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with a plastic crystal phaset
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We investigated the phase transition dynamics between the ordered crystal, plastic crystal (PC), and
liquid phases of N,N-diethylpyrrolidinium bis(fluorosulfonyllamide by measuring the temperature
dependences of spin—lattice relaxation time (T;) and spin—spin relaxation time (T») for *H and °F using
low-frequency pulsed nuclear magnetic resonance. T; and T, are sensitive to the reorientational and
translational dynamics of ions, respectively. Because H and F atoms are exclusively present in the cation
and anion, respectively, their dynamic behaviours can be investigated separately. The temperature-
dependent T; curves for *H (or *°F) in the PC and liquid phases were smoothly connected at the melting
point, indicating similar rotational motions for the cations (or anions) in both phases. In the PC phase,
distinct T, components were observed for both *H and '°F, reflecting heterogeneous dynamics due to
cooperative translational motion of the cations and anions. These dynamics are attributed to the
presence of core and surface phases within each PC crystallite. At the melting point, the T, values of the
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1. Introduction

Ionic liquids (ILs) are defined as salts with melting points
below 373 K."* Many ILs and related materials exhibit plastic
crystal (PC) phases,®™ known as ionic PCs (IPCs)® or organic
IPCs (OIPCs).” In the PC phase, the molecular or ionic centers
of mass form an ordered lattice, whereas their orientations are
disordered or freely rotating.” In other words, a PC phase is an
intermediate state between the ordered crystalline solid and the
liquid state, where the translational motions of molecules or
ions are restricted but rotational motions remain active. Early
investigations of PC primarily focused on the structure and
physical properties of this intermediate state.”'* Recently,
since the work by MacFarlane et al,” IPCs have attracted
significant attention, both academically and in terms of appli-
cation as soft, electrically conducting solids for use as solid
electrolytes.>™™™'> To understand their properties and
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surface phase transitioned smoothly to those of the liquid phase.

mechanisms of ionic conduction, it is essential to investigate
the dynamic behaviours of cations and anions. Nuclear mag-
netic resonance (NMR) is suitable for this purpose, as the ion
dynamics in ILs and related materials are slow and occur at
time scales that align with NMR sensitivity.®'¢>°

In this study, we selected N,N-diethylpyrrolidinium
bis(fluorosulfonyl)amide (JC,epyr][FSA]), a typical IPC with potential
as a solid electrolyte owing to its high functionality.’*** To inves-
tigate the relationship between the phase transitions—from the
ordered crystal to the PC and liquid phases—and the dynamics of
cations and anions, we measured two types of NMR relaxation
times exhibited by [C,epyr|[FSA]: spin-lattice relaxation time (77)
and spin-spin relaxation time (7). Reorientation motion is primar-
ily reflected in 73, and translational motion in T,.2*>** For T, of
the ([C,epyr][FSA]) sample, we observed a peculiar phenomenon
wherein the 7, values split into two in the PC phase. In a
preliminary study, we reported this phenomenon as the existence
of heterogeneous translational dynamics.*® Based on enhanced
data accuracy and new added insights, including T; information,
we present this paper as a comprehensive report on the dynamics
of [C,epyr][FSA] obtained from NMR relaxation times.

In general, NMR measurements are divided into high-
frequency NMR (HF-NMR) and low-frequency NMR (LF-NMR),
depending on whether the resonance frequency is higher or
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lower. They correspond to the ability to separate nuclides in
different environments by the chemical shift. Roughly speak-
ing, the boundary seems to be around 200 MHz for 'H.
Numerous NMR studies have been conducted to investigate
the dynamics of ILs and related materials.>'*>?** Among
these, the use of HF-NMR is common. ®2%2>2¢ However, we
adopted a different experimental method and perspective. Our
method is characterized by the following three features. (1) We
employed pulsed LF-NMR spectroscopy, which offers several
advantages over HF-NMR. The application of HF-NMR is lim-
ited to liquids and solutions, whereas LF-NMR can also be
applied to viscous fluids, glasses, PCs, and ordinary crystals,
which are essential components in the investigation of dynamic
behaviours between phases. In HF-NMR, signals from nuclides
in different environments can be extracted separately, and in
some cases, the corresponding correlation time 7. can also be
estimated. In contrast, signals from nuclides in different envir-
onments overlap in LF-NMR and cannot be extracted sepa-
rately. Despite this, relaxation time measurements by LF-NMR
provide coarse-grained information about the molecular or
ionic motion dynamics across all phases.>'>*?”~2° Therefore,
it provides a broader perspective of phenomena and comple-
ments various methods that provide detailed information. (2)
Experiments were conducted for two nuclides, *H and *°F,
using an instrument capable of performing measurements of
both nuclides under the same experimental conditions. In case
of [C,epyr][FSA], H and F atoms are exclusively present in the
cation and anion, respectively. As previously mentioned, LF-
NMR does not detect individual atoms but rather provides
coarse-grained data on aggregates of atoms. Consequently,
the insights on dynamics obtained from the 'H and '°F atoms
of [C,epyr][FSA] reflect the dynamics of cations and anions,
respectively. (3) T, exhibits sensitivity to reorientational
motions, whereas T, exhibits sensitivity to both translational
and diffusive motions.?*>** The temperature dependences of
T and T, enable the detection of phase changes in the sample
and differences in the modes of reorientational and transla-
tional motions at the phase transition points.>' %7729

2. Experimental

The preparation of [C,epyr][FSA] followed a previously reported
procedure.’” The sample was placed in a 10-mm NMR tube,
dried under vacuum (approximately 10 ™% Pa) at 333 K for 6 h,
and sealed. This preliminary step is necessary due to the
hygroscopic nature of ILs and related compounds.

A pulse NMR instrument capable of measuring both 'H and
'°F at resonance frequencies of 25 and 23.52 MHz, respectively,
was used to measure T; and T, and free induction decay (FID)
signals (MV25, Japan REDOX). Owing to the low resonance
frequencies, chemical shifts were minimal, allowing for the
observation of the overall dynamics of 'H and '°F atoms in
[C,epyr]" and [FSA]™. T, values were obtained using the inver-
sion recovery method. T, measurements were performed using
the Carr-Purcell-Meiboom-Gill method for the liquid and PC
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phases with higher T, values (>1 ms) and the solid echo
method for the crystalline and PC phases with lower T, values
(<1 ms).*

The measurements were performed at temperatures ranging
from 210 (Phase II) to 300 K (Phase I) and from 300 (Phase I) to
420 K (liquid phase), in 10-K increments. The changeover at
300 K was performed by switching the temperature controller.
The temperature dependence of the physical properties associated
with the phase change of the sample is characterized by a
pronounced thermal history. Therefore, the experimental configu-
ration was carefully set up. This included the standardization of
the initial conditions and the implementation of adequate waiting
times after reaching the measurement temperature.

At temperatures above the melting point (~405 K), sample
decomposition progressed gradually. In addition, the magnetic
field of the permanent magnet of the used instrument became
unstable at temperatures above 400 K. Therefore, data collec-
tion above 400 K lacked sufficient reproducibility and other
considerations.

3. Background on NMR relaxation
times, T; and T, for *H (or ¥°F) in
this study

To facilitate the discussion of the experimental results, we
briefly summarize the theories on 'H spin-lattice relaxation
time (T;) and spin-spin relaxation time (T,), which are impor-
tant parameters for investigating the dynamic behaviour asso-
ciated with phase changes in ILs. As the nuclear spin of "°F is
1/2, identical to that of 'H, the same theoretical framework
applies.

Spin-lattice relaxation corresponds to the enthalpy relaxa-
tion of nuclear spins from the nonequilibrium state induced by
the excitation pulse to the state of the equilibrium distribution,
accompanied by a change in spin orientation. In contrast, spin—-
spin relaxation refers to entropy relaxation, where nuclear spins
revert back to the phase-disordered state of the equilibrium
distribution from the phase-aligned precession induced by the
excitation pulse.

Several mechanisms contribute to T; and T,.>> Among these,
the magnetic dipole-dipole relaxation mechanism is generally
dominant in viscous liquids and glassy samples. In this mecha-
nism, translational motions of molecules or ions primarily
contribute to T,, whereas the reorientational motions and
intramolecular motions are key contributors in 7;.2%**%?

For a pair of protons, the 7, and T, values for the magnetic
dipole-dipole relaxation mechanism are expressed as fol-

10ws:32,35,36
1 3y*n?
70 = 1o (@) +4/20)} ®
and
1 3y4i?
== ﬁ{%c +5J(w) +2J(2w)} (2)
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where y denotes the gyromagnetic ratio, 7 represents Dirac’s
constant, r represents the interproton distance, and 7. denotes
the correlation time. The spectral density function, J(w), can be
described as follows:

J@) =7/(1 + (UZTCZ) (3)

when multiple pairs are present, the contributions of all pairs
and the correlation times of their motions must be considered.
In other words, eqn (1)-(3) are rewritten as follows:

T%: IZ/C'GG{JU(CU) +47;(20)} )

1 _
o Z Cri *{3te(y) + 5T5(@) + 27;(20) } (5)

ij
and
To{©) = /(1 + o)) (6)

In eqn (4)-(6), subscripts i and j are specific nuclei under
consideration, and 7.(; denotes their correlation time. 1/T; and
1/T, are proportional to r; ° (eqn (4) and (5)); thus, sum of only
the atomic pair contributions within the ion provides a reason-
able approximation.

The FID signal obtained from pulsed NMR is direct insights
into the dynamics of particles containing the target nuclei. In
the inversion recovery method to obtain the T; value, the
longitudinal component of magnetization at ¢ after the applica-
tion of excitation pulse is expressed as follows:**

M(t) = Mq[1-2 exp(—¢/T3)] )

where M, denotes equilibrium magnetization at ¢ = 0.

The FID signal for 7, is a transverse component of magne-
tization that appears immediately after the application of
excitation pulse. The z-axis is defined as the direction of the
static magnetic field. When an excitation pulse is applied along
the x-axis, transverse magnetization is observed in the y-axis
direction. After time ¢,

M,(t) = M, exp(—t/T>,) (8)

and M,/(¢) decays freely to the equilibrium state of 0.

If the sample comprises two components with different
spin-spin relaxation times, 75* and 75°", the FID signal is
expressed as follows:

My(t) = (1 — x) Moexp(—t/Ts™) + x My exp(—t/T5°")

9

where x represents the fraction of the soft component. The fast
and slow decay signals correspond to the hard and soft com-
ponents, respectively.

For NMR experiments using low magnetic fields, the
dynamics behaviour of samples is occasionally evaluated in
comparison with reference data from glycerol, which exhibits
typical T; and 7, behaviours as a viscous, noncrystalline
material. The details of glycerol reference are provided in the
ESIt in our previous study.**
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Finally, it should be noted that the specific points of the
sample, H and F atoms, are present only in [Cepyr]” and
[FSA]™, respectively. In addition to this exclusivity, we assume
that atomic pairs with magnetic moments can be evaluated
only within each ion. For 'H, it is reasonable to assume that the
'H relaxation times represent dynamics of the cation, because
the homonuclear "H-"H couplings will dominate. For F,
9F-'H coupling between ions may have to be considered. This
is because the F-F distance in one anion is relatively long and
the distance between the H atoms in the cation and the F atoms
in the anion may be short. Unfortunately, the H-F distances are
not known for this sample, since detailed structural analysis
has not been carried out for either the regular crystal phase or
the PC phase. Nevertheless, it does not seem to be an unrea-
sonable assumption to ignore the ?F-'H interaction, since the
H atoms and F atoms are always moving due to the high
flexibility of both the cation and anion even in the PC phase
and the absence of strong F-H hydrogen bonds. Thus, it is
reasonable to assume that the 'H- and "F-relaxation times
represent separate dynamics for the cation and anion,
respectively.

4. Results and discussion

4.1. Background information

The chemical structures of [C,epyr]” and [FSA]™ are shown in
Fig. 1. Only the most stable configurations, calculated using
density functional theory (DFT), are presented.

Before discussing the NMR relaxation times, the phase
behaviour of [C,epyr|[FSA] is outlined based on the differential
scanning calorimetry (DSC) results.***" Fig. 2 shows the DSC
traces measured in the range of 170-410 K at a scanning speed
of 5 K min~". Two endothermic and two exothermic peaks were
observed during the heating and cooling processes, respec-
tively, indicating that [C,epyr][FSA] exhibits two crystalline
phases within the measured range. The phases are named
phases I and II in the order of decreasing temperature. ILs
and related materials are generally prone to undercooling
phase changes, resulting in temperature differences in the
phase changes. The transition temperature during the cooling
process depends on the experimental conditions induced by
the nonequilibrium process of structural relaxation. Therefore,
the phase transition temperature from phases II to I and the

Fig. 1 Structure of [C,epyrl[FSAL. For each ion, the most stable configu-
ration calculated by DFT is drawn.

This journal is © the Owner Societies 2025
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Fig.2 DSC traces of [Coepyrl[FSA] obtained at a scanning speed
of 5 K min~%.

melting point were determined to be 238 K and 405 K, respec-
tively, which were obtained during the heating process. Con-
sidering that the [C,epyr][FSA] sample was prone to phase
changes over a wide temperature range, each peak of the DSC
trace was considered the phase transition point. The enthalpy
and entropy changes at each phase transition are listed in Table
S1 of the ESL.{

The powder X-ray diffraction patterns of [C,epyr]|[FSA], as
shown in Fig. S1 of ESI,} indicate that phase I is the PC phase of
a CsCl-type structure and that phase II exhibits a regular crystal
phase.*® As shown in Fig. 1, the anion and cation exhibit low
symmetries. However, the constituent ions must have a sym-
metry of m3m to locate the lattice points in the CsCl-type
structure. Considering the aforementioned symmetries, we
conclude that both [C,epyr]” and [FSA]™ must freely rotate
around the lattice points in phase 1.37%

4.2. Temperature dependence of *H-T; and “°F-T;

As an example, an inversion recovery trace for 'H is shown in
Fig. S2 of ESL{ As the result of all T; measurements, Fig. 3
shows the temperature dependences of 'H-T; and °F-T;,
plotted with closed circles and open squares, respectively. From
a phase transition perspective, changes in the heating process
are considered more important than those in the cooling
process, as the former is less likely to induce nonequilibrium
phase changes such as supercooling. Therefore, only the T
values of the heating process are indicated. The two broken
lines in Fig. 3 indicate the temperatures of the phase transition
peaks determined by the DSC experiment.****

We first discuss the overall temperature dependences of
'H-T, and "’F-Ty, with reference to the temperature-dependent
behaviour of glycerol Ty (and T,) as a typical viscous sample
described in the ESIf of our previous paper.>* Discontinuous
changes are observed in both the "H-T; and '°F-T; plots at
approximately 240 K, corresponding to the transition from
phases II to I observed in the DSC data at 238 K.***' These
changes reflect the difference in the respective rotational and
intramolecular dynamics of the cations and anions in each
phase. As mentioned in Section 4.1, phase II is a regular crystal
phase, and phase I shows a PC phase with cations and anions

This journal is © the Owner Societies 2025
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Fig. 3 Temperature dependence of T values for *H (closed circles) and
19F (open squares). The two broken lines indicate the temperatures of the
phase transition peaks determined by the DSC experiment. The regions of
three phases determined by DSC are indicated by bands.

in free rotation.?”*® Therefore, we can conclude that the jumps

in "H-T; and "F-T values at approximately 240 K are associated
with the onset of overall free rotation in both ionic species.
Changes in other rotational modes may contribute to the phase
transition; however, the presence or absence of free rotation in
the ions is considered the most important contributor to the
phase transition of [C,epyr][FSA] at approximately 240 K. In
addition, the acquisition of the free rotation modes of cations
and anions is also carried out jointly.

In contrast, the curves for both 'H-T; and '°F-T; are
smoothly connected at 405 K, which is the transition point
from phase I to the liquid phase, as shown in the DSC
results.>>*" This smooth connection indicates that the rota-
tional dynamics of the [C,epyr]” and [FSA]™ ions in phase I are
almost identical to those in the liquid phase. This result
proves—with respect to the T, data—that the orientations of
the ions are mobile but their centers of mass form a regular
lattice in the PC phase.

As previously mentioned, the molecular reorientational and
intramolecular motions for viscous liquids and solids are
predominantly reflected in the 7, values when the dipole-
dipole relaxation mechanism is predominant.”’®**3* When
multiple reorientational modes contribute to 7;, we denote
them as A, B, C, ... modes, with corresponding relaxation time
constants T7, T, T%, ..., respectively. The observed overall
spin-lattice relaxation time, T, is expressed as follows:

1 a b ¢

G =xtogtoct 10
LS A A e

7€
where a, b, and ¢ represent the fractions of components A, B,
and C, respectively. Eqn (10) is another expression for eqn (4),
expressed in terms of distinct molecular motion mode.

For [C,epyr]" ions, the following modes are considered to
contribute to T, values: overall rotation of the molecular ion,
puckering of the pyrrolidinium ring, conformational change of
the ethyl group, and rotation of the methyl group. For [FSA]™
ions, the overall rotation of the ion and the change in con-
formation due to the rotation of the SO,F group around the N-S

Phys. Chem. Chem. Phys., 2025, 27,15126-15136 | 15129
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axis can influence T; values. In general, for a sample with
multiple rotational modes, the observed value, 72" is not a
simple linear combination of individual component, as indi-
cated in eqn (10). In addition, each rotational mode has a
characteristic correlation time, which exhibits different tem-
perature dependencies according to its activation energy.
Therefore, the interpretation of Fig. 3 as a simple summation
of each motion mode is inadequate.

For the [C,epyr]" cations observed in 'H, all rotational and
reorientational modes are assumed to be activated in the liquid
state, and only methyl group rotations may remain in the
normal crystalline phase (phase II). In the intermediate region
of the liquid and regular crystalline states, namely the PC
phase, the temperature-dependent curve of 'H-T; for the
[C,epyr][FSA] sample deviates from that for glycerol, which
exhibits a relatively simple relaxation mechanism. This devia-
tion can be attributed to the freezing process of various rota-
tional modes and the contribution of the five-membered
pyrrolidinium ring motion to T;.

For the anions observed through '°F-T; measurements, all
rotational or reorientational modes and conformational
changes are assumed to be activated in the liquid state, and
only the librational mode of the F atoms around the N-S axis
may remain active in the ordered crystalline phase (phase II).

4.3. Experimental results of 'H-T, and *°F-T, and their
accuracy

Although the temperature dependences of 'H-T, and '°F-T,
values for [C,epyr][FSA] were previously reported,** we recon-
ducted the experiment to improve the measurement accuracy.
"H-T, values did not differ significantly from the previous
results; however, '°F-T,, values exhibited a significant improve-
ment in data quality. This improvement can be attributed to the
consideration of the notable thermal history characteristics of
the samples during measurements. Given that the present re-
experiments yielded more accurate data and revealed new
insights, and considering that this study aims to provide a
comprehensive summary of the NMR relaxation phenomena in
[C,epyr][FSA], the results and discussion of T, behaviours are
described here.

The most characteristic behaviour of [C,epyr|[FSA] was the
separation of both *H-T, and *°F-T;, into two components above
330 K in the PC phase. The FID curve exhibits a single
exponential decay below 320 K and can be analyzed under the
single-component assumption; however, the two-component
assumption (eqn (9)) becomes the appropriate analysis method
at temperatures above approximately 330 K. The separations of
T, values were specifically shown in the analysis using FID
curves in Fig. 3 of ref. 34. The component with the smaller T,
value is contributed by the harder and less mobile domains,
whereas the component with the larger T, value is contributed
by the softer and more mobile domains. Therefore, the
T, values for these components are represented as 75> and
T5°™, respectively. The separation of T, values into two compo-
nents is discussed in Section 4.5.
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Fig. 4 Temperature dependence of *H-T, values. Values obtained during
heating and cooling processes are indicated by closed circles and crosses,
respectively. The black symbols indicate T, values obtained under the
single-component assumption, whereas the blue and red circles indicate
the hard and soft components obtained under the two-component
assumption.

Fig. 4 plots the measured '"H-T, values as a function of
temperature. The T, values during the heating and cooling
processes are indicated by closed circles and cross symbols,
respectively. This is useful in determining the presence or
absence of a phase transition.>'>**%%° In Fig. 4, the black
marks represent the 'H-T, values analyzed under the single-
component assumption, denoted as 'H-T,'“. The two types of
T, values, "H-T52™ and 'H-T5°™, are represented by blue and red
circles, respectively.

The accuracy of the experimental values for '°F-T, was not
satisfactory due to the extremely weak '°F NMR signal.>* There-
fore, the experiment was carefully reconducted, particularly
considering the presence of thermal history. In Fig. 5, F-T,
values obtained during the heating process are indicated using
open squares. For '°F, T, separation was also observed above
330 K, similar to 'H-T,. In addition to the notation of *°F-T,'¢
obtained under the single-component assumption, the two
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Fig. 5 Temperature dependence of '°F-T, values. Only the values
obtained during the heating process are indicated by open squares. The
black symbols indicate T, values obtained under the single-component
assumption, whereas the blue and red circles indicate the hard and soft
components obtained under the two-component assumption.
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separated values are denoted by 'F-T5*™ and *F-T5°". The
color scheme follows that of the "H data; however, open
squares are used to distinguish '°F results from the 'H data.

The measurements were systematically repeated several
times. Both the 'H-T, and '°F-T, values exhibited significant
fluctuations in the temperature ranges of 320-340 K and near
the melting point (400-420 K). As previously mentioned, the
temperature range of 320-340 K is the region in which a higher-
order phase transition may occur (see Section 4.5). In this
temperature range, both 'H-T, and '°F-T, values occasionally
exhibited large T, values in the order of seconds, as typically
observed in liquids. We encountered a ‘“softening” event, a
phenomenon known as structural loosening that occurs
simultaneously with a phase transition, as explained in Section
4.5. In ILs and related materials, phase changes are generally
very slow. In a previous study, we reported that the softening of
[Csmim]Br could take as long as an hour.”* This higher-order
phase change with slow softening is likely responsible for the
variation in T, values. In the present data, anomalous values
that appear as softening events were not plotted in Fig. 4 and 5.

Next, we describe the challenges associated with 7, measure-
ments near the melting point. As shown in Fig. 2, the melting
temperature was determined to be 405 K based on the DSC
endothermic peak.***' However, the melting process of the sample
was very slow, and "H-T5" and "°F-T5*™ remained at temperatures
higher than 405 K when the waiting time was insufficient. Jelly-like
solids (likely the hard component with a core structure described in
Section 4.5) were observed in the melted material for several tens of
minutes even at temperatures 10-20 K above the melting points.
The amount of sample used in the NMR experiment was 1-2 g, and
the heat transfer was uneven. However, the melting point of
[Coepyr|[FSA] was unclear. Thus, [Cepyr][FSA] can be regarded
as a sample in which the superheating phenomenon is pro-
nounced during the melting process. Therefore, the 'H-T5" and
19p-75%4 yalues in the superheating region are not shown in Fig. 4
and 5. In addition, the sample gradually began to decompose near
the melting point; thus, it was not possible to perform experiments
with sufficient reproducibility.

With the exception of the two aforementioned temperature
regions, a waiting period of 10 min allowed the determination
of the T, value with good reproducibility. Fig. 4 and 5 show the
average of the measurement results. For 'H, the deviations of
the T, values from the single-component analysis (*H-T,',
black circles) and those of the 'H-T52™ values from the two-
component analysis (blue circles) were in the range of +3%.
The deviations of the 'H-T5°™ values (red circles) were as large
as +£10%. For 'F, the deviations of the 7,'° values (black
squares) from the single-component analysis and those of the
7537 values from the two-component analysis (blue squares)
were in the range of +5%. The deviations of the T5°™ values (red
squares) were in the range of +20%.

4.4. Temperature dependence of T, behaviour and phase
transitions

In rough approximation, 7, values exhibit a positively correla-
tion with 1/7. (t. = correlation time) across the entire region,
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primarily reflecting translational motion. Thus, the more active
the translational motion, the larger the T, values. In this
section, we discuss the relationship between T, and phase
transitions based on the temperature dependence graphs of
'H-T, and '°F-T, plotted in Fig. 4 and 5, respectively. First,
we focus on the 'H-T,'¢ and '°F-T,'C values obtained under
the single-component assumption and the hard components
H-15% and F-15%¢ obtained under the two-component
assumption because they were contributed by the core structure
of the sample (see Section 4.5).

Discontinuous changes were observed in the 'H-T,'® and
19F-T,'€ plots for the heating process (closed circular and open
square symbols) at approximately 238 K, as indicated by the
broken lines in Fig. 4 and 5. As shown in Fig. 4, the '"H-T,"'¢
values in the cooling process (cross symbols) exceed those in
the heating process (closed symbols). The difference in the T,
values between the heating and cooling processes supports the
existence of a supercooling state and the resulting phase
transition. This corresponds to the phase transition phase II —
phase I observed in the DSC experiment (Fig. 2). As clarified in
previous studies, phase II is a regular crystal phase,*® and phase
Iis a PC phase with a CsCl-type structure.>>*® In the PC phase,
the centers of mass of ions are assumed to form an ordered
lattice and are fixed, as in the regular crystal phase.” "> How-
ever, the discontinuous increase in 7T, indicates a slightly
higher translational motion in the PC phase than in the regular
crystal phase. This result indicates that the mobile diffusion
motion of ions also exists in the PC phase. This motion
becomes more active with increasing temperature. A T, jump
was observed in each 'H and '°F graph of [C,epyr][FSA] at the
same temperature. This suggests a cooperative translational
motion of the cation (*H) and anion (*°F). The T, values in
phase II of [C,epyr]” (*H) and [FSA]~ (*°F) were of approximately
the same order of magnitude as those of the cations and anions
in regular crystalline phases of ILs.?*>%%""2° Compared with
other IL and OIPC compounds, no specific translational beha-
viour was observed for the cation and anion of [C,epyr|[FSA] in
terms of magnitude of the T, values.

As discussed in Section 4.3, the thermal phenomena near
the melting point of the [C,epyr][FSA] sample are characterized
by the onset of pyrolysis, a slow phase transition, and super-
heating. Therefore, it is difficult to obtain accurate T, values.
However, by attempting to describe the phase transition
between phase I and the liquid phase in terms of T, beha-
viours, we can obtain the following results, which are described
as common behaviours for both 'H and '°F, i.e., the cations and
the anions. The hard component T52™, one of the two types of
T, values in phase I discussed in Section 4.5, slowly increases
with increasing temperature and breaks off at the melting
point. The softer component T5°™ increases with increasing
temperature and exhibits smooth connections with that of the
liquid or slight jumps, if any, near the melting point to become
the T, value of the liquid phase, Th9. As shown in Fig. 6, the soft
component increases near the melting point, wherein most of
the components are soft. Based on these results, we conclude
that the soft region with T5°™ transitions smoothly or with a
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slight jump to the liquid with 759, In other words, the transla-
tional motion between the cations and anions in the hard region
of the PC phase qualitatively differs from the motion in the
liquid phase. However, their motions in the soft region appear to
merge smoothly into those of the liquid, and the differences
between the modes of movement in both phases are minimal.

4.5. Heterogeneous dynamics in T,

As previously mentioned, the temperature dependence curves
of T, for '"H and '°F are divided into two respective compo-
nents. The component with the smaller T, value (T5%™) is
contributed by the harder and less mobile part, and the
component with the larger T, value (75°%) is contributed
by the softer and more mobile part. 'H-T5*¢ and 'H-T5™
are represented by blue and red circles in Fig. 4, and
p.18ard and F-15°" are represented by blue and red squares
in Fig. 5. This separation implies the existence of heteroge-
neous transrational dynamics in the PC phase. In this section,
we discuss the behaviour and attribution of these unique
components.

The ratios of soft components provide valuable insights into
heterogeneous dynamics. The ratios are plotted in Fig. 6, with
closed circles and open squares representing 'H and '°F,
respectively. Similar to the 75°™ values, the variations in the
ratios are large, approximately 30% and 50% for 'H and '°F,
respectively. This is likely due to the thermal history
effects. Despite the large deviation, the ratios of 'H-75°" and
19p-T5°" exhibit similar temperature dependences. From 330 to
380 K, the observed ratios remain almost constant or slightly
increase with increasing temperature, and the ratios are below
0.1. However, as the melting point is approached, the ratio rapidly
increases in tandem with an increase in T5°" values. Although there
are differences in the behaviours of "H and 'F, considering the
large variation, their values are within the margin of error, and the
cations (*H) and anions (*°F) can be assumed to be in coordinated
motion when the separation of T, values occurs.

We review the unique temperature dependence of T, for "H
observed in the PC phase at temperatures above 330 K (Fig. 4).
'H-T5"" (blue circles) exhibits a discontinuous change from
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'H-T,'“ (black circles) that appears below 330 K and gradually
increases with increasing temperature. 'H-T5* continues to
increase and appears to reach 'H-T49 with a significant jump near
the melting point; in other words, 'H-75* disappears and is
dominated by the softer component because of the drastic increase
in the ratio of the soft components. In contrast, "H-T5*" suddenly
appears at approximately 330 K and changes significantly with
increasing temperature, transitioning to 749, The accuracy of the
Th4 values is not satisfactory at temperatures above 400 K because
of the onset of pyrolysis of the [C,epyr|[[FSA] sample and the
destabilization of the permanent magnet of the instrument.
Therefore, we cannot determine whether 'H-T5°® transitions
smoothly to 'H-T49 or exhibits a slight jump. As shown in Fig. 5,
the temperature-dependent behaviours of T, for °F and 'H are
similar. These experimental facts indicate that [C,epyr|[FSA] exhi-
bits two distinct dynamic behaviours in the PC phase at tempera-
tures above 320-330 K, ie., the existence of heterogeneous
translational dynamics. In addition to the subsequent discussion
in Section 4.6, we conclude that cations (*H) and anions (*°F) move
cooperatively rather than independently in the hard and soft
regions.

The jumps in the temperature-dependent behaviours of T,
for both "H and "F at approximately 320-330 K suggest phase
changes in this region. To investigate this change, the beha-
viours of T, are first compared with those of T;. As shown in
Fig. 3, both "H-T; and 'F-T; exhibit respective smooth tem-
perature dependences, and no anomaly is detected in the
temperature region. T; primarily reflects the reorientation
and conformational changes of molecular ions, whereas T,
primarily reflects the translational and diffusive motions of
molecular ions.?’??33 This indicates that the anomalous T,
behaviours in the region are caused by changes in the transla-
tional and diffusive motions rather than in the rotational
motions of ions. Next, the temperature-dependent behaviours
of T, are compared with the DSC trace shown in Fig. 2. We
focus on the behaviours of 75 for 'H and '°F, postponing the
discussion on T5°®, because hard components dominate except
in the melting point region (Fig. 6). No signal indicating a first-
order phase transition was observed in the DSC trace at
approximately 320-330 K, whereas there were discontinuous
jumps in the "H-T5" values for 'H and '°F (Fig. 4 and 5). In
addition to the jumps, differences in *H-75"¢ values between the
heating and cooling processes (black circles and blue crosses,
respectively) were observed at temperatures below 320 K. Such
differences are typically observed during supercooling, support-
ing the existence of phase transitions. Such phenomena were
observed at the phase transition points.”’>**” In addition to
these two facts, the T5°" values for 'H and °F could not be
obtained in a stable form at 320-330 K. As described in Section
4.3, the T5°" value in the temperature region varied significantly
in each experiment, occasionally exhibiting large values in the
order of seconds, as often seen in liquids. As previously men-
tioned, we believe that softening occurs, which is typically
observed when a phase change occurs.

These results show that heterogeneous dynamics exist in the
PC phase. The presence of this heterogeneous dynamics has
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been reported not only for this sample but also for several
samples with PC phases although the methodologies differ.
The existence of heterogeneous dynamics was first reported in
the PC phase of ammonium salts by Ikeda et al,**°*® and
more recently by MacFarlane, Forsyth, and colleagues (Austra-
lian group) in their systematic studies on OIPCs.">**™*° In the
studies by Ikeda et al,>**"** the methods involved relaxation
time measurements of T; using low-frequency pulsed NMR and
second-moment analysis. The Australian group employed NMR
linewidth analysis in high-field NMR measurements,"®***
solid-state magnetic resonance imaging,*”*° and computer
simulations.”® In general, the possible forms of ion dynamics in
IPC phases include free rotation of ions, localized large vibrational
rotation of ions that may be accompanied by conformational
changes, and translational or diffusive movements, including ion
jumps between lattice points. In linewidth studies, heterogeneous
dynamics are thought to manifest as an increase in mobility, such
as rotation and conformational changes in constituent ions.**®
Magnetic resonance imaging studies have reported the concept of
domains, which is expressed as image contrast anisotropy sensi-
tive to the orientation of grain boundaries in polycrystalline
samples.””*° In contrast, the present detailed 7, measurements
demonstrate heterogeneous dynamics as two translational motion
types of ions. The rotational motion and large vibrational rotation
of ions are precisely the dynamics that characterize PC phases, and
the conformational changes correspond to the softness of ILs.
Although these phenomena are commonly observed in IPCs, they
do not characterize the observed heterogeneous dynamics. The
rotational dynamics is independent of the heterogeneous
dynamics in our sample. The unique contributions of the present
study is its identification of translational motion as the responsible
factor for the observed heterogeneity in various ion dynamics.

The anomalous behaviour of T, values in the PC phase
indicates a phase transition. No signal is observed in the DSC
data; thus, the phase change is not accompanied by an
enthalpy change. However, obvious jumps are observed in T,
values, which are difficult to stabilize over a relatively wide
temperature range. We conclude that these phenomena indi-
cate the occurrence of a higher-order phase transition in the PC
phase. Recently, we performed precise density measurements
on this sample and found that there was a clear anomaly in the
temperature dependence curve of density at approximately
320-330 K. This finding also supports the existence of a unique
phase transition that has not been previously reported. These
results will be reported in future studies.

4.6. Cause of heterogeneous dynamics

The cause of the two types of dynamics is discussed here. Based
on the analysis results of heterogeneous dynamics observed in
several IPCs, the Australian research group proposed a model
in which the presence of a domain structure comprising of fine
grains of PC and their surrounding regions contributes to the
observed dynamics.’®*° In a review,'> Hwang et al. described
the existence of static and dynamic regions in IPCs. These
regions correspond to the hard and soft domains provided by
7539 and T5°", respectively. Our heterogeneous dynamics
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model is identical to their model.">*®*° In other words, it
complements previous studies by using T, values to quantify
the properties of hard (static) and soft (dynamic) regions. In
addition, the temperature dependence of the soft-region abun-
dance ratio is clarified.

In general, in IPCs, the orientation of ions involves free
rotation, large local rotation, or high levels of disorder; however,
the mass centers of ions form a regular lattice. In this study, the
region with the PC lattice is referred to as the “core phase” that
affords 752, The region surrounding the core phase is referred
to as the “surface phase” affording T5°". The surface phase
structurally differs from the core phase and is prone to surface
or interface melting at high temperatures. Our model is identical
to that proposed by the Australian group.*®*° However, our
model further speculates that the origin of the soft component
is a surface or interface structure different from the core. This
soft component leads to surface and interface melting with
increasing temperature. The nearly seamless transition from
T5°™ to 759 (see Section 4.5) is explained by our model.

Using [N;44,][FSA] as a sample, we demonstrated that IL salts
are prone to surface and interface melting.>' In addition, different
melting points of the core and surface phases were observed.”*
Surface/interface melting or the appearance of a structure differ-
ent from the bulk structure at the surface is a well-known
phenomenon in water,”>* metals, and semiconductors.>>>® This
occurs because of the abrupt interruption of the ionic and
molecular arrangements at the surface, where they adopt a
structure different from the bulk and adapt to the surface
environment.>®>’ The rotational motions of ions and molecules
in the PC phase are smoothly coupled with those in the liquid
phase, which is expected to result in smooth structural perturba-
tions at the surfaces and interfaces.

The above model explains without contradiction that thermal
history phenomena occur easily. The domain structure, compris-
ing the core and surface phases, appeared to form during sample
preparation. Once the domain structure was established, the
proportions of the components did not significantly change with
temperature. This is supported by the fact that the change in the
ratio of the surface phase region with increasing temperature
was almost constant or increased only slightly within the range
of 330-380 K (Fig. 6). In this temperature range, T5°" increased
with increasing temperature, and the translational motions of
the cations and anions became cooperatively active. As the
melting point was approached, premelting and surface melting
were observed. As shown in Fig. 6, the surface phase region
expanded abruptly, and the 75°" value increased rapidly as the
T4 value was asymptotically approached.

For the [C,epyr|[FSA] sample, the heterogeneous transla-
tional dynamics suddenly appeared as two different T, values
at approximately 320-330 K. However, it is speculated that the
surface phase region did not suddenly appear at this tempera-
ture range but was formed during sample preparation. The T,
values for the core and surface regions are also assumed to be
identical up to this temperature range. This result is attributed
to the fact that no significant difference was observed in the
translational motion of the ions in the core and surface regions.
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Fig. 7 Temperature dependence of the ratios of *°F-T, to 'H-T,. The
black symbols indicate the ratios obtained under the single-component
assumption, and the blue and red symbols indicate the ratios for the hard
and soft components obtained under the two-component assumption.

We then conclude that the component ions begin translational
motion with different T, values at 320-330 K, which is the
temperature region where abrupt jumps in 7, values are
observed. At 320-330 K, small jumps in the hard component
values for "H and '°F were observed, whereas the soft compo-
nent values were approximately two orders of magnitude larger.
The cause of this abrupt change in the translational dynamics
is unclear. In Ty, which is sensitive to the rotational motion of
ions, no special change was observed in this temperature
region. The mechanism of heterogeneous dynamics remains
an area for future research, including the investigation of their
effects on relevant properties such as ionic conductivity.

4.7. Temperature dependences of T, for 'H and '°F

By comparing the temperature dependences of "H-T, and '°F-T,
shown in Fig. 4 and 5, respectively, we observed similar beha-
viour for both. The physical significance of this similarity is
discussed below. The ratios of °F-T, to 'H-T, values are pre-
sented in Fig. 7. The color of each symbol corresponds to the
same scheme used in Fig. 4 and 5: the black symbols indicate the
quotients obtained under the single-component assumption,
and the blue and red symbols indicate the quotients for the
hard and soft components obtained under the two-component
assumption. In phase I (PC phase), all values converged to 1.3 +
0.2. Considering the experimental errors, we conclude that the
'F-T,/'H-T, values are constant in the PC phase regardless of the
respective states indicated by the three different color symbols.

The T, value resulting from the dipole-dipole interaction is
expressed in eqn (5). As previously mentioned, the behaviours
of T, for "H and 'F correspond to the translational motion of
cations and anions, respectively. In addition, the sums
expressed in eqn (5) should be considered only for each ion.
The fact that the '°F-T,/'H-T, values are nearly constant
indicates that the quantities affecting T,, namely the distance
r; between the nuclides and the correlation time 7, are kept
constant. This indicates that the anions and cations move
together in a translational motion, and there are no reorienta-
tion modes in the time domain that contribute to T,.

15134 | Phys. Chem. Chem. Phys., 2025, 27, 15126-15136

View Article Online

Paper

In general, the reorientational motions of ions and rota-
tional motions that alter their conformations are primarily
reflected in T;, whereas translational and diffusive motions
are reflected in T,.2*>*® To the best of our knowledge, this
finding in which the parameters indicating the motions of
cations and anions remain constant in a phase is the first
experimental evidence that 7, is determined by translational or
diffusive motion.

For the PC phase (phase I) of [C,epyr][FSA], we conclude that
the anions and cations exhibit cooperative motion in both the
core (blue symbols) and surface (red symbols) phases. The
translational or diffusive motion of ions in phase II (regular
crystal phase) is difficult to visualize. In this phase, the cations
and anions appear to behave differently, although they are in
slight translational motion.

5. Conclusions

Using [C,epyr|[FSA] as a representative sample with a PC phase,
the temperature dependences of T; and T, for 'H and '°F
nuclides were determined. In particular, we focused on the
dynamics of the phase transitions between the ordered crystal,
PC, and liquid phases. The experiments were conducted using a
low-frequency pulsed NMR apparatus, resulting in the collec-
tive observation of all signals rather than for individual 'H or
'F nuclides. In addition, in [C,epyr][FSA], the H and F atoms
are exclusively present in the cation and anion, respectively.
Therefore, the T; and T, measurements of *H and *°F provided
information about the reorientation and translation dynamics
of the cations and anions, respectively.

At the phase transition point between the ordered crystalline
phase (phase II) and the PC phase (phase I), the T} values for both
'H and "°F exhibit jumps, indicating that the reorientation modes
for both cations and anions are different in the two phases. In
contrast, at the phase transition point between the PC and liquid
phases, the temperature dependence curves of 'H-T; (*°F-T;) for
the two phases are smoothly connected, confirming the same
rotational motion of the cations (anions) in both phases.

The unique phase behaviour observed in the [C,epyr][FSA]
sample is characterized by the splitting of T, values for both 'H
and '°F into two components at approximately 320-330 K: hard
and soft components. The two components are attributed to
the core phase forming the PC and the surrounding surface
phase. The formation of this heterogeneous phase is assumed
to be responsible for the heterogeneous dynamics. Near the
phase transition between the PC and liquid phases, the hard
component of the PC phase transitions to a soft component,
and the T, value transitions almost seamlessly into the liquid
T,. The sudden appearance of this phenomenon at approxi-
mately 320-330 K is considered a higher-order phase transition.
The appearance of this strange phenomenon in 7, but not in T}
suggests that translational rather than reorientational motion
is responsible for the phenomenon.

In summary, we conclude that both the cations and anions
exhibit cooperative motion in the PC and liquid phases.
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