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ABSTRACT: The inclusion compound [(CH,),NH,],-
[KCo(CN)4] exhibits a marked temperature-dependent
dielectric constant and can be considered as a model of
tunable and switchable dielectric materials. Crystal
structure and solid-state NMR studies reveal a switchable
property between low and high dielectric states around
245 K. This originates from an order—disorder phase
transition of the system, changing the dynamics of the
polar dimethylammonium (DMA) cation. Furthermore,
the tuning of the dielectric constant at temperatures below
the phase transition point is related to increasing angular
pretransitional fluctuations of the dipole moment of DMA.

lectrically polarizable materials exhibit rich dielectric,

piezoelectric, pyroelectric, and ferroelectric properties and
have widespread applications." For example, dielectric materials
are basic components of modern electrical and electronic devices.
Each of these materials is characterized by a dielectric constant &
(e = ¢ — ie”, where ¢ and ¢” are the real and imaginary parts,
respectively) that is related to microscopic polarizability of the
material. The ¢’ value of silicon nitride (~7) is usually used as a
boundary between high and low dielectric constant materials,
both of which are of interest for different applications.”

For a compound containing polar molecules, dipolar
reorientation can contribute significantly to the dielectric
response. In some cases, motions of the dipoles can be switched
on or off by external stimuli such as temperature. These
responsive materials, designated as switchable dielectrics, can
undergo a transition between high and low dielectric states at a
phase transition temperature (T.). Basically, the switching of the
dielectric constant at the T is due to motional changes of polar
molecules or ions between “rotating or hopping” (melt-like) and
orientationally ordered (frozen) states, which correspond to a
high-temperature phase (HTP) and low-temperature phase
(LTP), respectively. By considering only the contribution of the
dipolar reorientation of an ideal single-phase system (nearly
independent particle system), and defining a net dielectric
constant ¢4’ = (¢ — €' 1p), which equals C/T (C is a constant
and T the temperature) in the HTP and zero in the LTP, we can
clearly describe the switching property (model A; for a detailed
discussion see the Supporting Information). Switchable
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dielectrics have a magnetic counterpart, i.e., spin crossover
compounds, for which spin pairing and unpairing result in a
transition between low- and high-spin states.”

Switchable dielectrics can be found in a special type of
crystalline compounds, termed amphidynamic crystals by
Garcia-Garibay to describe an assembly of periodically arranged
molecules in the solid state that contain both rigid and mobile
(e.g, rotational) components.4_6 Tuning and switching motions
of the polar rotators in amphidynamic crystals naturally correlate
with dielectric, ferroelectric, and electrooptic functions which
have been long envisioned and pursued.””” Perovskite-type
metal—organic frameworks (MOFs) are highly suited to the
generation of amphidynamic crystals, because their structures
can be finely tuned by the combination of well-matched rigid
cavities and mobile guest molecules, or ions, as carriers of electric
dipole moments. Reports of switchable dielectric properties of
such MOFs, however, have been scarce. This is due to a lack of
knowledge of the geometry of the motion of the polar molecules
in different phases, and of the relationship between molecular
dynamics and the tuning and switching properties.g’dI Here, we
present the inclusion compound [(CH,),NH,],[KCo(CN)g]
(1) as an example of well-designed MOF-based switchable
dielectrics. Different molecular dynamics of the polar DMA
guests were characterized below and above a structural phase
transition point, which allow tuning and switching of the
dielectric constant.

Compound 1 was crystallized from an aqueous solution of
K;[Co(CN),] and [(CH;),NH,]Cl salts, by slow evaporation at
room temperature, as pale-yellow block crystals. A variable-
temperature single-crystal X-ray diffraction (XRD) study of 1
was performed in the range 113—293 K. The structure at 293 K
(HTP) belongs to the tetragonal space group P4/mnc, witha = b
=8.290(1) A and ¢ = 11.621(3) A. The most striking structural
feature is the double perovskite structure, known as cyano-
elpasolite A,[B'B"(CN)¢] (A = monovalent cation, B'(I) =
monovalent metal, and B”(III) = trivalent metal), in which the
cationic A guest is located in the cage formed by B'~NC—B"."
In 1, the anionic cage is formed by Co—C=N-—K units (Figure
la). The metal—cyanide bond is strong and covalent in the
fragment Co(CN)4 (Co—C & 1.9 A) and much weaker and ionic
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Figure 1. Packing diagrams viewed along the ¢ axis and cage structures of
1 at (a) 293 K (HTP) and (b) 113 K (LTP). The DMA cation is
disordered over four sites at 293 K, shown as an octahedron, and more
ordered over two sites at 113 K, shown as a rhombus. H atoms are
omitted for clarity.

in the fragment K(NC)4 (K—N & 3.0 A). The K* ion adopts an
octahedral coordination geometry compressed along the c¢ axis,
with equatorial K—N = 2.955(3) A and apical K—N =2.780(4) A.
Each [K,Co4(CN);,] cage accommodates a DMA cation that
displays orientational disorder over four sites. The site
occupancies of the N atom are 0.30, 0.20, 0.30, and 0.20. It
should be noted that the anionic cage is not a cube or a regular
hexahedron, but a concave decahedron that is tuned by the shape
of the DMA guest as a template. The crystal structure at 113 K
(LTP) still adopts the same space group with similar cell
parameters of a = b = 8.242(6) A and c = 11.584(10) A. However,
the DMA cation shows disorder only over two sites, with equal
occupancies in the ab plane (Figure 1b). The disorder over the
other two sites disappears in the crystal lattice.

Compared with molecular rotors, 1 shows characteristics of a
MOF-based rotor or compass.*"® The [K,Co,(CN),,] cage
provides the stator while the DMA acts as the polar rotator, and
both parts are connected by a virtual axis along the [110] or
[110] direction (HTP) (Figure 2). This makes 1 different from
covalently bonded molecular rotors. The ratio of the
components of the dipole moment along the [001] and [110]
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Figure 2. Array of dipole moments (red arrows) in the crystal lattice of
the HTP. Here we assume that the negative charge of the cage is located
at the center of the octahedron of the DMA cation. Thus, the dipole
moment produced by the separate positive—negative point charges is
superimposed on the permanent dipole moment of the polar DMA
backbone, in the same direction. The net dipole moment points from
the center of the octahedron to the N atom of the DMA cation. In the
cage, the dipole moment shows four perpendicular directions (from the
crystallographic viewpoint) confined in a plane shown as a purple circle.
In the crystal lattice, the planes have two orientations, [110] and [110],
respectively.
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Figure 3. Thermal and dielectric characterizations of the structural
phase transition in 1: (a) DSC and C, plots. (b) Temperature-
dependent dielectric constant of 1 along the [001] and [110] directions
at 1000 kHz upon cooling. Square symbols represent fitting points from
the NMR results. Inset: thermal hysteresis at 1000 kHz.

directions is found to be 2:1. The dynamics of the rotators will be
discussed below.

Differential scanning calorimetry (DSC) and specific heat (C,)
measurements in the temperature range 190—310 K (Figure 3a)
indicate a structural phase transition of 1 at 245 K, consistent
with the X-ray analysis. The sharp peaks and the thermal
hysteresis in the DSC curves and the A-shaped peak in the C,
curve show the characteristics of a first-order phase transition.
The entropy increase, AS, around T, is 13.0 J K™' mol™". An
estimate of the number of molecular orientations from the
calorimetric data yields N = 4.8, based on the Boltzmann
equation, 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. This indicates that the DMA cations
are much more disordered in the HTP than in the LTP,
consistent with the single-crystal XRD data discussed above.

The dielectric constant of crystal samples of 1 cut
perpendicular to the (001) and (110) planes was measured
(Figure 3b and Supporting Information). We note that &’ is
dominated by &4, and that the dipole moment of the DMA
cation is directed along the bisector of the H-N—H bond angle,
along a C, symmetry axis of the ion. With decreasing
temperature, ¢’ displays a relatively sharp transition about 245
K, consistent with the results of XRD and thermal analysis
discussed above. The real part &' of the complex dielectric
constant along the [001] direction is as high as 19 at 250 K in the
HTP, but only around 4 at 150 K in the LTP, at 1000 kHz,
corresponding to the high- and low-dielectric states, respectively.
The value of ¢ in the high-dielectric state is approximately
quadruple that in the low-dielectric state. In the frequency range
1—-1000 kHz, ¢’ is nearly frequency-independent, indicating that
the orientations of the dipole moments can easily follow the
oscillating electric field at the measured frequencies. Dielectric
anisotropy of 1 is also confirmed. In the HTP, the values of the &’
are about 19 and 14 along the [001] and [110] directions,
respectively. The anisotropy of the dielectric constant, however,
is lower than expected from the ratio of the components of the
dipole moments noted above. Upon cooling and heating, the
dielectric constants of 1 exhibit a thermal hysteresis of about 8 K
(Figure 3b), consistent with a first-order phase transition.

Moreover, the dielectric constant &’ of 1 exhibits a marked
increase at temperatures below the T, and a decrease from the
maximum value at temperatures above the T.. As shown in the
Supporting Information, this behavior can be interpreted as a
pretransitional effect due to fluctuations characteristic of a weak
second-order phase transition at the T, which hints at weak
cooperativity of the dipoles. However, there is no ferroelectric
ordering in 1 because a temperature-dependent second
harmonic generation measurement of 1 shows no signals of a

dx.doi.org/10.1021/ja3110335 | J. Am. Chem. Soc. 2013, 135, 5230—5233



Journal of the American Chemical Society

Communication

noncentrosymmetric structure. This is quite different from a
recently reported family of MOFs, [(CH;),NH,]-
[M"(HCOO),;] (M = Mn, Fe, Co, Ni, Zn), in which the
disorder—order transition of the DMA cation is the origin of
ferroelectric ordering.ga’b In these compounds, strong hydrogen
bonds between the cationic guest and the metal—formate host
are responsible for the paraelectric-to-ferroelectric phase
transitions.

In order to quantify these observations, the molecular
dynamics of the DMA cations in 1 were investigated by wide-
line >H NMR spectroscopy (Figure 4).'"'> This method can
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Figure 4. Simulated and experimental *H NMR spectra of 2 at different
temperatures. (a) Ilustration of three motion modes of DMA in the
cage, and simulated *H patterns based on the motion modes. (b)
Variable-temperature solid-state *H patterns of 2 measured in the
temperature range 180—340 K (black line). The simulated spectra are
shown as gray lines.

determine the geometries of the rotational motions of the
trapped molecules,"* in addition to the time scale, by virtue of the
nuclear quadrupole interaction. To this end, the amino protons
of the DMA cation were selectively deuterated to yield
[(CH,),ND,],[KCo(CN)¢] (2). The experimental ‘H NMR
spectra of 2 at different temperatures display marked changes
over large temperature ranges, both below and above the T,
(Figure 4b). At none of the temperatures was the characteristic
Pake pattern of *H NMR spectra spanning more than 250 kHz in
width, indicating an absence of motion, observed.'* Moreover, it
should be noted that the line shapes indicate rotational molecular
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motions with rates exceeding the width of the ?H spectra in the
rigid case. Figure 4a shows three motional modes of DMA and
the corresponding simulated line shapes. It is evident that the
experimental spectra at 180 and 200 K can be described by model
I, and those in the range 230—250 K by model II; at temperatures
above 260 K, well above the phase transition, model III applies.
Thus, the different ’H NMR line shapes in Figure 4b indicate that
the DMA cations in the cage exhibit different reorientation
processes at different temperatures. By simulating the patterns,
we have obtained detailed information on the reorientation
processes and its relationship to the dielectric behavior (see
Supporting Information):

o At low temperatures, the H NMR line shape indicates
that the DMA cations perform 180° flips about the axis of
the electric dipole (C, axis, model I). This symmetry-
conserving mode does not change the orientation of the
dipole moment and is thus dielectrically inactive.

When approaching the phase transition at 246 K, the two
singularities at the top of the patterns separate gradually, as
shown in Figure 4b. These spectral changes are attributed
to in-plane oscillatory fluctuations around the long axis of
the molecule (C,) in addition to the 180° flip (model II).
The oscillation amplitude determines the distance
between the two singularities."* These oscillations change
the orientation of the dipole moment and are therefore
dielectrically active. As shown in the Supporting
Information, the gradual increase in their amplitude can
be directly related to the increasing dielectric relaxation
strength. In order to achieve quantitative agreement
between the angular fluctuations as determined by *H
NMR spectroscopy and dielectric data, as shown in Figure
3b, the lattice contribution to &’ has to be taken into
account.

At temperatures above 260 K, well above the phase
transition, the H NMR pattern further narrows and
reaches the characteristic motionally averaged Pake
pattern at 320 K. As shown in the Supporting Information,
the unique axis of the motionally averaged quadrupole
tensor is along the C, axis of DMA, and the rotation
geometry is at least 4-fold. Inspired by the symmetry of the
cage, we simulated the line shape by approximate C,-
hopping, allowing unequal populations of C, symmetry at
temperatures between the phase transition and 320 K. In
addition, the 180° flips about the C, axis also remain
activated at these temperatures too (model III).

We note that models I and III have been used before to
describe the motion of dimethylammonium halide in a solid."*
The unequal populations of the four hopping sites, as indicated in
the NMR patterns, are consistent with the XRD data discussed
above, which indicate that in the HTP, the four sites of the DMA
cation, represented as an octahedron, have different occupancies
(see Supporting Information). Near the phase transition at 247
K, the ?H line shape exhibits features of both phases, most likely
due to a slight temperature gradient typically present in NMR
probes. This emphasizes the observation that the structural phase
transition at the T is of first order. The geometry of the motion
of the DMA guests in the different phases was also probed by *C
NMR spectroscopy (Figure S12). Quantitative agreement
between experimental and simulated line shapes is obtained
with the models described above. This shows that the DMA ions
rotate classically as a whole entity. Thus, the temperature-
dependent motions of the DMA ions revealed by *H NMR
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provide a deep understanding of the dielectric constant variation
at the different temperatures in the two phases, as shown in
Figure 3b, as well as of the pronounced pretransitional variation
of €. Moreover, the temperature dependence of &’ strongly
deviates from the simple expectation (Figure S1). This indicates
that other factors, such as interfacial polarization and the
inorganic framework, also contribute to &’. A quantitative
analysis of this contribution is beyond the scope of this
Communication. The gradual increase of the angular oscillations
below the T, however, offers a way to tune &', and the phase
transition itself allows switching the dielectric constant.

In conclusion, a MOF-based inclusion compound,
[(CH,),NH,],[KCo(CN)g], was synthesized and characterized
as a model compound of tunable and switchable dielectric
materials. This compound shows a striking increase of the
dielectric constant over a large temperature range, followed by a
switch between low- and high-dielectric states at a phase
transition around 245 K. Variable-temperature single-crystal
XRD and solid-state NMR measurements disclose that the
cationic DMA guest in the host cage exhibits pronounced
pretransitional fluctuations similar to those found in second-
order phase transitions. Moreover, the DMA drastically changes
its motional behavior by undergoing an order—disorder-type
structural phase transition. This generates a dielectric constant
which is switchable at the T and tunable over a significant range
at temperatures below the T.. Our findings indicate a new type of
functional material with potential applications in molecular
switches and electronic materials.'® The scaling behavior of the
pretransitional effects indicates a weak cooperativity of the
motion of the DMA dipoles. Thus, the exploration of the
mechanism of this tunable and switchable dielectric is closely
related to ferroelectrics and artificial molecular rotors."*”
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