494

GOF 1.002 1.133 1.118

RI/W(R)Z] [I> 0.0375/0.0847 0.0613/0.1621 0.0499/0.1468
20(1

DSC Measurement. Differential scanning calorimetry was carried
out on a Perkin—Elmer Diamond DSC instrument in the temperature
range 170—340 K under nitrogen at atmospheric pressure in
aluminum crucibles with a heating rate of 5 K/min.

Dielectric Measurements. The single-crystal samples with silver
painted as the electrodes were used for dielectric studies, and the
crystal faces selected in the measurements were based on the room-
temperature structure. Complex dielectric permittivity & (& = ¢’ — ie”
was measured on a Tonghui TH2828A over the frequency range of 2
kHz to 1 MHz and in the temperature range from 170 to 340 K with
the measuring ac voltage fixed at 1 V.

B RESULTS AND DISCUSSION

Phase Transitions of 1. The phase transition behavior of 1
was first evidenced by the DSC measurements. Below room
temperature, the DSC experiment of 1 shows two reversible
heat anomalies at 192.1 and 197.3 K upon the cooling and
heating processes, indicating 1 exhibits a reversible phase
transition at T, = 197.3 K (Figure 1). The wide thermal
hysteresis (5.2 K) and the sharp shape of the anomalous peaks
reveal the discontinuous character of the transition, indicative
of a first-order phase transition. Above room temperature, the
DSC result of 1 clearly displays that a reversible phase
transition occurs at T, = 321.6 K in the heating mode with a
narrow thermal hysteresis of 1.6 K (Figure 1). The combined
narrow thermal hysteresis and the broad anomalous peaks show
that this phase transition is second-order. Entropy changes
(AS) accompanying the phase transitions at around T; and T,
were estimated to be about 3.712 and 0.751 J/(mol-K),
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Figure 1. DSC curves of 1.

respectively. According to the Boltzmann equation, AS = R
In(N), where R is the gas constant and N is the ratio of the
number of respective geometrically distinguishable orientations,
the calculated values of N(T;) and N(T,) are 1.56 and 1.09,
respectively, suggesting the order—disorder feature of the phase
transition at T; and a complicated phase transition at T,.'"**"

Variable-Temperature Structures of 1. In order to
understand the details of these two structural phase transitions,
the crystal structures of 1 were determined at 93, 298, and 343
K (Table 1). At 93 K in the low-temperature phase (LTP), 1
crystallizes in the orthorhombic crystal system P2,2,2; (No.
19). The structure is refined with a racemic twinning model
with a Flack parameter'® of 0.52(3). Upon heating to 298 K in
the room-temperature phase (RTP), the crystal structure was
solved in the space group Pbca (No. 61). When the
temperature increases to 343 K in the high-temperature
phase (HTP), the space group becomes Cmca (No. 64). The
relationship between the cells of these three space groups is —
@ POy g3 O3y 298K oy 3K g 93k (B0 oy 3k
At 93 K, the asymmetric unit of the crystal structure consists of
four independent cyclopentylammonium cations (denoted as
CPA-A, CPA-B, CPA-C, and CPA-D), three Cd atoms, and 10
Cl atoms (Figure 2a). Each of the three Cd atoms, lying in
general positions, is octahedrally coordinated by Cl atoms. The
Cd2 atom is coordinated by six bridging Cl atoms, while both
the Cdl and Cd3 atoms are surrounded by one terminal and
five bridging Cl atoms. The coordination geometries around
the Cd atoms can be described as distorted octahedron, with
Cd—Cl distances ranging from 2.495(5) to 2.735(4) A (Table
S1, Supporting Information). These Cd—Cl distances are in
good agreement with those found in other structurally similar
compounds.'® The three face-sharing CdCls octahedra are
connected to their translation-related three face-sharing CdCly
octahedra by bridging (corner-sharing) Cl atoms, forming a
rarely seen two-dimensional network of [Cd;Cl,,]*", parallel to
the ab plane (Figures 3a and 4a).'® The four independent CPA
cations locating in the interstitial voids within the network are
totally ordered (Figure 3a). Each of the four five-membered
rings has an envelope conformation. These CPA cations link
the [Cd,Cl,]*", network through N—H--Cl hydrogen bonds
(Figure 3a). The NH; groups of both the CPA-A and CPA-B
cations form hydrogen bonds to two bridging (face-sharing)
and two terminal Cl atoms with average donor—acceptor
distances of 3.309 and 3.336 A, respectively, while the NH,
moieties of the CPA-C and CPA-D cations hydrogen bond to
four bridging (two face-sharing and two corner-sharing) Cl
atoms with average N--Cl distances of 3.412 and 3.332 A,
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Figure 2. Molecular structures of 1 shown at different temperatures.
(a) Low-temperature phase (93 K): the cyclopentylammonium cations
are totally ordered. (b) Room-temperature phase (298 K): the
cyclopentylammonium cations are orientationally disordered over two
positions with 0.5 occupancy. (c) High-temperature phase (343 K):
the cyclopentylammonium cations are disordered over two positions
about the mirror plane.

respectively (Table S2, Supporting Information). Two layers of
CPA cations are embedded between two consecutive inorganic
[Cd,Cl,y]*, layers, forming an alternating organic—inorganic
layered structure (Figure 4a).

The basic unit of the crystal structure at 298 K halved the
content of that at 93 K, containing two nonequivalent CPA
cations (denoted by CPA-AB and CPA-CD) and one-half of
the three face-sharing CdCls octahedra (Figure 2b). The Cd2
atom lies in a special position on a center of inversion, and
accordingly only two independent Cd atoms are present in the
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Figure 3. Hydrogen-bonding interactions (brown dashed lines)
between the organic and inorganic components in 1 at (a) 93, (b)
298, and (c) 343 K. The blue dashed lines stand for the Cl—Cl edges
formed by adjacent corner-sharing CI atoms in the interstitial void.

three face-sharing CdClg octahedra. The Cd—Cl distances
(2.495(2)—2.762(2) A) are similar to those in the LTP (Table
S1, Supporting Information). Different from the inorganic
layer, the organic layer shows an obvious change in the
orientation of the CPA cations. They become highly disordered
in the RTP (Figure 2b). The CPA-AB cation is orientationally
disordered over CPA-A’ and CPA-B’ positions with 0.5
occupancy, and the CPA-CD cation is also orientationally
disordered over two positions, labeling CPA-C’ and CPA-D’,
with an occupancy factor of 0.5. The cyclopentyl rings still have
envelope conformations. The amine groups of the CPA-A’,
CPA-B’, and CPA-D’ cations form hydrogen bonds with the
[Cd,Clyo]*, network in a manner analogous to those of the
CPA-A, CPA-B, and CPA-D cations in the LTP, respectively
(Figure 3b). However, the N atom of the CPA-C’ cation acts as
a donor to only two face-sharing Cl atoms, different from that
of the CPA-C cation in the LTP (Figure 3b). The average N
Cl distances of the N—H---Cl hydrogen bonds involving the N
atoms from the CPA-AB and CPA-CD cations are 3.412 and
3.410 A, respectively, indicating a slight weakening of the
hydrogen-bonding interactions (Table S2, Supporting Informa-
tion). The relatively weaker hydrogen-bonding interactions
provide more freedom of the orientational motion of the CPA
cations. Except for the disordering of CPA cations, the
organic—inorganic layered structure is similar to that in the
LTP (Figure 4b).

Compared with those in the RTP, two independent Cd
atoms in the HTP are also located in two types of octahedral
sites, but the site symmetry changes (Figure 2c). The Cdl
atom, coordinated by one terminal and five bridging Cl atoms,
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Figure 4. Packing diagrams of 1 at (a) 93, (b) 298, and (c) 343 K. Hydrogen atoms were omitted for clarity.

occupies a special position on the m symmetry plane, while the
Cd2 atom, surrounded by six bridging Cl atoms, lies in the 2/m
symmetry site. Both of the nonequivalent CPA cations in the
HTP are also orientationally disordered but over two positions
about the bc plane (Figures 2c and 3c). The conformation of
the cyclopentyl rings becoming near planarity as well as the
relatively large anisotropic displacement parameters indicates
the CPA cations at both positions are still disordered. Hence,
the molecular motions of the CPA cations in the HTP become
more vigorous. The average N---Cl lengths of the Nla—H:--Cl
(3.394 A) and N2b—H--Cl (3.437 A) hydrogen bonds show no
obvious change (Table S2, Supporting Information). Never-
theless, the hydrogen-bonding schemes change, with each H
atom from the amine groups having only one acceptor (Figure
3¢).

Origins of Phase Transitions of 1. From the above
structural analyses, it is clear that the most notable difference
between LTP and RTP is the order—disorder transition of the
CPA cations. In the RTP, the CPA cations are orientationally
disordered over two positions. Below T), the orientational
motions of the CPA cations are frozen, and each CPA cation
has a single orientation. The orientation of the disordered CPA
cations during the phase transition process may be along two
directions with an equal probability, inducing racemic twinning
in the LTP. It appears that the phase transition of 1 at 197.3 K
is derived from the order—disorder transition of the CPA
cations, which is consistent with the DSC results. A precise
analysis of the main packing and structural differences between
the RTP and HTP is needed to disclose the phase transition
mechanism at 321.6 K. In the HTP, the interstitial void within
the network is rectangular with an angle of 90° between the
CI-Cl edges formed by adjacent corner-sharing Cl atoms,
while in the RTP, the angles deviate from the right angle value,
becoming 95.3° and 84.7°, indicating the distortion of the
[Cd;Cly]*, network (Figure 3b,c). Such distortion in 1 is
analogous to the change in the tilt system of the octahedra
layers in the layered hybrid perovskites, which is one of the
origins of the phase transitions of these hybrid perovskites.”'”
Moreover, the distortion may induce changes in the hydrogen-
bonding schemes in the HTP. Therefore, the essential
difference between the RTP and HTP is the distortion of the
[Cd;Cly,]*, network, which is the main driving force of the
phase transition of 1 at 321.6 K. The more vigorous molecular
motions of the CPA cations in the HTP may also contribute to
the phase transition at 321.6 K, which suggests that the
mechanism of this phase transition is complicated, correspond-
ing to the DSC analyses.

Dielectric Properties of 1. The temperature-dependent
dielectric permittivity of 1 was measured on single-crystal
samples along different axes based on the room-temperature
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structure at selected frequencies. Figure S shows the real part
(¢/) and dielectric loss (tan &) of the dielectric permittivity
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Figure 5. (a) Real part (¢&’) of the dielectric permittivity of 1 measured
along the b axis at selected frequencies on heating and cooling; (b)
dielectric loss (tan &) of the dielectric permittivity measured along the
b axis at selected frequencies on cooling; (c) Arrhenius plots for the
dielectric relaxation on cooling.

measured along the b axis. Upon heating, the ¢’ value at 10 kHz
increases progressively from 8.6 to a maximal value of 16,
accompanied by two step-like anomalies at around T, and T,
(Figure Sa). The changes of the &’ value may be related to the
molecular motions of the CPA cations. In the RTP and HTP,
the orientationally disordered CPA cations get enough energy
to be able to obey the change in the external electric field more
easily, which in return enhances their contribution to the
polarization, leading to an increase in dielectric permittivity.'®
When the orientational motions of the cations are frozen in the
LTP, they possess a weak contribution to the polarization. Two
dielectric anomalies also occur during the cooling process, in
good accordance with the DSC results. It is interesting to find
that the &' displays a frequency dispersion below room
temperature; namely, the temperature where the dielectric
anomalies appear moves progressively toward higher temper-
atures as the frequency increases (Figure Sa). The temperature
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of the peak maximum of tan & also shifts from 195 K at 2 kHz
to 245 K at 1000 kHz (Figure Sb). The relaxation behaviors of
the dielectric response in 1 could be explained by the peak
maxima of tan J changes obeying the Arrhenius equation 7 = 7,
exp(E,/ksT), where 7, is the inverse of the frequency factor, E,
denotes the activation energy, ky denotes the Boltzmann
constant, and T is the temperature. For a Debye peak, the
equation can be rewritten as In 7 = In(2zf)™" = In(z,) + E,/
kpT,, in which f is the frequency and T, is temperature of the
peak. Thus, E, and 7, can be approximately calculated to be
40.64 kJ/mol and 3.31 X 107'¢ s, respectively, according to the
experimental data of a In 7 versus 1/T plot (Figure Sc). Such
dielectric relaxation behaviors are also observed in some other
compounds that undergo order—disorder type phase tran-
sitions.”” For 1, the dielectric relaxation behaviors are
connected with the order—disorder transition of the cyclo-
pentylammonium cations. As the temperature decreases, the
orientational motions of the CPA cations show different
responses to the external electric field during the freezing
process.

Another remarkable feature of the dielectric properties of 1 is
a striking anisotropy along the different crystallographic axes
(Figure 6). The values of the real parts at 10 kHz along the a

16 ,-"-\

14 A g

12 4

LR f=10 kHz

4 ) ]
8 —v—Heating
£ T
64

T T T T
240 270 300 330

Temperature (K)

T T
180 210

Figure 6. Anisotropic dielectric permittivity (¢') of 1 along the g, b,
and ¢ axes at 10 kHz.

and b axes are obviously larger than those along the ¢ axis.
Furthermore, notable anomalies are observed during the phase
transition at 321.6 K in the directions of the a and b axes, while
only a very tiny anomaly around 321.6 K is recorded in the
direction of the ¢ axis. Such a strong dielectric anisotropy can be
explained by investigating the intrinsic structural changes in the
phase transition processes. The orientationally disordered CPA
cations in the RTP will arouse motions along the a and b axes
(Figures 3b and 4b), which yield more dipole-moment
components in these two axes. The orientational motions of
the CPA cations in the HTP along the a and ¢ axes (Figures 3c
and 4c), corresponding to the b and a axes in the RTP,
respectively, will also make more contribution to the polar-
ization. In addition, the two-dimensional [Cd;Cl,,]*", network
lies in the ab plane in the RTP. The shape of the interstitial
void within the [Cd;Cl,]*", network changes along the a and b
axes during the phase transition at 321.6 K (Figure 3b,c), which
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also results in the obvious dielectric response in these two axes
rather than the ¢ axis.

B CONCLUSION

In summary, the present work has reported a layered organic—
inorganic hybrid complex with two-dimensional [CdyCl;o]*,
networks, which exhibits two successive structural phase
transitions, at 197.3 and 321.6 K. The combined DSC,
variable-temperature structural analyses, and dielectric measure-
ments confirm these two phase transitions and reveal their
origins. The phase transition at 197.3 K is induced by the
order—disorder transition of the cyclopentylammonium cati-
ons, whereas the phase transition at 321.6 K is associated with
the distortion of the [Cd;Cl,,]*", network.

B ASSOCIATED CONTENT

© Supporting Information

Crystal picture, variable-temperature PXRD patterns, and IR
spectrum. Selected Cd—Cl distances and hydrogen bond
geometry of the crystal structures. CCDC reference numbers:
987766 (LT (93 K)), 987767 (RT (298 K)), and 987768 (HT
(343 K)). This material is available free of charge via the
Internet http://pubs.acs.org.
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