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A Chemically Triggered and Thermally Switched Dielectric Constant
Transition in a Metal Cyanide Based Crystal**
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Abstract: A dielectric constant transition is chemically trig-
gered and thermally switched in (HPy)2[Na(H2O)Co(CN)6]
(2, HPy = pyridinium cation) by single-crystal-to-single-crys-
tal transformation and structural phase transition, respectively.
Upon dehydration, (HPy)2[Na(H2O)2Co(CN)6] (1) trans-
forms to its semi-hydrated form 2, accompanying a transition
from a low-dielectric state to a high-dielectric state, and vice
versa. This dielectric switch is also realized by a structural
phase transition in 2 that occurs between room- and low-
temperature phases, and which corresponds to high- and low-
dielectric states, respectively. The switching property is due to
the variation in the environment surrounding the HPy cation,
that is, the hydrogen-bonding interactions and the crystal
packing, which exert predominant influences on the dynamics
of the cations that transit between the static and motional states.

Stimuli-responsive materials are those that can change their
physical and/or chemical properties to enable responses to
external stimuli such as temperature, light, pressure, electric
and magnetic fields, radiation, and specific chemicals (for
example, use of solvents and different changes in pH
value).[1–5] Some properties can be switched between at least
two states, which can thus be used in sensors, switches, and
memory devices. Typical examples are spin-crossover (SCO)
compounds, in which the magnetic state can be switched
between low- and high-spin states because of spin pairing and
unpairing (for example, low- and high-spin FeII ion: t2g
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2 (S = 2)).[5,6] As an electric counterpart,
a switchable dielectric constant (SDC) shows switching
behaviors analogous to the SCO.[7, 8] The dielectric constant
or electric permittivity e’ (e = e’¢ie’’) reflects the degree of
electric polarizability of a material and is microscopically
associated with dipolar motions such as molecular rotations if
they exist.[9] For molecular crystals, the dielectric transition
between low- and high-dielectric states is established by the
reorientation transformation of polar components between

static (that is, frozen) and dynamic (motional) phases, which
are often accompanied by a structural phase transition
(PT).[10] This is an amphidynamic feature, that is, both static
and dynamic components assembled together in a crystal,[11]

which link the SDC compounds closely to crystalline molec-
ular rotors that exhibit diverse properties.[12–20]

Among the various stimuli, temperature is the most
frequently used trigger. In contrast, fewer results have been
reported on responsive materials that are triggered by stimuli
besides temperature.[3, 5] In the case of SDCs, the multi-
switchable property would greatly expand understanding and
potential applications of SDC materials. Herein, we report
a crystalline compound showing a SDC that is dually triggered
by chemical and thermal stimuli. In the crystal (HPy)2[Na-
(H2O)2Co(CN)6] (1, HPy = pyridinium cation), the HPy
cation is static, and thus the compound remains in a low-
dielectric state. Upon dehydration, 1 transforms to its semi-
hydrated form (HPy)2[Na(H2O)Co(CN)6] (2), in which the
HPy cation transforms to a dynamic state, resulting in a high-
dielectric state. This process is a chemically triggered SDC.
Furthermore, the HPy cation in 2 undergoes a dynamic
change between the static and motional states at about 230 K.
The motion of the HPy cation is switched by temperature,
which results in a transition between low and high dielectric
states.

Compound 1 was obtained as block crystals by evapo-
ration of an aqueous solution containing pyridinium chloride
and Na3[Co(CN)6]. Its structure was first solved at 293 K.
Compound 1 crystallizes in the orthorhombic space group
Cmca with a = 10.980(2) è, b = 16.143(3) è, and c =

11.159(2) è (Supporting Information, Tables S1–S3). The
anionic [Na(H2O)2Co(CN)6] part shows a two-dimensional
grid-like structure in the b plane (Figure 1a; Supporting
Information, Figure S1). Each [Co(CN)6] unit connects with
four Na ions through four CN groups, leaving the remaining
two trans CN groups as terminal ligands. The Na ion is bound
to four bridging CN groups (Na1¢N2 = 2.435 è and Na1-N2-
C2 = 180.088 along the a direction; Na1¢N3 = 2.604 è and
Na1-N3-C3 = 162.988 along the c direction) and two terminal
water molecules (Na1¢O1 = 2.476 è), showing a highly dis-
torted octahedral coordination geometry (N3-Na1-O1 = 69.388
and 110.788). Therefore, the grid plane shows a slight wave-like
or rippled surface pattern. Neighboring grids stack along the b
direction with the shortest Co···Na distance of 8.072 è, which
are linked to each other by hydrogen bonds between the
terminal CN groups and water molecules (N1···O1 =

2.757 è). Consequently, supramolecular cages form between
the grids, in which the HPy cation resides and is fixed through
a hydrogen bond between the N atom of the ring and the
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water molecule (N···O = 2.872 è). Two-site disorders are
found in the HPy cation and water molecule.

The crystals of 1 gradually effloresce in dry air at room
temperature (Supporting Information, Figure S2). Thermal
gravimetric analysis (TGA) shows that it loses two water
molecules per formula unit in two steps at around 320 K and
420 K, respectively, followed by decomposition at about
446 K (Supporting Information, Figure S3). Between the
two steps, 1 loses half of its coordinated water molecules
and retains stability in its semi-hydrated form 2 by a single-
crystal-to-single-crystal transformation (SCSCT).

At 293 K, 2 still crystallizes in the orthorhombic system
but with the space group Pmmn. Compared with 1, the
corresponding cell parameters also markedly change with a =

11.151(10) è, b = 8.821(8) è, and c = 9.684(8) è. In the
structure, the [Co(CN)6] component is unchanged owing to
its structural rigidity. In contrast, the Na ion undergoes
a striking coordination change from a highly distorted
octahedral geometry (N4O2) to a slightly distorted trigonal-
bipyramidal geometry (N4O) (Figure 1 b). The Na¢N lengths
are in the range 2.483–2.539 è and the Na¢O bond length is
decreased to 2.364 è. The [Co(CN)6] unit still connects with
four Na ions through four CN groups, but leaves untouched
the remaining two cis CN groups as terminal ligands. These
two large coordination changes result in a zigzag-shaped
surface of the CoNa grid plane with a dihedral angle of 106.188.

Neighboring grids are very well connected by N···HO hydro-
gen bonds (2.759 è) between the terminal CN groups and the
water molecules. The hydrogen-bonded water molecules
contribute to the high thermal stability of 2, which loses the
coordinated water above 420 K. The resulting irregular
supramolecular cage is heavily distorted because the Na¢O
bonds are not aligned with the Co¢C�N edges. Although it is
still trapped in the newly formed cage, the HPy cation
undergoes a high disorder with indistinguishable C and N
atoms in the six-numbered ring, which is totally different from
the state seen for 1.

It is notable that both 1 and 2 have a highly-distorted
double perovskite-type structure formulated as A2-
[B’B’’(CN)6] if the water molecules are ignored.[7] The
structural transformation between the two compounds is
proposed as a relative displacement in opposite directions of
the neighboring Co¢C�N¢Na chains that extend along the
a axis (Supporting Information, Figure S4). These alterations
cause about + 1.6%, ¢19.2 %, and + 17.4% of the changes
seen in the corresponding axes (by reference to 1) of the
crystal.[20,21] The driving force is a change in the coordination
geometry of the Na center that plays a key role in the stability
of the hydrogen network in the crystal lattice. This structural
rearrangement strikingly alters the environment around the
HPY cation, which results in different dynamic states of the
cations that are found in 1 and 2.

When 2 is cooled to 133 K, the space group is still Pmmn
and the cell parameters show inflections around the transition
point (Supporting Information, Figure S5). The most striking
change in the structure is the HPy cation. The C and N atoms
in the ring are totally distinguishable (Figure 1c). However,
the cation shows a static disorder over two sites with a dihedral
angle of 9.8488 in two orientations. The ring is anchored in the
cage by a hydrogen bond between the terminal CN group and
the N atom of the HPy (NH···N = 2.984 è). This dynamic
change of the HPY cation is accompanied by the structural
PT in 2.

The whole process of the SCSCT from 1 to 2 and the
structural PT in 2 was further demonstrated by variable-
temperature (VT) powder X-ray diffraction (PXRD) and
differential scanning calorimetry (DSC) measurements
(Figure 2). Upon heating, the PXRD pattern of 1 at 353 K
is completely different from the one found at 298 K, which
indicates transformation to the semi-hydrated form 2. It also
completely recovers to the hydrated form 1 in two days
following exposure to water vapor at room temperature. The
type I isotherm of 1 reveals that the adsorption and desorp-
tion of water vapor at 298 K is not completed immediately
(Supporting Information, Figure S7). These results demon-
strate the reversibility of the SCSCT between 1 and 2.
Moreover, DSC analysis shows that the semi-dehydration
from 1 to 2 occurs at approximately 330 K with a strong
endothermic peak. Upon further cooling–warming cycles, the
water-loss peak disappears and a pair of peaks appears in the
low-temperature region at around 228 K, which verifies the
occurrence of the reversible solid-state PT in 2. The measured
enthalpy change and corresponding calculated entropy
change of the PT are 0.275 kJmol¢1 and 1.20 J mol¢1 K¢1,
respectively.

Figure 1. Changes in the crystal packing (left) and supramolecular
cage-like environment around the HPy cation (right) of a) 1 at 293 K,
b) 2 at 293 K, and c) 2 at 133 K upon single-crystal-to-single-crystal
transformation and structural phase transition. Green dotted lines
represent hydrogen bonds. Hydrogen atoms are omitted for clarity.
The two-site disordered HPy cations in (a) and (c) are distinguished by
different bond colors.
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To understand the local reorientation process of HPy
cations, a preliminarily solid-state NMR study was applied to
2. Figure 3 shows the 13C chemical shift anisotropy (CSA)
powder patterns of the para-C (p-C) of HPy cation of 2 below
and above the phase transition point, which are extracted
from the 2D SUPER spectra (Supporting Information, Fig-
ure S8).[22a] Intriguingly, the pattern of p-C shows a typical
asymmetric tensorial powder lineshape below the transition
point, whereas above the transition point the pattern shows
typical features of an axially symmetric tensor with s? close to
(s11 + s22)/2 and sk close to s33. In the literature, the 13C CSA
tensor orientation of p-C of a static HPy in the molecular
frame has been measured, that is, s11 and s22 are located in the

HPy ring plane and s33 is perpendicular to the ring plane.[22b]

The tensor features of the p-C above the transition point thus
strongly indicate that the HPy cations likely undergo
a restricted anisotropic motion close to an axial in-plane
rotation, which could average s11 and s22 to s? and retain an
unaltered s33. Furthermore, the above single-crystal struc-
tures have shown only a small change of the position of the
HPy cation in the supramolecular cage below and above the
transition point. This indicates that the rotation axis of the
HPy cation is in all likelihood perpendicular to the plane of
the HPy ring. Under this rotational geometry, the rotation of
the HPy cations might have induced oscillation of the dipole
moment, which would result in a switchable dielectric
constant in 2 as discussed below. An NMR study on the
correlation between the dynamics of the HPy cation and the
switchable dielectric constant of 2 is currently under way.

Dielectric constant measurements were performed on the
powdered samples 1 and 2 in the range 120–350 K and 1–
1000 kHz (Figure 4; Supporting Information, Figure S9). For

1, the e’ keeps stable below 250 K with a value of about 5,
which corresponds to a low-dielectric state. It gradually
increases above 273 K, which is due to gradual water
activation in the crystal lattice. For 2, the high-dielectric
state is retained at room temperature. Upon cooling, the e’
value increases to reach a peak value of about 17 at 230 K.
This trend reflects the competition between orientational
polarization upon electric field and random thermal motion
of the HPy cations. A rapid drop is then followed to a value of
about 5 at 140 K, which corresponds to a transition to the low-
dielectric state. These dielectric changes are associated with
the static-motional transitions of the polar HPy cations in the
crystal. It is thought that the polar motion is much faster than
1 MHz because there is no evidence of frequency dependence
in the measured frequency range. A pretransitional effect in 2
is also observed in the temperature range 170–220 K, which is
shown as a gradual increase in e’ below the transition point of
230 K. This is supposed to be caused by a partial activation of
the polar HPy cation.[7b]

As mentioned above, the SDC arises from the contribu-
tion of molecular dipolar reorientation. However, the rela-
tionship among dielectric constant, dipole moment and
temperature in condensed matter is not simple due to
complicated intermolecular interactions.[23] Considering the
fact that the dipole moment of the HPy cation is strictly
confined in the rigid ring plane and the motional HPy cations

Figure 2. a) Variable-temperature PXRD patterns of 1 upon heating
and hydration at 298 K, together with the simulated patterns of 1 and
2 from single-crystal X-ray diffraction data. b) DSC curves of 1 as
measured in two cooling-heating cycles.

Figure 3. 13C CSA patterns of the p-C of HPy cation of 2 below and
above the phase transition point. The gray lines are the simulated 13C
CSA patterns to fit the experimental patterns (the black lines) that are
acquired at room temperature and at 208 K, respectively.

Figure 4. Temperature dependence of the real part of the dielectric
constant on the powdered samples of 1 and 2 at 1 MHz.
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are well-segregated by the metal-cyanide framework in the
crystal lattice, the assembly of the cations can be simplified as
a dipolar liquid model. Therefore, the following Kirkwood–
Frçhlich equation can be used to fit the experimental data of 2
in the high-dielectric state:

e0 ¢ e1ð Þ 2 e0 þ e1ð Þ
e0 e1 þ 2ð Þ2 ¼ Nm2

9 e0kBT
¡ gK

where the Kirkwood factor gK is used to measure the
interactions among the dipoles (Supporting Information,
Figure S10).[9,24] The calculated gK shows a slight temperature
dependence in the high-dielectric state of 2 with values of 1.08
at 323 K and 1.11 at 263 K, which indicates the existence of
weak intermolecular interactions. This result is consistent
with the observations in the crystal structures (Supporting
Information, Figure S5). It should be noted that ferroelectric
or anti-ferroelectric behaviors would be generated if the
dipole carriers are strongly coupled.[8e, 12]

Relationship between the structure and the SDC is thus
established. In 1, the HPy cation is fixed in the supramolec-
ular cage by a relatively strong NH···O hydrogen bond. It
undergoes a static disorder over two sites with equivalent
occupancies that does not contribute to the dielectric
constant. Thus 1 remains in the low-dielectric state until it
undergoes dehydration to transform to 2 where the HPy
cation shows a dynamic disorder that contributes to the
dielectric constant, which corresponds to the high-dielectric
state. The disordered state is ascribed to the strikingly
weakened NH···N hydrogen bonds that are located between
the HPy cation and the new supramolecular cage that make
the motion possible. When the temperature decreases to
a point where the strength of the NH···N hydrogen bond
overwhelms thermal agitation, the HPy cation transforms to
a static disorder, which corresponds to a structural PT. This
change leads to the low-dielectric state of 2.

In conclusion, the chemically triggered and thermally
switched dielectric constant is realized in (HPy)2[Na-
(H2O)Co(CN)6] (HPy = pyridinium cation) by single-crystal-
to-single-crystal transformation and structural phase transi-
tion, respectively. The dual switching properties rely on the
variation of the environment around the HPy cation, that is,
hydrogen-bonding interactions and crystal packing, which
exert predominant influence on the dynamics of the cation
that transits between the static and motional states.

Keywords: cyanide · phase transitions · pyridinium ·
single-crystal-to-single-crystal transformations ·
switchable dielectric constant
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