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A rare noncentrosymmetric three-dimensional (3D) iodoargentate hybrid, namely, [Cd(en)s]Agzl4 (1), was

prepared using a simple solution process. 1 crystallized in the hexagonal space group P6322. Its
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Hybrid iodoargentates have been intensively investigated not
only because of their flexible coordination modes and bonding
arrangements,* but also because of their novel physical prop-
erties applicable in fields from optics® to electronics.* Many
anionic iodoargentates with the general formula (Ag,I,)" ™~
have been synthesized and structurally characterized, such as
zero-dimensional (OD) clusters of [Ag,Is]" ™, [Agslo]" ™, [AgsLio]”
[Ageli,]°" and [Ag,135]°7,*° one-dimensional (1D) chains of
[AgL], [AgL], [Agale], [AgsL,] and [Agelg]” ) two-
dimensional (2D) s of [Aglz], [Aguls], [Agsls]” and
[Ag111;5]*",° and three-dimensional (3D) frameworks of [AgL,] ™,
[Agals]” and [Ag;1,]>~.>* Three-dimensional iodoargentates are
non-oxide analogues of microporous zeolites and have led to
new developments in host-guest chemistry through crystal
engineering of the building blocks of their chemical frame-
works, but there are few reported examples of 3D iodoargen-
tates. Noncentrosymmetric 3D iodoargentates are of great
importance not only due to their interesting structural
features but also because they have been exploited in
second-order nonlinear, ferroelectric, and other related
applications. However, it is still challenging to synthesize
noncentrosymmetric 3D iodoargentates, especially to
effectively utilize agents that direct the formation of achiral
structures.

On the other hand, supramolecular chemistry and
molecular crystal engineering, which involve the planning
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inorganic components formed a novel 3D open-framework structure. 1 is the first 3D iodoargentate
hybrid shown to have relaxor-like dielectric behavior and switchable dielectric properties.

and utilization of crystal-oriented syntheses for the bottom-
up construction of functional molecular solids from mole-
cules and ions, are powerful tools that have been used for the
assembly of designed functional materials over the past three
decades.™ In our previous study, we focused our research on
the haloplumbate hybrids, and some soft organic compo-
nents were introduced into haloplumbate crystal lattices.
Those haloplumbate hybrid compounds showed arresting
ferroelectric, dielectric and thermochromic luminescence
properties.”™* Recent investigation showed localized
charged states to be strongly coupled to local structural
lattice distortions and cation rotations in haloplumbate
hybrid crystals,"” and to induce dielectric relaxation
behavior. Compared to the Pb>" hybrid, Ag’ with a d'° closed-
shell electronic configuration has shown flexible arrange-
ments around the metal center and resulting local polar
fluctuations have been shown to result in interesting photo-
electric properties. Here, we obtained a rare 3D iodoargentate
hybrid, namely, [Cd(en);]Ag,1, (1), and characterized its
dielectric properties. A frequency-dependent dielectric
dispersion phenomenon was observed above room temper-
ature and analyzed using impedance spectroscopy. The
dielectric relaxation behavior of 1 may have been due to local
polarization effects of the framework. 1 is the first 3D
iodoargentate hybrid shown to have dielectric relaxation and
switchable dielectric behaviors.

The compound 1 crystal was synthesized by combining
a DMF solution of Cd(NOj3), and 2 ml of an ethylenediamine
and KAgI,/DMF solution. The resulting solution was kept at
room temperature for two weeks, and white block crystals were
formed in ca. 90% yield based on CD (see ESIf). The phase
purity of the as-prepared sample was characterized by carrying
out powder X-ray diffraction (PXRD), elemental analyses of C, H
and N, and IR spectroscopy (Fig. S11). TG was used to analyze its
stability up to 300 °C (Fig. S27). The second-order nonlinear
optical properties for 1 were examined, and indicated that the
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powdered samples of 1 were SHG active with a response ca. 0.5
times that of urea.§

Compound 1 crystallized in the hexagonal space group P6;22
(no. 182), which belongs to the chiral point group D¢, and with
an asymmetric unit containing two crystallographically distinct
Ag' ions and two crystallographically distinct 1™ ions together
with one dication complex (as depicted in Fig. 1a). The inor-
ganic part of 1 formed a novel 3D open-framework structure,
made up of tetrahedral Agl, building blocks. The Ag-I bond
length was measured to be in the range 2.882-2.892 A, all within
the van der Waals contact limit. The Ag-I-Ag bond angles
ranged from 104.7 to 113.7°, slightly deviating from 109.5° for
an ideal tetrahedron. All of the I anions formed u, bridges
connecting two neighboring Ag" ions. Thus, each Ag,1, tetra-
hedron shared its vertex with another four different Ag,l,
tetrahedra (Fig. 1b). Six Agl, tetrahedra were observed to stack
into a 12-ring structure (Fig. 1c), and a non-interpenetrating
tridymite-type topology formed from the 12-ring structure.
Along the a- and b-axis directions, an approximately rectangular
inorganic channel was observed and measured to have dimen-
sions of about 5.77 x 9.25 A without considering internal van
der Waals radii (Fig. 1d and e). Furthermore, another irregular
12-ring channel formed along the ¢ axis (Fig. 1f). The channels
along the three directions were observed to merge into a 3D
channel network, a rare example of an open silver halide
framework, and Cd(en),** dications filled the channels (Fig. 1e).
The Cd** ions of the Cd(en);** dications were observed to
occupy the Wyckoff position, its coordination octahedron, with
a C; point group symmetry, was built from six nitrogen atoms
from three ethylenediamine molecule. Charged H-bonding
interactions formed between the dications and 3D inorganic
framework.

Dielectric relaxation investigation were carried out for
temperatures between 50 and 140 °C using the complex
modulus (Fig. 2 and S4t). The electric modulus (M*) was
calculated according to the equation

1 e +je"

M (w) = 8*((1)) = €/2+e//2

— M/ +jMU,

where M’ and M’ are the real and imaginary parts of the
complex modulus M*, respectively. At low frequencies, M’ was
calculated to be very small, to indicative of negligible contri-
butions of the electrode polarization and space charge injection
effects. The M’ showed a tendency to saturate at high frequen-
cies, which is typical for dielectric relaxation process in the
investigated temperature range (Fig. 2a). The shift of the M
maximum slightly toward a higher temperature upon

§ Crystal data for compound 1 at 293 K, CcH,4Ag,CdI,Ng, M = 1016.06, hexagonal,
space group P6;22, a = 9.2512(12) A, b = 9.2512(12) A, c = 14.504(5) A, a = f =y =
90.00°, V=1075.0(5) A*, Z= 2, D, = 3.139 g cm°. p = 8.525 mm}; F(000) = 912.0,
R; = 0.0468, WR, = 0.1050 for 1002 unique reflections and 37 parameters, S =
1.228, CCDC-1559713. Single-crystal diffraction data for 1 were collected on
a Siemens SMART-CCD diffractometer with graphite monochromatic Mo Ka
radiation (A = 0.71073 A). The structures were solved using direct methods and
refined on F* using a full matrix least-squares method with SHELXTL.
Anisotropic thermal parameters were refined for the non-hydrogen atoms. All H
atoms were placed at calculated positions and refined riding on the parent atoms.
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Fig.1 (a) The asymmetric unit of 1 at 293 K with 50% thermal ellipsoid
probability. (b) Each Agl, tetrahedron was observed to share its vertex
with another four different Agl, tetrahedra. (c) 12-ring structure
formed by six Agl, tetrahedra. (d) View of an approximately rectangular
inorganic channel along the a-axis direction. Dications in the channel
are omitted for clarity. (e) Packing structure along the b-axis, with
Cd(en)s?* dications filling the channels and shown in space-filling
mode. (f) Another irregular channel along the c-axis. (Symmetry rela-
tionships:A=-x,1-y,—z;B=1-x,1-y,1+z,C=1-x,1+y,z,D=
x, -y, 05 —z)

increasing the frequency of the applied electrical field further
indicated a thermally activated process. Furthermore, the
contribution of conduction to frequency was due to the short-
range mobility of the charge carriers. In the M"—f plots, the
spectrum at the investigated temperature exhibited a relaxation
peak (Fig. 2b). The peaks shifted systematically towards higher
frequencies as the temperature was increased. This shift
implied a redevelopment of the polarization at high tempera-
ture, and thus the occurrence of relaxation at high frequency. In
order to gain deep insight into the dielectric relaxation process,
the frequency dependence of the peak for M” at different
temperatures was plotted (Fig. 2¢) according to the relationship

E,
T =Ty €Xp kBiT . (1)

In this equation, T = 1/fax, Where fi.x is the frequency at the
maximum of M"—fin the plot at temperature T, 7, represents the
characteristic macroscopic relaxation time, E, is the activation
energy or potential barrier required for the dielectric relaxation,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a and b) Frequency dependencies of the M’ and M” of 1 in the

50-140 °C temperature range, respectively. (c) Plots of In f vs. 1/T for
the relaxation at selected temperatures and (d) tan(d) versus temper-
ature at 100 Hz for 1.

and kg is Boltzmann's constant. Two steps of dielectric relaxa-
tion were found, as shown in Fig. 2c. We found In f;,ax to be
linearly related to 1/T in the temperature ranges 323-363 K and
373-413 K. The best fits gave the following results: 7, = 1.356 X
10?° s and E, = 21.07 kecal mol " in the temperature range 323-
363 K and 7, = 2.15 x 10" ** s and E, = 7.53 kcal mol™* in the
temperature range 373-413 K. The dielectric relaxation process
was also indicated from the tan(6)-f plot (tan(6) = &"/¢)
(Fig. S3t), which showed a broad maximum at the selected
temperature, and the maximum tan(é) peak shifted toward
higher frequencies as the temperature was increased, indicating
the occurrence of thermally active dielectric relaxation.
However, the frequency dependence of tan(¢) showed a strong
low-frequency dispersion when the temperature was increased
(Fig. S31). When the temperature is above 100 °C, the dielectric
loss shows abrupt increase, which reaches the values of 6.31 for
1 and 10 Hz. The temperature-dependent dielectric loss is
shown in Fig. 2d. When the frequency was lower than 100 Hz, an
obvious dielectric anomaly was present at about 135 °C in the
heating process. As the temperature was further increased, the
tan(6) value decreased. During the subsequent cooling process,
a small thermal hysteresis was obtained. The dielectric loss
switching between high and low dielectric states and the
thermal hysteresis indicated compound 1 to be a potential
switchable bistable dielectric material.

In general, four different mechanisms for dielectric relaxa-
tion have been proposed. The electronic polarization and
molecular vibration occurred at frequencies above 10'> Hz. At
the frequency range of 10°~10'? Hz, the dielectric relaxation was
more prevalent than dipole motion or ionic polarization.
Dielectric relaxation is usually found in disordered solids such
as relaxor ferroelectrics, dipolar glass and inorganic-organic

This journal is © The Royal Society of Chemistry 2017
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hybrids, and can be ascribed to order-disorder phase transi-
tion; some metal-organic frameworks and ionic cocrystals also
show dielectric relaxation behavior.'* However, we were
surprised to observe relaxor-like behavior in compound 1,
which was shown to not have a disordered component; and the
DSC results (Fig. S51) indicated the absence of a phase transi-
tion in the investigated temperature range. In compound 1, Ag
and I ions were observed to have large ion displacements, the
3D channel structure formed by compound 1 became more
distorted as the temperature was increased. Thus, we suggested
the dielectric relaxation behavior of 1 to be associated with local
polarization effects due to the flexibility of the channel structure
and, in particular, due to small local movements of the Ag and I
ions in the framework to create local dipole moments.

The abrupt increase in dielectric loss at 100 Hz above 100 °C.
The dielectric loss reached a value of 10.25 at 105 °C, was due to
the electronic conductance."” To further investigate the dielec-
tric and conduction behaviors of compounds 1, the complex
impedance (Z'-Z") at selected temperatures was plotted (Fig. 3a
and b). The semicircles were observed for the selected temper-
ature. The low-frequency dispersion corresponded to the grain
boundary and the high-frequency region corresponded to the
grain interior. This observation indicated that a single
conductivity process took place in the sample at the investigated
frequency. The impedance spectra from Fig. 3a and b were
interpreted by means of an equivalent circuit. Here, each
impedance semicircle represents the total dc resistance of the
sample, R, furthermore, bulk capacitor, C in parallel (parallel
RC element) and C, (Cole-Cole branch) represents polarization
associated with the lattice relaxation process. The centers of
these semicircles were located below the real axis, indicating
a non-Debye type of relaxation process. The best fit to the data

(a) (b)

5x10°

ax10* L 4x10° " on
- " - -
3x10°{ " 3x10° O -
o . .
= . = 80°C a S o120%C R
N 2x10°4 . « 90°C =~ 2x10° - . 130°C .
. . 2 100°C N -~ a4 140°C .
1x10°4 i"..,\ s 110°C xio'f & .
L) -
o) A\ \
0
00 20x10° 4.0x10° 6.0x10° 8.0x10" 1.0x10° T T
zZia 0.0 4.0x10° 8.0x10° 1.2x10°
Zi0
(c)
04 AN,
—.A.12_
£
o
n
~ -144
X-]
£
-16 4
.
84— - - . : \
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
1/T (K"
Fig. 3 (a and b) Complex-plane impedance plots at various temper-

atures. (c) Temperature dependence of conductivity for 1 (black dot:
obtained from using an equivalent circuit; red line: theoretically
reproduced using the Arrhenius equation).
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gave ¢ = 3.63 x 10 ®S cm ™" at 353 K for 1. As the temperature
increased, the electrical conductivity continuously
increased, by a total of about three orders of magnitude to 4.35
x 107> S cm ' for 1 at 413 K. We found In o of 1 to be linearly
related to 1/T between 353 K and 413 K (Fig. 3c), and its acti-
vation energy (E,) was estimated to be 25.8 kcal mol ™.

In summary, compound [Cd(en);]Ag,1, (1) was successfully
prepared by using a simple self-assembly method. Compound 1
represents a rare noncentrosymmetric 3D framework hybrid
iodoargentate with a metal complex as a template. Furthermore,
1 showed relaxor-like dielectric behavior and switchable
dielectric properties in the investigated temperature range, and
dielectric relaxation behavior was associated with local polari-
zation effects due to the flexibility of the channel structure and
small local movement of the Ag and I ions in the framework to
create local dipole moments. These results revealed hybrid
iodoargentates to have interesting relaxor-like properties and to
be of potential use as switchable dielectric materials.
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