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Dynamics of Caged Imidazolium Cation – Toward 
Understanding The Order-Disorder Phase 
Transition and Switchable Dielectric Constant† 

Xi Zhang,a Xiu-Dan Shao,b Si-Chao Li,b Ying Cai,b Ye-Feng Yao,*a Ren-Gen Xiongb 
and Wen Zhang*b  

A molecular compass-like behaviour is found in a perovskite-
type cage compound (HIm)2[KCo(CN)6] (HIm = imidazolium 
cation). The dynamic changes of the HIm cation from static to 
rotating state, along with the rearrangement of host cage 
result in a switchable and anisotropic dielectric constant. 

Crystalline compounds that consist of both rigid and motional 
components in the crystal lattices have recently attracted much 
attention, such as crystalline rotors,[1-9] dynamic porous 
frameworks[10-15] and molecular dielectrics and ferroelectrics.[16-21] 
Motional changes of polar components can arouse controlled optical 
and electrical properties under external stimuli.[4-6,18-21] For example, 
switchable dielectric constant can be realized by the transition of the 
polar groups between static/ordered and dynamic/disordered phases, 
resulting in a switching between low and high dielectric states.[21] 
However, this type of transition is difficult to predict and design for 
crystalline compounds because it depends on complicated 
interactions among the molecules during crystallization. As is often 
the cases in crystallization, well designed molecular rotors fall into a 
totally tight packing in crystal, which prohibits any possible internal 
motions under measuring conditions. Fortunately, metal-organic 
frameworks and inclusion compounds afford a promising means to 
partly overcome this serendipity of crystallization.[10,22] By 
exploiting the knowledge of coordination chemistry and crystal 
engineering, a bottom-up self-assembly approach can be used to 
construct various host/framework structures as shown in Scheme 
1.[23] Generally, the host is rigid or static as stator while the residing 
guest acts as rotator. The motion is strictly confined in and 
modulated by the local environment of the pore. Rotations of the 
guests are apparently analogous to the real molecular rotators which 
are covalently bonded with the stator parts. 

We here report a switchable dielectric compound 
(HIm)2[KCo(CN)6] (HIm = imidazolium cation, 1-d0). It has a 
double perovskite-type structure, featured by anionic [Co4K4(CN12)] 
cage in which a cationic HIm guest resides. The compound exhibits 
two phase transitions at 198 K and 112 K, respectively, leading to 
stable high and low dielectric states. Compared with the analogous 
compound (HIm)2[KFe(CN)6],[21a] the utilization of the diamagnetic 
Co(III) ion makes it possible to study the dynamics of the caged HIm 
cations by solid state NMR. Through combined use of single-crystal 

X-ray crystallography and NMR, the dynamic changes of the caged 
HIm cations from static to rotating state, along with the 
rearrangement of host cage have been revealed in great detail, 
providing a molecular mechanism of the transition between the high 
and low dielectric states of the material.  

 
Scheme 1. General procedure of the self‐assembly of subcomponents into three‐

dimensional packed cages: A, cationic guest (e.g. imidazolium and its deuterated 

analogues),  showing  a molecular  compass‐like behavior; B, monovalent metal 

ion; B, trivalent metal ion. 

 
Figure 1. Thermal measurements of 1‐d0: (a) DSC curves and (b) heat capacity. 

The two solid-state phase transitions of 1-d0 were firstly 
disclosed by thermal analyses including DSC and Cp tests (Fig. 1). 
The DSC curves measured in a cooling-heating cycle show two pairs 
of reversible peaks, i.e., a pair of sharp ones centered around 112 K 
(T1) and a pair of round peaks or steps centered around 198 K (T2). 
The phase below T1 is thus labelled as low-temperature phase (LTP) 
and the phases between T1 and T2 and above T2 as intermediate-
temperature phase (ITP) and high-temperature phase (HTP), 
respectively. The two sequential phase transitions were further 
identified by the heat capacity Cp measurement, showing a sharp λ-
like peak at T1 and a cusp at T2. 
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Figure 2. Crystal structures of 1‐d0 in the (a) HTP (293 K) and (b) LTP (93 K). In the 

HTP, the two nitrogen atoms of the HIm cation are refined as carbon atoms. 

Crystal structure of 1-d0 was measured in the temperature range 
93−293 K. The basic structure unit is the [Co4K4(CN12)] cage in 
which an HIm cation resides (Fig. 2). In the HTP and ITP, 1-d0 has a 
centrosymmetric space group R−3m while in the LTP, the space 
group changes to C2/c. This difference is reflected in the geometries 
of the host cage and the guest. At 293 K, the edge (Co···K) and 
angle (KCoK or CoKCo) of the cage are 5.946 Å and 85.75°, 
respectively. In the edge of Co−CN···K, the N···K distance is 
2.902 Å and the KNC is 177.67°, indicating an almost straight line. 
Located at the center of the cage, the plane of the HIm guest is 
perpendicular to the body diagonal of the cage and also to the c axis. 
A highly disorder of the cation is revealed by the hexagon which is 
refined by modelling the atoms on the five-numbered heterocyclic 
HIm cation distributed over six sites as required by the crystal 
symmetry. The edge of the hexagon is 1.070 Å. At 93 K, either the 
cage or the cation guest takes striking changes with the 
disappearance of the threefold axis. The edges of the cage are in the 
range 5.903−5.940 Å, getting a little shorter, and the angles of 
KCoK or CoKCo still keep the values around 85°. Although the 
N···K distances of the edge change little (2.877−2.898 Å), the angles 
of KNC obviously deviate from 180° with values in the range 
169.15−170.82°. These data show the displacement of the K ions 
and cyanide groups, i.e., ionic nature of the N···K bond, is the main 
reason of the contraction of the crystal lattice that makes the 
structural transformation possible. As a result, the HIm guest 
becomes ordered in the LTP with definitely distinguishable carbon 
and nitrogen atoms on the five-numbered HIm ring. However, their 
relatively large max/min ratios of the anisotropic displacement 
parameters indicate the existence of a certain degree of static 
disorder. As a contrast, the HIm cations undergo similar disorders in 
the ITP and HTP. Temperature dependence of the cell parameter 
indicates the ITP-to-HTP transition is mainly originated from the 
rearrangement of the host structure (Fig. S1, ESI). 

Temperature dependence of the real part () of complex relative 
dielectric permittivity, measured along the [101] direction (HTP) of 
the single crystal sample of 1-d0, is shown in Figure 3 (also see Fig. 
S2-3, ESI). The dielectric curve exhibits two anomalies in the 
measured temperature range 90−280 K. One is a sharp jump at ca. 
105 K and the other is small peak at 195 K, corresponding well to 
the thermal measurements (the small discrepancy arising from 
different rates of change of temperature). Below 105 K (LTP), the 
permittivity keeps nearly constant of ca. 6 as the low dielectric state 
while between 105 K and 195 K (ITP), the permittivity varies in a 
small degree with the values between 20−24 as the high dielectric 

state. Above 195 K, the dielectric permittivity gradually decreases 
with the increase of the temperature due to the competition between 
thermal disordering and electric ordering like in polar liquids. A 
thermal hysteresis of ca. 5 K was found during the transition 
between LTP and ITP, reflecting very weak interactions between the 
cationic guests and the host lattice. 

 
Figure 3. Temperature‐dependent dielectric constants () of 1‐d0 along the [101] 

and [001] directions measured at 10 kHz and 1 MHz.  

A strong crystal axis-dependence of the dielectric permittivities 
of 1-d0 is found. Large anomalies are observed in the directions 
perpendicular to the threefold axis (e.g. [101]) of the crystal lattice 
while little anomaly is recorded in the whole temperature range in 
the direction of threefold axis (i.e. [001]), confirming that the 
dielectric anisotropic properties are confined to the plane 
perpendicular to the threefold axis of the HTP. Such a phenomenon 
is consistent with the crystal structure in which the HIm cations lies 
in the plane perpendicular to the c axis in the HTP and can only 
rotate around this axis in the Co−CN−K cage. The dielectric 
behavior of the inclusion compound looks like a two-dimensional 
liquid of polar molecules. 

In order to have a better understanding of the dielectric 
behaviour of 1-d0 in molecular level, molecular dynamics of the 
HIm cations in the cages was investigated by wide-line 2H NMR. 
This method can determine the geometry and frequency of rotational 
motions on a time-scale ranging from 10-4 s to 10-8 s.[3,24] Partially 
deuterated sample 1-d3 was selected for the study (Fig. 1) which 
shows similar properties to 1-d0 (Fig. S4, ESI). The experimental 2H 
NMR spectra of 1-d3 display marked changes over a large 
temperature range (Fig. 4). The different 2H NMR line shapes in the 
spectra indicate that the HIm cation in the cage exhibits different 
reorientation processes at different temperatures. By simulating the 
patterns, detailed information of the reorientation processes has been 
obtained (More details can be found in Supporting Information). 
• The 1st transition (Fig. 4a). Below the 1st transition temperature 

(e.g., 80 K), the Pake pattern spans ca. 290 kHz in width, 
indicating that the HIm cations are absent of motion. When the 
temperature is just above the 1st transition temperature (e.g., 120 
K), the width of the Pake pattern is reduced by half, indicating 
that the HIm cations perform an axial rotation about the Cn axis 
perpendicular to the HIm ring plane (see Model I).  

• Between the 1st and 2nd transition (Fig. 4b). At the 
temperatures above the 1st transition temperature but below the 
2nd transition temperature, the patterns gradually change the line 
shape, but the distance between the two singularities of the 
patterns remains unchanged. This change in the line shape was 
simulated with a model that considers an increase of the 
rotational frequency, k, of the HIm, while keeping the rotational 
axis unchanged. The simulated patterns match well with the 
experimental ones. The Arrhenius plot, k = k0 exp(-Ea/RT), 
yields an activation energy Ea = 11.0 kJ/mol and a 
preexponential factor k0 = 1.98*1011 s-1. 
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• The 2nd transition (Fig. 4c). Above the 2nd transition 
temperature, the pattern exhibits the characteristic motionally 
averaged line shape, indicating that the rotation of HIm ring has 
reached the fast limit. Reflecting the fast dynamics of the HIm 
rings, the Pake patterns of N-CD-N and N-CD-CD-N are 
resolved in the spectra (Fig. S6, S8, ESI). With increasing 
temperature the singularities at the top of both patterns exhibit a 
tendency to merge gradually. This change can be attributed to 
the out-plane oscillatory fluctuation of the HIm ring in addition 
to the Cn rotation (Model II).24d The simulation was performed 
based on this model. The experimental data in Fig. 4c were 
matched well with the simulated spectra with the fluctuation 
angle having a width of  ranging from 2° at 190 K to 24° at 340 
K (see Fig. S6-7, ESI).  

 

 
 

 
 

 
Figure 4. Simulated and experimental 2H NMR spectra of 1‐d3: a) at 80 K and 120 

K; b) from 120 K to 180 K; c) from 190 K to 340 K. The cartoon pictures in Figure 

4a, b, c  illustrate the motion modes of HIm cations  in the cage and the induced 

dipole moment.  In  the Arrhenius plot  in  Fig. 4b,  the  rotational  frequencies,  k, 

were obtained from the 2H pattern simulation. The 2H patterns were simulated 

via  the  weblab  (http://weblab.mpip‐mainz.mpg.de/weblab/).24c,d  In  Figure  4a 

and  b,  the  grey  patterns were  simulated  based  on Model  I.  In  Figure  4c,  the 

width of  the  fluctuation angle, , were obtained  from  the simulation based on 

Model  II.  More  details  about  the  simulation  can  be  found  in  Supporting 

Information (Fig. S5‐7, ESI). 

The temperature-dependent motions of the HIm revealed by the 
above 2H NMR provide us a deep understanding of the dielectric 
responses of the material at the different temperatures. At the 1st 
transition, the HIm ring in the cage starts to perform the in-plane 
rotation about the Cn axis. The rotation of HIm ring can induce a 
rotation of the dipole moment in the [001] plane (see the cartoon 
picture in Fig. 4a) and thus the sudden change of the dielectric 
permittivity. If considering the rotation of the dipolar moment of 
HIm as the only contribution to the change of the dielectric 
permittivity, , the rotational geometry of the HIm ring indicates 
that the maximum  should appear in the [100] or [010] plane, i.e., 
perpendicular to the HIm ring plane (here a naturally grown plane 
[101] was measured instead), and the minimum  should appear 
on the [001] plane that is parallel to the HIm ring. This derivation is 
well consistent with the observation in the dielectric measurement 
shown in Fig. 3. 

Between the 1st and 2nd transition, the HIm rings still perform 
the in-plane rotation and thus the high dielectric state of the material 
is maintained. The gradual decrease of the dielectric permittivity at 
this temperature range can be related to the thermal motion against 
the alignment of the molecular dipole moments in the electric field 
direction as revealed by Debye equation.  

At the 2nd transition, the HIm rings start the out-plane oscillatory 
fluctuation in addition to the Cn rotation. This increase in freedom of 
the molecular motion reflects the expansion of the host structure in 
HTP, and thus is in line with the X-ray observation. The out-plane 
oscillatory fluctuation of HIm rings is considered to have a direct 
relation to the 2nd transition of the dielectric permittivity. But the 
contribution of this motion to the dielectric permittivity of the 
sample is twofold. Firstly, it is straightforward that the oscillatory 
fluctuation changes the orientation of the dipole moment of HIm 
cation and thus is dielectrically active (see the cartoon picture in Fig. 
4c). Secondly, it has been noticed that in a cage in HTP the centre of 
the equivalent negative charge does not completely overlap with the 
centre of the positive charge of the HIm ring (Fig. S9, ESI). A dipole 
moment between the positive charge and the equivalent negative 
charge thus exists. When the HIm ring starts the fluctuation, the 
dipole moment most likely fluctuates too. This may induce an 
additional dielectric response that contributes to the 2nd transition of 
the dielectric permittivity.  

Conclusions 

We report a perovskite-type cage compound (HIm)2[KCo(CN)6] (1-
d0, HIm = imidazolium cation) showing a molecular compass-like 
behavior. The guest HIm cation resides in the anionic host 
Co4K4(CN)12 cage and undergoes dynamic changes from static to 
rotating state. The order-disorder mechanism, along with the host 
rearrangement, is responsible for the transition between the low and 
high dielectric state. Compound 1-d0 presents a new class of 
crystalline molecular rotary dielectrics that shows striking dielectric 
anomaly and anisotropy. Investigations on such systems shed light 
on the search for new electric ordering materials based on molecular 
materials and understanding of the motions of dipole moments in 
crystal lattices. 
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