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Low molecular weight glass formers encapsulated within clathrate structures offer a singular testground
to study the intricate interplay of confined molecular motion and ferroelectric properties. Using
broadband dielectric spectroscopy (BDS), we investigate the dynamic behavior of 1-propyl-1H-imidazole
within a supramolecular enclosure formed by duad semicage p-tert-butylcalix[4]larene. Unlike the bulk
liquid, where the dielectric spectrum is dominated by the structural relaxation, the clathrates paraelectric
phase reveals two distinct molecular relaxation processes. Aided by quantum chemical calculations, the
slow process is assigned to head-to-tail reorientations of the guest molecule, while the faster process
arises from intramolecular fluctuations of the imidazole ring. These dynamics freeze as the system
transitions to the ferroelectric state via a second-order phase change that has been characterized by

rsc.li/pccp photopyroelectric calorimetry.

Introduction

Clathrate compounds provide a unique opportunity for studying
the dynamics of guest molecules in a precisely defined environ-
ment formed by the host lattice. If the trapped molecules are polar,
broadband dielectric spectroscopy (BDS) becomes a particularly
powerful technique to this end because it allows the deconvolution
of the distinct dynamic contributions from the host and guest
systems within the spectra.” This was recognized early on, and the
first studies on the dielectric properties of clathrates date back to
the middle of the last century.”™ In general, the experimental
evidence suggests that the individual and collective molecular
dynamics in a confined space are determined by the counter-
balance between surface- and confinement-effects.>® While the
interactions of guest molecules with the host system at the inter-
face between both tend to slow down the dynamics, confinement
causes an increase in mobility. The situation is especially interest-
ing in the case of low molecular weight glass formers, for which
the topology and dimensionality of the spatial confinement has
dramatic consequences. The most prominent feature in the
dielectric spectra of glass-forming liquids is the so-called o-
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relaxation, which reflects the slowing down of the dynamics when
approaching the glass transition."” This structural relaxation is gen-
erally associated with the dynamics of cooperatively rearranging
regions,” although a consensus regarding the physical interpretation
of this process is still lacking, and it is sometimes regarded as the
biggest unsolved problem in condensed matter physics.” Interestingly,
nanometric spatial confinement can continuously alter this collective
bulk behavior to that of single molecules, as in the well-studied
example of ethylene glycol confined in various zeolite host systems.’

In certain cases, spatial restrictions can give rise to phase
transitions and emergent properties, which is a field of increasing
interest in its own right. Recently, a paper showcasing the incor-
poration of 1-propyl-1H-imidazole (hereinafter PIm, see Fig. S1 of
the ESIY) into a supramolecular cage formed by duad semicage p-
tert-butylcalix[4Jarene (BC, see Fig. S1 of the ESIf) was published.'
The resulting compound (PIm@(BC),, see Fig. 1) constitutes the
first example of a ferroelectric clathrate featuring a molecule-
inclusive supramolecular cage. It is thus an interesting system in
which to explore the dynamics of the confined PIm molecule
leading to the emergence of spontaneous polar order. Since this
kind of systems provides the possibility of switching the polariza-
tion of a single trapped molecule,"*™ they have potential for
designing advanced materials to be developed, among other
applications, into high-density molecular-scale memory devices at
the subnanometric level. In this paper, we present the results of
comprehensive BDS experiments on both PIm@(BC), and bulk
PIm, alongside quantum chemical calculations to support the
interpretation of the dielectric relaxation processes. In addition,
we have performed precision calorimetric measurements to clarify
the nature of the ferroelectric transition.
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Fig. 1 (a) DFT-optimized geometry and dipole moment of the PIm molecule.
(b) Crystal structures of the ferroelectric (a) and paraelectric (b) phases of the
PIm@(BC), clathrate system determined by single-crystal X-ray diffraction.’®

Experimental section
Materials

PIm@(BC), single crystals were synthesized as described in ref.
10. These single crystals were then milled with an agate mortar
and pestle to a very fine powder. The powder was stored in a
desiccator to remove moisture and later compressed with a die
into circular plane-parallel pellets (5 mm in diameter) using a
hydraulic press at 2 tons of force for 2 minutes at room tempera-
ture. PIm (purity > 98%) was purchased from Tokyo Chemical
Industry Co., Ltd. It is a clear liquid at room temperature.
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Broadband dielectric spectroscopy

Broadband dielectric spectra were recorded in the 10 Hz-1 GHz
spectral range. Low-frequency measurements (up to 1 MHz) were
performed with an Alpha-A impedance analyzer from Novocontrol
Technologies GmbH, while an HP 4191A RF reflectometer was
used at higher frequencies (1 MHz-1 GHz). The samples were
placed between two circular gold-coated brass electrodes 5 mm in
diameter forming a parallel-plate capacitor. The electrode separa-
tion was determined by the sample thickness in the case of
PIm@(BC), (~400 um), while spherical silica spacers 20 um in
diameter were used for PIm. The cell was then placed at the end of
a modified HP 16091A coaxial test fixture, using a Quatro Cryostat
for temperature control. The complex dielectric permittivity
e(f) = ¢(f) — #'(f) data were fitted to Havriliak-Negami
relaxations with a conductivity term:

Moot — T

LT
k

where ¢, is the high-frequency dielectric permittivity, Aey, fi, o«
and f are respectively the dielectric strength, relaxation frequency
and broadness exponents of mode k, ¢ is a measure of the
conductivity, and 4 is an exponent higher than 0 and lower or
equal to 1.

Photopyroelectric calorimetry

Thermal diffusivity measurements of PIm@(BC), were carried
out using a high-resolution ac photopyroelectric calorimeter in
the back detection configuration. This technique is particularly
suited to study phase transitions in detail since a small tempera-
ture gradient in the sample gives rise to a high signal-to-noise
ratio in the detector. The details of the experimental setup,
measurement procedure, and the theory which explains how to
obtain thermal parameters from the photopyroelectric signal can
be found elsewhere."*

Quantum chemistry

Density functional theory (DFT) calculations were performed
using Gaussian 16.'® Initial optimization of the molecular geo-
metry was followed by a calculation of vibrational frequencies to
confirm that the structure corresponded to an energy minimum.
Avogadro software was used for structure visualization."®

Results and discussion

Firstly, we will focus on PIm in its bulk liquid form. PIm is a
small yet highly polar molecule. Its dipole moment calculated at
the B3LYP-GD3B]J/aug-cc-pVTZ level of DFT is u ~ 4 D (see
Fig. 1a). Fig. 2 shows the measured dielectric spectra of PIm (see
fit examples and parameters in Fig. S2 and Table S1 of the ESIf).
Ignoring conductivity and electrode polarization effects at low
frequencies, a single (almost Debye-like) relaxation process is
observed in the whole temperature range, which can unambigu-
ously be identified with the a-relaxation. As mentioned in the
introduction, this is a universal feature of glass-forming liquids.
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Fig. 2 Dielectric loss spectra of Plm for various temperatures. Lines are fits to the Havriliak—Negami function.

Following a simplified picture of glassy dynamics, a molecule
fluctuates in the cage of its neighbors, and the o-relaxation is
associated with reorientations of the molecules forming the cage."
As can be seen in Fig. 2, this process slows down dramatically as
the temperature is lowered, which precisely reflects its collective
nature. Below 193 K, the data became noisy and the o-relaxation
could no longer be followed, presumably due to bad contact with
the electrodes. It should be mentioned that other imidazole-based
liquids were studied in ref. 17.

As mentioned, by trapping the PIm molecule between two BC
semicages, a clathrate compound is formed, namely PIm@(BC),
(see Fig. 1b). Very remarkably, this clathrate system undergoes a
ferroelectric transition at 7¢ ~ 189 K, as evidenced by the peak
in ¢ shown in Fig. 3. In particular, the suppression of this peak
at high frequencies is typical for ferroelectrics of order-disorder
type.’® As evidenced by X-ray diffraction experiments,'® at this
temperature the two BCs within a supramolecular cage undergo
relative displacement, resulting in a change in cage symmetry. In
particular, the space group changes from P4/nnc in the high-
temperature paraelectric phase to P2nn in the low-temperature
ferroelectric phase. In Aizu notation, this system belongs to
species “4/mmmFmm2”."® Since the symmetry elements of the
low-temperature phase are contained in those of the high-
temperature phase, the ferroelectric transition can, in principle,
be second order.” By fitting the data of Fig. 3 with the Curie-
Weiss law at several frequencies (see Fig. S3 of the ESL} and the
corresponding caption) we have obtained Cpara/Crerro ratios in the
range 1.9-2.3, which is an indication that the behavior is close to
the Landau prediction and a suggestion that the transition is a
second-order one.

In order to obtain additional insights into the ferroelectric
transition and elucidate its precise nature, we performed high-
precision thermal measurements. Although the differential
scanning calorimetry (DSC) curves reported in ref. 10 showed
a peak at T, thus pointing to a first-order phase transition, it is
important to note that pretransitional fluctuations can induce a
fictitious enthalpy increase in DSC measurements.>! Therefore,
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Fig. 3 Temperature dependence of the real part of the complex dielectric

permittivity of PIm@(BC), at selected frequencies. The vertical dashed line
corresponds to the ferroelectric phase transition temperature.

ac calorimetry techniques, like photopyroelectric calorimetry,
are better suited for this purpose. Through this technique, we
obtained the thermal diffusivity K/pc, of the sample as a
function of temperature, K being the thermal conductivity, p
the density and ¢, the specific heat. The results are shown in
Fig. 4. The overall temperature dependence of the observed
thermal diffusivity is typical of thermal insulators, in which the
thermal transport is dominated by phonons. As the tempera-
ture decreases, the phonon mean free path severely increases,
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Fig. 4 Temperature dependence of the thermal diffusivity of PIm@(BC),.

thus leading to an increase in diffusivity. The ferroelectric
transition appears as a dip at T¢ = 188.5 K superimposed on
this general behavior. Both the shape of the dip and the fact
that we did not observe any hysteresis in our experiments led us
to conclude that this is a second-order phase transition. Lastly,
it is worth mentioning that the absolute values of the thermal
diffusivity are quite low, comparable to those of polymeric
materials.>” Nevertheless, this cannot be univocally attributed
to the intrinsic material properties but could be the result of the
porosity of the prepared polycrystalline hard-pressed sample.
Coming back to Fig. 3, we notice that, above T¢, a small
temperature-evolving bump appears at low frequencies. This
corresponds to some kind of dipolar relaxation, to which we
now turn our attention. As can be seen in Fig. 5a, a single
relaxation process is observed below 1 MHz (see fit examples
and parameters in Fig. S4 and Table S2 of the ESIt). This was
already observed in ref. 10. At 293 K, it appears almost four
decades in frequency below that of bulk PIm. It is reasonable to
think that this is partly due to the molecule being trapped
inside the supramolecular cage, with which it interacts through
C-H- - -7 interactions.'® However, one must remember that this
system is a heterogeneous dielectric formed by a matrix (the
host lattice) and the guest molecules. In general, the dielectric
permittivity is not an additive quantity, so in order to isolate the
response of the guest, a quantitative analysis must be per-
formed that accounts for both the dielectric properties of the
matrix and the structure of the system.**">* The available
models for such an analysis are often extremely simplified
and of limited applicability, and the conclusions that can be
drawn from them are often of limited value, so we will not focus
on this issue in the present discussion. Unfortunately, below
209 K, with the relaxation already below 1 kHz, the data became
noisy and it could no longer be followed. Remarkably, around
this temperature and down to almost T¢, an additional high-
frequency relaxation enters the measurement range and it is
detected (see Fig. 5b). It appears broader than the low-
frequency mode (see fit parameters in Table S2 of the ESIY),
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Fig. 5 Dielectric loss spectra of PIm@(BC), at (a) low frequencies and
(b) high frequencies for various temperatures. Lines are fits to the Havriliak—
Negami function.

and increases in amplitude as the temperature is lowered.
Finally, no relaxation is observed in the ferroelectric phase.
The interpretation of dielectrically active processes usually
requires analyzing the temperature dependence of their absorp-
tion frequencies. These are shown in Fig. 6. As inferred from
Fig. 2, the a-relaxation in bulk PIm slows down rapidly as the
temperature is lowered. This non-Arrhenius behavior is typical
of the structural relaxation and is a result of cooperativity.*®>”
The data can be fitted to the Vogel-Fulcher-Tammann
equation: f, = f,, exp[—DT,/(T — T,)], where f,, is a prefactor,
T, is the Vogel temperature, and D is the so-called strength
parameter.” The fitting yielded f,, = (2.8 + 0.3) x 10'" Hz,
Tp=151.8 £ 0.9 Kand D = 5.4 + 0.1. Oftentimes, the condition
©(Ty) = 1/2nf(Ty) =~ 100 s is used to define the glass-transition
temperature T,. Using the obtained parameters, we arrive at
Ty =177 = 1 K. It should be mentioned that the slight kink in
the experimental data at around 215 K is not an intrinsic
feature of this relaxation process, but more likely the result
of the deconvolution of the conductivity contribution in the

This journal is © the Owner Societies 2025
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Fig. 6 Frequencies of maximum absorption of the observed relaxation
processes in Plm (circles) and PIm@(BC), (squares). Lines are fits to the
Vogel-Fulcher—-Tammann equation in the former case and to the Arrhe-
nius equation in the latter case.

low-frequency measurements. In PIm@(BC),, on the other hand,
two temperature-activated relaxation processes are observed.
Their activation energies E, can be derived by fitting the data to
the Arrhenius equation: f, = f,. exp(—Ea/kgT), where kg is the
Boltzmann constant. We obtained E, = 32.7 &+ 0.1 k] mol™*
for the low-frequency mode and E, = 49 + 2 k] mol ™" for the
high-frequency one. In ref. 10, the authors assigned the low-
frequency process to reorientations of the trapped PIm mole-
cule without involving 180° flips from one semicage to the other
one. They drew this conclusion based on the absence of such
fluctuation in their molecular dynamics (MD) simulations. In
light of the present results, however, we believe this interpreta-
tion should be revisited. If the flipping potential energy barrier
is high, because of the aforementioned C-H---m interactions
and limited free volume, for instance, the relaxation rate for
such a process will be low and inaccessible to MD simulations.
In fact, MD simulations only give access to very fast fluctuations
because of their computational cost (simulation time was 2500 ps
in ref. 10). Furthermore, it would be reasonable to think that this
process drives the ferroelectric transition as the molecules of
different cages become correlated, although we could not obtain
data close to T and possibly observe soft-mode behavior, as in
conventional ferroelectrics.® Of course, this process would then
become frozen in the ferroelectric phase. As mentioned in the
introduction, ethylene glycol confined in zeolite matrices transi-
tions from collective liquid dynamics to single-molecule behavior
as confinement becomes more intense, as originally reported in
ref. 29. Out of the three host structures featured in that article,
silica sodalite being a clathrasil framework of isolated cages
resembles our clatrathe system the most. In that case, BDS
measurements in combination with MD simulations showed that
the molecular interaction between ethylene glycol guests is
impaired. While this phenomenon parallels the low-frequency
relaxation mode observed in PIm@(BC),, where a perfect Arrhenius
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behavior is identified, in our case, the interaction cannot be
completely impaired, for the ferroelectric transition has to emerge
from an increased correlation between PIm molecules of neighbor-
ing cages under the constrained spatial conditions. A possibility is
that the environment of PIm@(BC), could suppress competing
relaxation modes and enhance collective polarization dynamics.
This would emphasize the role of structural order and specific
molecular interactions in driving the spontaneous polarization.

The high-frequency mode, on the other hand, must corre-
spond to a more localized molecular fluctuation. A possible
interpretation comes from realizing that the PIm molecule has
internal rotational freedom of the imidazole ring along the C-N
bond. To investigate this in detail, we performed a set of DFT
calculations for the isolated molecule in vacuum to obtain the
potential energy surface scan for such torsion, as shown in
Fig. 7. Very recently, this strategy was followed to interpret the
dipolar relaxation observed in a metal-organic framework.*®
Due to their computational cost these calculations were per-
formed with a smaller basis set, namely 6-31G(d). The potential
energy barrier for these torsional states is small, and we can
expect such fluctuations to be active in PIm@(BC), as well.
Indeed, these were observed in the MD simulations of the
paraelectric phase presented in ref. 10. Moreover, the same
MD simulations revealed that these fluctuations were frozen in
the ferroelectric phase, as the torsional state of the PIm
molecule remained constant. Consequently, at high tempera-
tures in the paraelectric phase, this fluctuation must be active
and occur at higher frequencies beyond our measurement
capabilities. Close to T, however, the energy barrier for this
process becomes higher, its relaxation rate decreases and it
becomes observable in the dielectric spectrum. Lastly, it
becomes frozen in the ferroelectric phase. In addition, although
a more involved calculation should consider the C-H- - -n inter-
actions of PIm with the two BCs, the asymmetry in the two
maxima of Fig. 7 could explain the broadening of the loss peak
in Fig. 5b. It is worth mentioning that, although secondary

10

AE (k)/mol)

50 100 150 200 250 300 350

Torsion angle (°)

oA

Fig. 7 Potential energy surface scan in vacuum for the internal rotation of
the imidazole ring of PIm.
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relaxations involving intramolecular fluctuations were also recently
detected in other bulk amorphous imidazole derivatives,* in the
present case, the freezing of the high-frequency process is central
to the ferroelectric transition and is, thus, of special interest.

As outlined above, PIm@/(BC), offers a unique system for the
exploration of molecular dynamics under confinement. Future
studies that systematically vary the guest molecules and/or clath-
rate host structures could provide key insights into the mecha-
nisms underlying the dielectric relaxations and phase transitions.
Of course, exploring broader classes of systems, such as metal-
organic frameworks, hybrid organic-inorganic materials, etc., may
also reveal analogous behaviors or novel phenomena.

Conclusions

In this work, we have established a direct comparison between the
dynamics of the PIm molecule in its bulk liquid form and in the
ferroelectric clathrate system PIm@(BC),. While the dielectric spec-
tra in the former case are insensitive to local molecular fluctuations
and just reflect the structural relaxation on approaching Ty, two
molecular relaxation processes are observed in the paraelectric
phase of PIm@(BC),. By careful analysis of the dielectric spectra,
and aided by quantum chemical calculations, we have provided an
interpretation of these processes. The slow process is assigned to
head-to-tail reorientations of the PIm molecule, while the fast
process is attributed to the intramolecular rotation of the imidazole
ring. Both of these processes become frozen in the low-temperature
ferroelectric phase. The ferroelectric transition is found to be second
order, as revealed by precision calorimetry. In the future, it would be
of utmost interest to reproduce the dielectric relaxation processes of
PIm@(BC), through MD simulations by calculating the dipolar
time-correlation functions. The high-frequency process, in particu-
lar, should be easily accessible to MD. A remarkable example in this
category of studies is that of the ibuprofen model system. In fact, in
a series of articles, the authors were able to reproduce the o-
relaxation of this system at high temperatures, as well as the so-
called Debye-process, which could be assigned to the rotational
dynamics of the O—C-O-H group.’>* Alternatively, the investiga-
tion of clathrates with varying guest molecules could also aid in the
interpretation of the dielectric data.

Data availability

The data that support the findings of this study are available
within the article and its ESI.f Additional data will be made
available by the corresponding author upon reasonable request.
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