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Abstract: A new perovskite-like coordination polymer
[(CH;),NH,][Cd(Ns);] is reported which undergoes a reversi-
ble ferroelastic phase transition. This transition is due to varied
modes of motion of the [(CH;),NH,]* guest accompanied by
a synergistic deformation of the [Cd(N;);]~ framework. The
unusual two-staged switchable dielectric relaxation reveals the
molecular dynamics of the polar cation guest, which are well
controlled by the variable confined space of the host frame-
work. As the material switches from the ferroelastic phase to
the paraelastic phase, a remarkable increase of the rotational
energy barrier is detected. As a result, upon heating at low
temperature, this compound shows a notable change from
a low to a high dielectric state in the ferroelastic phase. This
thermoresponsive host—guest system may serve as a model
compound for the development of sensitive thermoresponsive
dielectric materials and may be key to understanding and
modulating molecular/ionic dynamics of guest molecules in
confined space.

H ost—guest systems that can respond to external stimuli,
such as temperature, pressure, light, pH, or concentration,
have attracted much attention because of their theoretical
significance in multiple disciplines and their potential appli-
cation in a wide variety of fields.!'¥ Among various types of
stimuli-responsive host—guest systems, coordination polymers
(CPs) which mimic the inorganic ABOs-type perovskite
structure, as one type of CP-based inclusion compound,
have potentially promising applications in modern optoelec-
tronic materials, such as dielectric, ferroelectric, and base
materials for high-efficiency photovoltaics.*'® These perov-
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skite-like CPs, with inclusion of guest cations within the well-
matched cage-like host frameworks, can undergo reversible
structural phase transitions upon thermal stimulus, which can
often lead to a change or a switch of the related physical
properties. Additionally, the metal species, bridging ligand,
and guest cation component of these systems have designable
and tunable characteristics. In combination, perovskite-like
CPs may serve as a unique host—guest model to understand
and modulate the molecular dynamics of the guest cations
in the variable confined space constructed by the host
frameworks.

To date, the ligands commonly employed for the con-
struction of perovskite-like CPs have contained mostly the
monoatomic I, diatomic CN~, and triatomic HCOO™ ions. It
was found that the guest cations, rather than the host
frameworks, play a key role in their structural phase
transitions. However, compared with the host frameworks
constructed by the above-mentioned bridging ligands, and in
particular the curved HCOO™ ion, those constructed using
arodlike N5~ spacer can play a more important role to induce
the structural transitions. The azido coordination framework
has more flexible and deformable characteristics, as indicated
by the structural analyses from our recent!'” and other related
reports,'*1*) and can mainly be ascribed to the longer length
of the azido bridge between two metal nodes. As a result, the
angle between the N;™ rod and a line connected by its two
metal nodes often drastically deviates from the ideal zero
degrees.

Based on these findings, a flexible and deformable azido
coordination framework of this type using a metal species
with a large ionic radius and an easily distorted coordination
environment is employed to construct a variable confined
space. This system is used to investigate the thermal motion
and especially the polarization behavior of cation guests with
a strong dipole moment within it. We anticipated that a host—
guest system of this type might act as a sensitive thermally
responsive dielectric material. With this goal in mind, herein
we present a new perovskite-like azido CP [(CH;),NH,]
[Cd(N;);] (1) with dimethyl ammonium as the polar cationic
guest. This CP is a rare example of a CP-based ferroelastic
inclusion compound which exhibits distinguishable dielectric
relaxations in both the ferroelastic and paraelastic phases, and
a remarkable dielectric switch during the phase transition. Its
synthesis, crystal structure, phase transition, and dielectric
properties are described, as well as the inherent guest
molecular dynamics uncovered by variable-temperature
dielectric measurements.

Angew. Chem. 2015, 127, 928 —932


http://dx.doi.org/10.1002/anie.201408491

Compound 1 was synthesized as block-shaped single
crystals by evaporation of a solution of Cd(NO;),4H,0,
NaN;, and [(CH;),NH,]NO; (see the Supporting Informa-
tion). The thermogravimetric analysis (TGA) curve shows
that 1 decomposes at 363 K under a nitrogen atmosphere (see
Figure S1 in the Supporting Information). According to
differential scanning calorimetry (DSC) measurements, two
anomalies are detected at 175/172 K during the heating/
cooling processes, indicating that 1 undergoes a reversible
phase transition with a small thermal hysteresis (see Fig-
ure S2). For the heat-capacity (C,) measurement, a A-type
peak is detected at around 174 K (Figure 1). The ACp and
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Figure 1. Heat capacity measurement for 1. Inset: the AG, (left) and
AS values (right) related to the phase transition as a function of
temperature.

AS values related to the phase transition increase gradually
from 130 K to 160 K. With a further increase in temperature,
ACp exhibits a sharp peak at 174 K, whereas the AS value
exhibits a sharp increase followed by a plateau at above
179 K. The dependence of ACp and AS values on temperature
suggest that the phase transition has a first-order character.

To understand the structural phase transition, in situ
single-crystal variable-temperature X-ray diffraction was
performed for 1. It reveals that 1 crystallizes in the space
group P1 at 150 K (labeled as the o phase) and in R3 at 203/
273 K (labeled as the (3 phase), respectively (Table S1). The
crystal structures in both phases can be roughly described as
a distorted perovskite-like structure (Figure 2). The Cd" ion is
octahedrally coordinated by six N atoms from six azido ions,
all of which act as end-to-end bridging ligands between two
Cd" ions, thus leading to a three-dimensional cage-like host
framework. The common structural feature of 1 is the anionic
[Cd(N;);]” cage unit enclosed by twelve Cd—N—N—-N—Cd
fragments, within which the guest [(CH;),NH,]" ion resides.

The structural difference between the o and {3 phases can
mainly be attributed to the different motion modes of the
[(CH;),NH,]" guest as well as a distinguishable deformation
of the [Cd(N;);]” framework, which leads to the structural
phase transition. In the o phase, there is one unique Cd" ion
and three types of crystallographically independent
N, ligands in the [Cd(N;);]” framework, each of which
(including metal and ligands) is half-occupied and located at
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a) a phase, P-1

Figure 2. Cage unit and packing diagrams of 1 at a) 150 K (o phase)
and b) 203 K (B phase). The dimethyl ammonium cation is disordered
over two sites in the o phase and over six sites in the 3 phase.
Hydrogen bonds are represented by dashed lines and H atoms are
omitted for clarity.

an inverse center. In the P phase, the unique Cd"ion is
located on a 3 center with the occupancy decreased to one
sixth. The site of the N5~ ligand itself is also related by an
inverse center, but the number of crystallographically inde-
pendent N5~ ligands decreases from three halves to one half.
Although the Cd--Cd bond lengths within a [Cd(N;);]~ cage
unit change very slightly in the two phases, the Cd--Cd---Cd
angles vary remarkably (Figure S3), implying that the
[Cd(N3);]” framework has a remarkable deformability. More
importantly, such deformability can lead to the variety of
symmetry elements found for the [Cd(N;);]” framework,
which essentially triggers the structural phase transition. On
the other hand, the [(CH;),NH,]* guests in both phases rotate
dynamically but show different degrees of disorder. In the
a phase, the [(CH;),NH,]" guest exhibits twofold disorder
related by an inverse center, whereas in the {3 phase it features
sixfold disorder related by a 3 center, as required by the
imposed trigonal R3 symmetry. It should also be noted that
although the guest cation is disordered, hydrogen-bonding
interactions can be found between the [(CH;),NH,|" guest
and the nitrogen atoms of the host [Cd(N;);]~ framework in
both phases (Figure 2, Table S3).

During the f—a phase, the symmetry of the system is
broken (Figure S4)" with a total symmetry decrease from six
symmetric elements (E, 2Cs, i, 2S,) to two (E, i). Thus, this
phase transition is ferroelastic with three equivalent ferro-
elastic directions and has an Aizu notation of 3FI.*!
According to the Curie symmetry principle, the space group
in the ferroelastic phase should be the subspace group in the
paraelastic phase, that is, one set of its maximal non-
isomorphic subgroups contain R3 and PI. Overall, the
ferroelastic phase transition is characterized by a change in
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the crystal system and the related lattice distortion is shown
by the spontaneous strain accompanying such a transition.*!
The driving force for the ferroelastic phase transition o«—f is
thought to be mainly the deformation of the
[CA(N;);]” framework and the simultaneous change in the
rotation modes of the [(CH;),NH,]" guest. For an order—
disorder transition, AS = RIn(N), where R is the gas constant
and N is the ratio of the numbers of respective geometrically
distinguishable orientations in both phases. According to the
X-ray diffraction studies on the two/sixfold disordered
[(CH;),NH,]" ions, the theoretical value of N should be 3
and thus the calculated AS value should be 9.1 JK'mol™".
However, from the Cp measurement, the AS value for this
phase transition can be estimated to be 4.6 JK 'mol !, which
is about half of the expected value. This result shows that
there is some residual entropy, implying that the phase
transition has some relaxor character.”

Furthermore, the dynamic rotation of the guest cation and
the relaxor character of such a phase transition were further
demonstrated by variable-temperature dielectric spectrosco-
py. As shown in Figure 3, the temperature-dependent com-
plex dielectric permittivity (e =¢'—i¢”) was measured over
a broad range from 0.5 to 1000 kHz and could be clearly
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Figure 3. Temperature-dependent measurement of a) ¢’ and b) ¢” at
various ac frequencies for a powder-pressed pellet sample of 1. Inset
in (b): Arrhenius representation of the data providing the linear fitting
of In(w) versus 1000/T,., for the ferroelastic phase (denoted by green
circles and the blue fitted line) and the paraelastic phase (blue circles
and orange fitted line).
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divided into three regions: ferroelastic, paraelastic, and
phase-transition regions.

In the ferroelastic region, the real part (&) of the complex
dielectric constant increased steadily from 80 K to circa 173 K
under all measured frequencies. For example, at 1000 kHz the
¢ value increased from 2.7 at 80 K to 13.2 at 173 K. At this
temperature the ¢ value is slightly frequency dependent,
suggesting the dynamic feature of a polar rotator in 1.2+?"
The relaxation process can be clearly demonstrated by the
frequency dependence of the &”value, in which &” peak
maxima were found at peak temperatures (7}.,) of 109, 97,
and 87 K for v=1000, 250, and 100 kHz, respectively.

Based on the Debye-type relaxation process, the relation-
ship between the ¢”value and temperature (7)) can be
expressed as: &(T)=wt(T)/[1+ «*t(T)?], where w is the
angular frequency of the test field and 7(7) is the relaxation
time. The term 7(7) is a function of temperature in
accordance with the Arrhenius law: 1/7 = w, exp[—E /(kgT)],
where E, is the activation energy, w, is a pre-exponential
factor, and kg is the Boltzmann constant. The ¢” value reaches
a maximum when wz(7) = 1. Thus, the test frequency can be
used to estimate the rotational rate (1/7) at T, and based on
this a w, value of 3.13x 10" s™! and an E, value of 2.00 kcal
mol~' were obtained from the plot of 1000/T ), versus In(w)
for the ferroelastic phase (Figure 3b, inset).

In the paraelastic region, the dielectric relaxation behav-
ior was significantly different to that detected in the
ferroelastic phase, implying a different relaxation process.
Based on the frequency dependence of the ¢” value, in which
maximum peak temperatures (7,.,) were found at 269, 280,
and 313K for v=0.5, 1, and 5 kHz, respectively, w, and
E, values were estimated as 1.73 x 10"’ s~ and 8.64 kcalmol !,
respectively, for the paraelastic phase (Figure 3b, inset). The
w, value for the paraelastic phase is about half that of the
ferroelastic region, whereas the FE,value is significantly
increased, indicating that the polar [(CH;),NH,]" ion is
more strongly confined by the host framework in the
paraelastic phase. Additionally, it should be noted that the
slight increase in ¢” values at temperatures above 330 K is due
to an increase in the conductivity at high temperatures.”"

During the phase-transition process, the dielectric con-
stant shows a sharp decline at around the transition temper-
ature (T,), for example the & value at 1000 kHz decreased
from 22.2 at 174 K to 13.3 at 183 K. From the structural data
at 150 K and 203 K, the net orientation dipole moment in
each cage was estimated to be circa 4.9 and 4.7 Debye,
respectively (see Supporting Information). Therefore, the
significant decrease of the dielectric constant at this stage is
most likely not caused by the slight change of the net dipole
moment but should be mainly ascribed to the significant
increase of activation energy from 2.00 kcalmol™ at the
ferroelastic phase to 8.64 kcalmol ' at the paraelastic phase.
The rotation dynamics of the [(CH;),NH,]" ions are mostly
controlled by the confinement effect, including steric effects
and hydrogen-bonding interactions, of the anionic cage walls
of the deformable coordination framework. The deformation
of the host framework during the phase transition results in
two different confinement effects for the guest cations, which
is somewhat weak in P1 ferroelastic phase and much stronger
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in the R3 paraelastic phase. Thus, the reorientation motions of
the cations in the low-temperature ferroelastic phase are
surprisingly much faster than those in the high-temperature
paraelastic phase.

By and large, the dielectric measurements show rarely
observed two-stage switchable dielectric relaxations, reveal-
ing that the molecular dynamics of the polar cation guest are
well controlled by the variable confined space of the host
framework, with a remarkable increase of the rotational
energy barrier from the ferroelastic to the paraelastic phase.
As a result, upon heating starting at low temperature, 1 shows
a notable switch from a low to a high dielectric state® at all
measured frequencies of the ferroelastic phase. With con-
tinued heating, 1 then switches again to a low dielectric state
during the phase transition. Thus, 1 serves as a model sensitive
thermoresponsive dielectric material over a broad range of
frequencies, especially in the low-temperature ferroelastic
phase.

Considering recent studies by Zhang and co-workers on
the molecular dynamics of the [(CH;),NH,]" ion in a confined
space  constructed by the  double-perovskite-like
[KCo(CN)e]>~ framework,"™? we proposed two possible
rotation models for the ferroelastic and paraelastic phases,
respectively (Figure 4). In both models, a 180° flip about the

<P C, ‘:i*, Pseudo C
hopping / rotation hopping / rotation

Model A Model B

Figure 4. Proposed rotation models for the dimethyl ammonium
cation in the ferroelastic (model A) and paraelastic phases (model B)
of 1.

electric-dipole C, axis does not change the orientation of the
dipole moment and should be thus dielectrically inactive. In
contrast, rotation about the axis perpendicular to the dipole
C, axis of the cation, specifically the C, axis in model A and
the pseudo-Cgaxis in model B, respectively, changes the
orientation of the dipole moment and is thus dielectrically
active. Moreover, the dielectrically active molecular dynamics
of [(CH;),NH,]"ions are well confined by the anionic
[Cd(N;);]” framework through supramolecular interactions
in 1, such as ionic interactions and hydrogen bonding.
Confinement leads to the remarkable dielectric relaxation
behavior detected over a broad frequency range. This
behavior is absent in [(CH;),NH,][KCo(CN)] because no
evident hydrogen-bonding interaction occurs between
[(CH;),NH,]" ions and the [KCo(CN),]*~ framework.

It is also meaningful to compare 1 with its Mn" analogue,
[(CH;),NH,][Mn(N3);], which was recently reported by Wang
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and co-workers.” In contrast to 1 which undergoes a ferro-
elastic phase transition of P1+ R3, the Mn" analogue exhibits
a non-ferroelastic phase transition of P2,<Cmca, and the
transition temperature (7.) is about 115 K higher than that of
1. It is surprising that although the lengths of Cd—N bonds are
slightly longer than those of Mn—N bonds, the Cd--Cd
distances in the [Cd(N;);]” cage unit are slightly shorter
than the Mn-Mn distances, implying that 1 has a more
flexible framework than its Mn" analogue. This phenomenon
may be ascribed to a slightly larger ionic radius and a more
easily distorted coordination environment for the Cd" ion.
Moreover, although hydrogen-bonding interactions also
occur in the Mn" analogue, the change of dielectric constants
before and after the phase transition, Ae’ < 0.2 at 1000 kHz, is
much less than that in 1 (A&’ ~ —8.9 at 1000 kHz). These two
isostructural compounds differ only in the metal component
but show distinctly different phase-transition behaviors and
dielectric responses, showing that subtle changes in the
coordination parameters can modulate the flexibility of the
perovskite-like azido framework to tune its structural phase-
transition behavior and the related physical properties.

In summary, a perovskite-like coordination polymer
composed of a deformable framework embedded with polar
cations 1 has been synthesized and studied by the combined
techniques of variable-temperature single-crystal X-ray dif-
fraction and dielectric measurements. 1 undergoes a reversible
ferroelastic phase transition because of the varied motion
modes of the [(CH;),NH,]* guest accompanied by a syner-
gistic deformation of the [Cd(N;);]” framework. The guest
molecular dynamics of the polar cation are controlled by the
variable confined space of the host framework, with a
remarkable change of the rotational energy barrier from
a ferroelastic to a paraelastic phase. Investigations on such
a thermoresponsive host—guest system may be key to under-
standing and modulating the molecular/ionic dynamics of
guest molecules in various confined spaces and may afford
a useful strategy to search for new sensitive thermoresponsive
dielectric materials.
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