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ABSTRACT: The one-dimensional organic—inorganic hybrid
compound bis(cyclohexylammonium) tetrachlorocadmate(II) (1),
in which the adjacent infinite [CdCl,],” chains are connected to
each other though Cd---Cl weak interactions to form perovskite-
type layers of corner-sharing CdCls octahedra separated by
cyclohexylammonium cation bilayers, was synthesized. It undergoes
two successive structural phase transitions, at 215 and 367 K, which
were confirmed by systematic characterizations including differ-
ential scanning calorimetry (DSC) measurements, variable-temper-
ature structural analyses, and dielectric and second harmonic
generation (SHG) measurements. A precise structural analysis
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discloses that the phase transition at 215 K is induced by the disorder—order transition of cyclohexylammonium cations, while
the phase transition at 367 K derives from changes in the relative location of Cd atoms. Emphatically, both the dielectric constant
and SHG intensity of 1 show a striking change between low and high states at around 367 K, which reveals that 1 might be
considered as a potential dielectric and nonlinear optical (NLO) switch with high-temperature response characterization,

excellent reversibility, and obvious change of states.

B INTRODUCTION

Switchable materials, whose physical properties (optical,
electrical, magnetic, and/or mechanical properties) can be
reversibly modified between two or more relatively stable states
by external stimuli such as light, temperature, and electric field,
have attracted great attention for their wide application in the
fields of photonic devices, optoelectronic technology, digital
processing, sensors, etc.'”> Various approaches have been
developed to design such materials, and a large number of
materials possessing single-switchable electrical,®™"" opti-
cal,"”>™'® or magnetic'”'® properties have been studied.
However, there still exist two significant challenges: one is
how to control the switching response characteristics by
structural modulation and external stimuli and the other is how
to obtain compounds with multiple switchable physical
properties. One of the most feasible strategies is to construct
temperature-triggered solid-to-solid structural phase transition
materials, due to the fact that the physical properties often
present abrupt changes near the phase transition point.">® It
is remarkable that the organic—inorganic hybrids offer an
important opportunity to combine with the phase transition
properties and multiple switching response characteristics. On
the one hand, the organic—inorganic hybrids have been proven
to be excellent candidates to prepare phase transition
materials.”®>® On the other hand, they provide the possibility
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of integrating desirable organic and inorganic characteristics
within a single-crystalline molecular-scale com‘})osite, being able
to achieve multifunctional characteristics.””~*

Encouraged by this strategy, we synthesized the novel one-
dimensional organic—inorganic hybrid compound
[C¢H,;NH;],CdCl, (1), in which the neighboring infinite
[CdCL,], chains are connected to each other by Cd---Cl weak
interactions, forming perovskite-type layers of corner-sharing
CdClg octahedra separated by cyclohexylammonium cation
bilayers. Systematic structure and property characterizations
indicate that this compound undergoes two phase transitions at
215 and 367 K, respectively. In particular, 1 shows switchable
dielectric and NLO behaviors in the vicinity of the higher phase
transition temperature.

B EXPERIMENTAL SECTION

Synthesis. Evaporation of an aqueous solution (100 mL) of
cyclohexylamine hydrochloride (6.78 g 0.05 mol) and cadmium
chloride (5.7 g, 0.025 mol) at room temperature after several weeks
results in the formation of 1 as large colorless platelike crystals (Figure
S1, Supporting Information). In the IR spectra of 1 (Figure S2,
Supporting Information), the band at 3117 cm™" was assigned to the
N-H stretching vibrations of the —NH;* group. The —NH;"
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deformation vibrations were observed at 1597 and 1491 cm™. The
experimental powder X-ray diffraction (PXRD) patterns match the
simulated patterns very well in terms of the crystal structures for
different phases (Figure S3, Supporting Information), confirming the
phase purity of the crystals.

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 173, 298, and 383 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 full-matrix
methods 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, (C and N). The asymmetric units
and the packing views were drawn with DIAMOND (Brandenburg
and Putz, 2005). Angles and distances between some atoms were
calculated using DIAMOND, and other calculations were carried out
using SHELXTL. Crystallographic data and structure refinement
Details at 173, 298, and 383 K are given in Table 1.

Table 1. Crystal Data and Structure Refinement Details for 1
at 173, 298, and 383 K

2(C4H,N),CdCl, (1)

173 K 298 K 383 K
formula wt 454.57 454.57 454.57
cryst syst monoclinic orthorhombic  orthorhombic
space group Cm Cmc2, 1222
a/A 17.874(6) 27.432(5) 28.5482(16)
b/A 27.273(8) 8.4349(17) 6.103(4)
/A 11.528(5) 8.0648(16) 5.512(3)
B/deg 105.453(8) 90.00 90.00
V/A3 Z 5416(3), 12 1866.1(6), 4  960.4(8), 2
Trin/ Trnax 0.530/0.605 0.541/0.616 0.551/0.624
F(000) 2760 920 460
no. of collected/unique ~ 19896/12675  9372/2195 1743/1117

rflns

Rine 0.0313 0.0444 0.0767
GOF 1.087 1.083 0.926
R1 (I > 20(1)) 0.0452 0.0362 0.1068
wR2 (I > 20(1)) 0.1047 0.0592 0.2800

DSC Measurements. Differential scanning calorimetry was carried
out on a PerkinElmer Diamond DSC instrument in the temperature
range 170—405 K under nitrogen at atmospheric pressure in
aluminum crucibles with a heating rate of 10 K/min.

Dielectric Measurements. Single-crystal samples with silver
painted as the electrodes were used for dielectric studies. Complex
dielectric permittivity £ (¢ = ¢ — i¢”) was measured on a Tonghui
TH2828A instrument in the temperature range from 170 to 405 K and
over the frequency range of 10 Hz to 1 MHz with an applied electric
field of 1 V.

SHG Measurements. Polycrystalline samples were ground and
sieved into particle sizes of 100—150 pm for the powder SHG
measurements. An unexpanded laser beam with low divergence
(pulsed Nd:YAG at a wavelength of 1064 nm, S ns pulse duration, 1.6
MW peak power, 10 Hz repetition rate) was used. The instrument
model was FLS 920 from Edinburgh Instruments, and the temperature
was 170—405 K with a cooling and heating rate of 2 K/min with the
DE 202 system, while the laser was Vibrant 355 II instrument from
OPOTEK. The numerical values of the nonlinear optical coefficients
for SHG were determined by comparison with a KDP reference.

B RESULTS AND DISCUSSION

Phase Transitions of 1. The phase transition behavior of 1
was first evidenced by the DSC measurements. Below room

temperature, two reversible heat anomalies at 215 K upon
heating and 212 K upon cooling were observed in the DSC
curve, indicating 1 exhibits a reversible phase transition at T} =
215 K (Figure 1). The narrow thermal hysteresis (3 K) and the
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Figure 1. DSC curves of 1.

rounded small heat anomaly peaks reveal a second-order phase
transition. Above room temperature, the DSC result of 1 clearly
shows that another reversible phase transition occurs at T, =
367 K in the heating mode with a large thermal hysteresis of 23
K (Figure 1). The combined wide thermal hysteresis and the
sharp anomalous peaks support the discontinuous character of
the transition, indicative of a first-order phase transition. For
convenience, the phase above T, is designated as the high-
temperature phase (HTP), the phase between T, and T, as the
intermediate-temperature phase (ITP), and the phase below T}
as the low-temperature phase (LTP).
Variable-Temperature Structures of 1. In order to
investigate the details of these two structural phase transitions,
we determined the crystal structures of 1 at 173, 298, and 383
K (Table 1). The three crystal structures are all non-
centrosymmetric. At 173 K in the LTP, 1 crystallizes in the
monoclinic crystal system, space group Cm (No. 8) and point
group C;. The crystal structure at 298 K in the ITP was refined
in the orthorhombic space group Cmc2, (No. 36) and point
group C,,. Upon heating to 383 K in the HTP, the crystal
structure remains orthorhombic, space group 1222 (No. 23)
and point group D,. The cell parameters of 1 change
remarkably between the LTP and ITP. In particular, the cell
volume in the LTP is almost triple that in the ITP. The a axis
length in the HTP displays a small difference from that in the
ITP. However, a great change occurs in the b and ¢ axis lengths,
and the crystal volume shows an approximately 2-fold decrease.
In the LTP, the crystal structure contains infinite chains of
[CdCl,]™ which are further connected to the neighboring
translation-related chains by Cd---Cl weak interactions, giving
rise to perovskite-type layers of corner-sharing CdClg octahedra
separated by cyclohexylammonium (CHA) cation bilayers to
form an alternating inorganic—organic layered structure (Figure
2). The chains contain six independent [CdCl,]” anions
(Figure 3a). Each Cd atom, lying on the mirror symmetry plane
(m) perpendicular to the b axis, is coordinated by two bridging
and three terminal Cl atoms, forming a coordination geometry
of a compressed square pyramid with basal Cd—Cl distances
(2.499(2)—2.964(2) A) longer than the apical distances (from
2.484(2) to 2.511(2) A) (Table S1, Supporting Information).
The Cd—Cl distances are consistent with those found in other
structurally similar compounds.***’ The average Cd--Cd---Cd
angle within the chain is 102.4°, giving rise to a rarely seen
zigzag chain of corner-sharing CdCly polyhedra running along
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Figure 2. Alternating inorganic—organic layered structure of 1 at 173
K. The dashed lines denote the weak Cd:--Cl interactions.

Figure 3. Asymmetric unit of 1 shown at different temperatures: (a)
low-temperature phase (173 K), where the cyclohexylammonium
cations are totally ordered; (b) intermediate-temperature phase (298
K), where the cyclohexylammonium cations are disordered over two
sites with occupancy factors of 0.667(10) (containing C2) and
0.333(10) (containing C2'); (c) high-temperature phase (383 K),
where the [CdCL,],” chains become linear with the terminal Cl atoms
being disordered over two positions.

the [10—1] direction (Figure 4).***" The translation-related
chains are connected to each other though Cd--Cl weak
interactions (Cd---Cl distances, 3.903(2)—4.110(2) A). There-
fore, the coordination geometry of the Cd atoms in the crystal
structure can be understood as an elongated octahedron, and
correspondingly, the inorganic layers are analogous to the
perovskite layers of corner-sharing CdCls octahedra (Figure
4)>% The layers are separated by CHA cations with their
head NH; groups oriented in the cavities enclosed by the
octahedrons (Figure 4). There are six independent CHA
cations, all of which are ordered (Figure 3a). The ammonium
groups of the CHA cations form N—H:--CI hydrogen bonds to
the [CdCl,],” chains with donor—acceptor distances varying

11148

Figure 4. Packing diagram of 1 at 173 K, where the infinite zigzag
[CdCL],” chain is connected to the neighboring translation-related
chains though Cd--Cl weak interactions (dashed lines) to form
perovskite-type layers of corner-sharing CdCly octahedra.

from 3.147(6) to 3.468(5) A (Figure S4 and Table S2,
Supporting Information).

In the ITP, the configuration of the [CdCL],” chain
extending along the ¢ axis remains the same as in the LTP
with a Cd--Cd--Cd angle of 101.8° (Figures 3b and Sa). The
two adjacent Cd atoms are related by a 2,-fold screw axis along
the ¢ axis, and accordingly the chain contains only one kind of
five-coordinated Cd atom (Figures 3b and Sa). The Cd atom is
still located on the m plane parallel to the bc plane and has a
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Figure S. Packing diagrams of 1 at (a) 298 K and (c) 383 K. (b)
Quadrilateral void formed by four nearest-neighbor Cd atoms at 298
K. The distances between adjacent Cd atoms are 5.195 and 6.549 A.
(d) Rectangular void formed by four nearest-neighbor Cd atoms at
383 K. The Cd--Cd distances are 5.512 and 6.103 A.
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coordination geometry similar to that in the LTP (Table S1,
Supporting Information). Different from the case for the
inorganic layer, the organic layer shows an obvious change in
the orientation of the CHA cations. There is just one CHA
cation in the asymmetric unit (Figure 3b). It is orientationally
disordered over two positions with occupancy factors of
0.667(10) for the cation containing C2 and 0.333(10) for that
containing C2’. The N atoms of both the major and minor
components of the disordered cation act as donors for five N—
H--Cl hydrogen bonds (Figure S4, Supporting Information).
The average donor—acceptor distance (3.301 A) shows no
obvious change in comparison to that (3.277 A) in the LTP
(Table S2, Supporting Information). Except for the disorder of
CHA cations, the inorganic—organic layered structure is similar
to that in the LTP (Figure SS, Supporting Information).

The asymmetric unit in the HTP contains a CHA cation, one
Cd atom, and three Cl atoms, the same as that in the ITP
(Figure 3b,c). Nevertheless, the configuration of the [CdCl,],~
chain shows a significant change (Figure 3b,c). The terminal Cl
atoms are disordered over two sites related by a 2-fold rotation
axis. The Cd atom is located on the 2-fold rotation axis. The
Cd—Cl bond lengths in the range 2.473(9)—2.756(6) A change
slightly (Table S1, Supporting Information), while the Cd:-
Cd---Cd angle within the chain becomes 180°, resulting a one-
dimensional linear chain along the ¢ axis (Figures 3c and Sc).
The Cd-+-Cl distances (4.003 A in the ITP) between adjacent
chains also change, with a Cdld--Cl2e distance of 3.558 A
(Figure Sa,c). The CHA cation in the HTP is highly disordered
over two positions related by a 2-fold rotation axis along the a
axis, which passes through the N1—C1 bond (Figure 3c). The
relatively large anisotropic displacement parameters indicate the
CHA cations at both positions are still disordered. The NH,
moiety of the CHA cation is involved in seven N—H---Cl
hydrogen bonds (Figure S4 and Table S2, Supporting
Information). Although the [CdCl,],” chains obviously change,
the alternating inorganic—organic layered structure is preserved
in the HTP (Figure SS, Supporting Information).

Origins of Phase Transitions of 1. It is known that
disorder—order transition is one of the origins of phase
transitions. From the above structural analysis, it is clear that
the most notable difference between the ITP and LTP is the
disorder—order transition of CHA cations. The CHA cations
are orientationally disordered over two sites in the ITP, while
six independent totally ordered CHA cations can be found in
the LTP. It appears that the disorder—order transition of the
CHA cations is responsible for the phase transition at 215 K. A
precise analysis of the main packing between the ITP and HTP
is needed to reveal the notable change of the [CdCl,],” chain
and the phase transition mechanism at 367 K. In the ITP, the
void formed by four nearest-neighbor Cd atoms is a
quadrilateral in the bc plane with two distinct pairs of Cd--
Cd distances (5.195 and 6.549 A), while in the HTP, the void
becomes rectangular in the bc plane with Cd---Cd distance of
5.512 and 6.103 A (Figure Sb,d). In addition, two Cd:--Cd---Cd
angles (101.8 and 76.0°) of the void in the ITP deviate greatly
from that (90°) in the HTP (Figure Sb,d), indicating changes
in the relative location of the Cd atoms in the bc plane after the
phase transition. The elongating of Cdl---Cdld and Cd1d--
Cdle distances in the HTP makes the Cd1—CI3—Cdlc angle
in the ITP change from 139.3 to 180° (Cd1—CI3—Cd1d angle
in the HTP) (Figure Sa,c). The Cd1d---Cl2e distance (3.558 A)
in the HTP is too long to form Cd1d—Cl2e bond, but the ionic
interaction between Cdld and Cl2e ions is still very strong,

resulting in the disorder of Cl2e (Figure Sc). Furthermore,
there are no Cdla—Cll and Cdlb—Clla bonds in the ITP
because of the long Cdla--Cll and Cdlb--Clla distances
(4.003 A) (Figure Sa). After the Cdl--Cdlf and Cd1f--Cdle
distances in the HTP become shorter, a Cd1f—CI3f bond is
formed and the CI2f atom becomes disordered (Figure Sc).
Thus, the notable change in the [CdCl,],” chain is induced by
the changes in the relative location of the Cd atoms in the bc
plane, which is the main driving force of the phase transition
from the ITP to the HTP.

Switchable Dielectric Behaviors and Dielectric Aniso-
tropy of 1. Crystalline materials which undergo structural
phase transitions usually acquire the typical temperature-
dependent dielectric states. The temperature dependence of
the real part (¢') of the complex dielectric permittivity of 1 was
measured on single-crystal samples along different axes with a
frequency of 1000 kHz (Figure 6). The crystal faces were
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Figure 6. Real part (¢’) of the complex dielectric permittivity of 1
measured along the g, b, and ¢ axes at 1000 kHz.

selected in accordance with the structure in the ITP. In the
heating mode, the real part along the ¢ axis increases
progressively until it reaches a peak value of about 7.5 at T},
and then it exhibits a slight decrease. Thereafter, the real part
shows a mild increase until the temperature gets to T,, and
suddenly it displays an abrupt change up to over 34 followed by
a plateau with a gradual increase (Figure 6). The values of the
real part at about 7—8 below T, while being over 32 above T,
correspond to the low and high dielectric states, respectively.
The transition between low and high dielectric states around T,
makes 1 a potential high-temperature-switchable dielectric
material. **® In addition, clear dielectric anomalies around 344
and 212 K are also observed upon the cooling processes, in
good accordance with the DSC results.

Another striking feature of the dielectric properties of 1 is the
obvious anisotropy along different crystallographic axes (Figure
6). The values of &’ along the b and c axes are obviously larger
than those along the a axis. Furthermore, notable anomalies are
observed during the phase transitions, especially at 367 K along
the b and c¢ axes, while comparatively smaller anomalies are
recorded in the direction of the a axis. The remarkable
dielectric anisotropy can be explained by investigating the
placement of the CHA cations and the relative location of the
Cd atoms in the [CdCl,],” chain. It can be seen from the
structure in the ITP that the disordered CHA cation takes two
positions, arousing a motion in the plane parallel to the bc
crystallographic plane and yet perpendicular to the a axis
(Figures 3b and Sa). Its in-plane motion only yields a very weak
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dipole-moment component in the a axis, which leads to a small
change of the dielectric constant in this direction. Additionally,
the inorganic layer lies in the bc plane in the ITP. The shape of
the void formed by four nearest-neighbor Cd atoms in the bc
plane in the ITP differs much from that in the HTP (Figure
Sb,d), indicating changes in the relative location of the Cd
atoms along the b and ¢ axes during the phase transition, which
results in the remarkable dielectric anomalies along these two
axes. The real parts of the dielectric permittivity of 1 along the ¢
axis at different frequencies were also studied. The values of the
real parts display slight changes at different frequencies in both
the LTP (Figure S6, Supporting Information) and ITP (Figure
7). However, the real part values at lower frequencies are
markedly larger than those at higher frequencies in the HTP
(Figure 7).
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Figure 7. Real parts (¢') of the dielectric permittivity of 1 measured
along the ¢ axis at 10, 100, and 1000 kHz.

Switchable NLO Behaviors of 1. Generally, structural
phase transitions from a noncentrosymmetric space group to a
centrosymmetric space group or even another noncentrosym-
metric space group will always accompany two states with
different SHG responses. As depicted in Figure 8, the SHG
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Figure 8. SHG signals of 1 as a function of temperature.

signals of 1 appear in the whole measured temperature range
from 170 to 405 K, in good agreement with the space group
changes from Cm to Cmc2, to 1222 during the two-phase
transition process. Here, it is proposed that the SHG activity of
1 mainly depends on its intrinsic structural characteristics. The
Cd* ion in 1 has a closed-shell d'’ configuration which is
highly polarizable. In the [CdCl,],” chain, the Cd atom is five-
coordinated by two bridging and three terminal Cl atoms,
making the chain lack a center of symmetry. Additionally, the
adjacent anionic chains in the inorganic layers are arranged in a
parallel fashion in each phase (Figure SS, Supporting

Information). These structural features are conducive to
crystallization of 1 in a noncentrosymmetric space
group,®®~** thus resulting in an SHG signal. The variation of
SHG intensity in the vicinity of T is continuous, revealing a
second-order phase transition. However, at T,, the SHG
intensity decreases sharply from a high-intensity state below T,
to a low-intensity state above T, (Figure 8), manifesting a first-
order phase transition. The SHG intensity at room temperature
is about 0.6 times that of KDP. The change trend of SHG
intensity of 1 may be related to the variation of polarization,
which is one of the crucial factors affecting the SHG
intensity.”>~>> Since the crystal structures at both 173 K
(Cm) and 298 K (Cmc2,) assume polar space groups, the
spontaneous polarization within a structural unit cell at 173 and
298 K can be approximately calculated to be 10.79 and 15.95
uC/cm?, respectively, according to the point charge
model.*™>® The increment of spontaneous polarization may
be responsible for the change in SHG intensity during the
phase transition process at T'). The shape of the void formed by
four nearest-neighbor Cd atoms changing from quadrilateral in
ITP to rectangular in HTP may reduce the polarization of the
[CdCl,],” chains, inducing the decrease of SHG intensity from
ITP to HTP. Compound 1 is stable in both the high- and low-
intensity states because the crystal can remain intact after a
solid-to-solid structural phase transition. In addition, the two
states displaying different SHG responses can be switched
quickly from one to the other by stimulus of temperature,
which is very consistent with the characteristics for switchable
NLO."” Moreover, the changing trend of the SHG intensity is
almost the same during the heating or cooling processes and
the SHG activity could recover rapidly after 10 cycles without
any attenuation, suggesting an excellent switching reversibility.
Hence, these results clearly show that 1 should be treated as a
potential high-temperature NLO switch.”"

B CONCLUSION

In summary, we have presented the one-dimensional organic—
inorganic hybrid compound [C¢H, NH;],CdCl, with high-
temperature switchable dielectric and NLO properties, which
displays two structural phase transitions at 215 and 367 K. The
origin of the phase transition at 215 K is attributable to the
disorder—order transition of the cyclohexylammonium cations,
while that of the phase transition at 367 K is associated with the
changes in the relative location of Cd atoms. In addition, the
dielectric and SHG switching activities at around 367 K reveal
that this compound is a potential high-temperature-switchable
dielectric and NLO material. We believe that this successful
example will throw light on the search for new molecular
compounds with multiple switchable physical properties.

B ASSOCIATED CONTENT

© Supporting Information

Figures, tables, and CIF files giving crystal structures,
crystallographic data for the three phases, powder XRD
patterns, an IR spectrum, packing views, other dielectric
characterization data, selected Cd—Cl distances, and hydro-
gen-bond geometries. This material is available free of charge
via the Internet at http://pubs.acs.org. CCDC reference
numbers: 998555 (173 K), 998556 (298 K), and 998557
(383 K).
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