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ABSTRACT: A series of methanesulfonate salts with various
globular cations, including the achiral 3-quinuclidonium [QHco]+,
the racemic (3)-hydroxyquinuclidinium [QHrac]+, and the
enantiopure (3)-hydroxyquinuclidinium R-[QH]+, have been
synthesized and structurally characterized. Despite the high degree
of similarity among components, only the enantiopure salt R-
[QH]MS was found to undergo a reversible plastic transition at
high temperature. Electrochemical impedance spectroscopy was
successfully applied to study proton conductivity associated with
temperature variations and the plastic phase transition under inert
and dry conditions. Ionic conductivity at RT was lower than 10−11

S cm−1 and drastically increased up to 1.03 × 10−3 S cm−1 at 145
°C due to the onset of the plastic phase transition.

■ INTRODUCTION
The development of proton-conducting materials is at the
forefront of current research efforts since they are key
components in many electric devices, including sensors,
supercapacitors, batteries, and fuel cells.1−6 Although many
researchers have been focusing on the development of various
proton-conducting materials, Nafion membranes are today the
most widely used.7,8 However, there are still some drawbacks
to their utilization since these materials suffer from high costs
for large-scale production and strict operating conditions; e.g.,
Nafion shows high proton conductivity only in the hydrated
form, whereas conductivity performances drastically drop due
to dehydration processes at high temperatures (above ∼80
°C).9−12 Therefore, the development of cheap and easily
processable proton conduction materials is mandatory to
increase the working temperature of the devices to above 100
°C.

Recent efforts have identified ionic plastic crystals (IPCs) as
promising candidates for the development of novel solid-state
electrolytes or as dopants to be incorporated within Nafion-
based membranes.13−16 As electrolyte materials, they offer
several advantages such as non-inflammability, low vapor
pressure, plasticity, higher thermal stability, and of course,
intrinsic ionic conductivity favored by their intrinsic dynamic
nature.13,17−25

IPCs are materials characterized by long-range crystalline
order, while their components feature reorientational processes
in the solid state, such as molecular rotations or librations
around their center of mass.19,25−30 The typical approach in

designing such materials relies on choosing suitable building
blocks and controlling the potential mobile component’s free
volume in the local environment by applying suitable stimuli,
e.g., temperature and pressure variations,31−36 which may
weaken the intermolecular interactions and lower the packing
density,32−35,37,38 leading to dynamically disordered phases.
Therefore, globular molecular ions13,39−44 and stimuli to
achieve loosely packed structures are desirable to favor
reorientation and hence increase the occurrence of plastic
phases. Salts of bulky, disk-like, or planar cations like
imidazolium,45,46 metallocenium,47,48 and quinuclidinium49,50

derivatives are prone to exhibit plastic phases at high
temperatures owing to their shapes. However, it is challenging
to establish a priori which combination of ionic components
would work or not as it is also challenging to predict the
transition temperature at which molecular plastic phases form.
Hence, the comprehension of the molecular and structural
factors responsible for such transitions and the quest for new
design methods for expanding and modulating the plastic
phase transitions are at the cutting edge in this field.

In previous studies, we, and others, have reported the
observation of plastic phase behaviors in molecular salts
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containing the enantiopure cation (3)-hydroxyquinuclidinium
with various anions,51−53 and by applying the principles of
crystal engineering,88,89 we have also explored the possibility of
accessing solid solutions with different anions to permit fine
control over the transition temperature.28,35,54−56

In this work, we aim at elucidating the effect of the crystal
packing features on the plastic transition behaviors in a family
of materials that are expected to afford ionic plastic phases as a
function of temperature. In this way, we expect to highlight
novel structural factors responsible for the occurrence or not of
the plastic transition and achieve insights that can be further
applied to the design principles of such materials.

To this end, we synthesized a series of methanesulfonate
salts with various globular cations, including the achiral 3-
quinuclidonium [QHco]+, the racemic (3)-hydroxyquinuclidi-
nium [QHrac]+, and the enantiopure (3)-hydroxyquinuclidi-
nium R-[QH]+, see Chart 1; at the same time, the
methanesulfonate anion (MS) was selected to mimic the
sulfonic acid moiety of Nafion.

We deliberately chose this series of cations to investigate the
plastic transition dependence on the chirality of the system and
difference in hydrogen-bonding capacity. Achiral molecules/
ions can crystallize in either chiral or achiral packings,57

whereas racemic mixtures may take different routes and
crystallize as true racemates (crystals containing equal amounts
of right- and left-handed species) or separate out and form
racemic conglomerates (physical mixtures of enantiomorphic
crystals of the corresponding handedness).58 On the other
hand, chiral species are forced to crystallize into a chiral
structure.59 At the same time, hydrogen bond formation
remains one of the major forces driving the crystallization of
specific interaction patterns; therefore, both factors are
expected to profoundly affect the intermolecular interaction
patterns and crystal packings within this family of salts.

■ EXPERIMENTAL SECTION
Synthesis. All reagents and reactants were purchased from Sigma-

Aldrich and used without any further purification. Bi-distilled water
and reagent grade solvents were used.

The salts [QHco]MS, [QHrac]MS, and R-[QH]MS were obtained
by the anion exchange reaction between the halide abstraction
reagent, silver methanesulfonate (AgSO3CH3), and the corresponding
hydrochloride salts of the quinuclidinium derivative. In a typical
reaction, 100 mg (0.5 mmol) of AgSO3CH3 was dissolved in a beaker
with 3 mL of water and left under stirring at RT. Next, the

stoichiometric amount of hydrochloride salts of the quinuclidinium
derivative was dissolved in another beaker with ca. 2 mL of water. The
resulting solution was added dropwise to the solution of AgSO3CH3
and left under stirring for ca. 2 h. Then, the precipitated AgCl was
filtered off, and the resulting solution was left to slowly evaporate to
afford viscous liquids. Crystallization was achieved by keeping the
resulting liquids at 60 °C (oven) for ca. 72 h. Only for R-[QH]MS,
good crystals suitable for single-crystal analysis were achieved, while
[QHco]MS and [QHrac]MS afforded crystalline materials as flakes
which were analyzed through powder XRD (vide infra).
X-ray Diffraction (XRD). Single-crystal data for R-[QH]MS was

collected on an Oxford X’Calibur S CCD diffractometer fitted with a
graphite monochromator (Mo-Kα radiation). The structure was
solved with SHELXT62 by intrinsic phasing and refined on F2 with
SHELXL63 implemented in the Olex2 software64 by full-matrix least
squares refinement. All non-hydrogen atoms were anisotropically
refined and the rigid-body RIGU restraints applied.65 HOH and HNH
atoms were directly located, when possible, while HCH atoms were
added in calculated positions and refined riding on their respective
carbon atoms. Data collection and refinement details are listed in
Table S1. The Mercury66 program was used for molecular graphics
and calculation of intermolecular interactions. For phase identification
and variable-temperature X-ray powder diffraction purposes, measure-
ments were performed on a PANalytical X’Pert Pro automated
diffractometer equipped with an X’Celerator detector in Bragg−
Brentano geometry, using Cu−Kα radiation without a monochroma-
tor in the 2θ range between 5 and 40° (continuous scan mode, step
size 0.0167°, counting time 19.685 s, Soller slit 0.04 rad, antiscatter
slit 1/2, divergence slit 1/4, 40 mA × 40 kV) and with an Anton-Paar
TTK 450 + LNC. The program Mercury66 was used for the
calculation of powder XRD patterns based on single-crystal data
collected in this work. Chemical and structural identities between bulk
materials and single crystals were always verified by comparing
experimental and calculated powder diffraction patterns (Figure S1).
For the structural solution of [QHco]MS and [QHrac]MS,
diffractograms in the 2θ range 3−70° (step size, 0.026°; time/step,
200 s; 0.02 rad soller; V × A 40 × 40) were collected on a Panalytical
X’Pert PRO automated diffractometer equipped with a PIXcel
detector in transmission geometry (capillary spinner), using Cu−Kα
radiation without a monochromator in the 2θ range 3−70°
(continuous scan mode, step size 0.0260°, counting time 889.70 s,
Soller slit 0.02, antiscatter slit 1/4, divergence slit 1/4, 40 mA × 40
kV). Five diffraction patterns were recorded and summed to enhance
the signal-to-noise ratio. Powder diffraction data were analyzed with
the software EXPO2014,67 which is designed to analyze both
monochromatic and non-monochromatic data. Selected peaks were
chosen in the 2θ range 10−50°, and unit cell constants were found
using the algorithm N-TREOR09.68 Structures were solved by
simulated annealing employing fragments retrieved from the
CCDC69 and refined as a rigid body with the software
EXPO2014.67 An overall thermal parameter for all the atoms was
adopted. See Figures S2 and S3 for the pattern difference plots and
Table S1 for crystallographic details. Crystal data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.
ac.uk); CCDC numbers2235832−2235834.
Thermal Analyses. TGA was performed with a PerkinElmer

TGA-7. The sample was contained in a platinum crucible and heated
under nitrogen flow (20 cm3 min−1) at a rate of 5 K min−1 up to
decomposition. Sample weight was in the range 5−10 mg.
Calorimetric measurement was performed with a PerkinElmer DSC-
7 equipped with a PII intracooler. Temperature and enthalpy
calibrations were performed using high-purity standards (n-decane,
benzene, and indium). Heating of the aluminum open pan containing
the sample (3−5 mg) was carried out at 5 K min−1 in the temperature
range 243−473 K under a N2 atmosphere. Entropy change was
estimated by dividing the enthalpy change by the transition
temperature. Hot-stage experiment was carried out using a Linkam
TMS94 device connected to a Linkam LTS350 platinum plate and

Chart 1. Molecular Structures of the Ions Chosen as
Components for the Preparation of IPCs: (a) the
Methanesulfonate Anion, (b) the Achiral 3-Quinuclidonium
[QHco]+, (c) the Racemic Hydroxyquinuclidinium
[QHrac]+, and (d) the Enantiopure R-
Hydroxyquinuclidinium R-[QH]+ Cations, * Indicates the
Chiral Center
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equipped with polarizing filters. Images were collected with a NIKON
DS FI3 camera from an Olympus BX41 stereomicroscope.
Raman Spectroscopy. Raman spectra were recorded with a

Horiba T64000 triple spectrometer coupled to an Olympus BX41
microscope equipped with 100×, 50×, 20×, and 5× objectives. The
spectrometer with a 640 mm focal length was equipped with a Peltier
thermoelectric cooled CCD of 1024 × 256 pixels and a diffraction
grating of 1800 grooves per mm. The Rayleigh scattering was
removed working in a double subtractive combined with a single
additive mode, thus allowing for the detection of a minimum Raman
shift of approximately 5 cm−1. The setup allowed for a spatial
resolution below 1 μm with the 100× objective, a nominal field depth
ranging from about 25 to 450 μm, and a spectral resolution down to
0.5 cm−1. The excitation was from a Krypton ion gas laser tuned at
647.1 nm with a nominal power of 500 mW. In all the experiments,
the power was reduced by neutral density filters to avoid sample
damage. Variable-temperature measurements were carried out with a
Linkam TMS94 device using the long distance of a 20× objective
which guaranteed a working distance of 21 mm.
Electrochemical Impedance Spectroscopy. Ionic conductivity

was measured by electrochemical impedance spectroscopy (EIS) on
13 mm diameter pellets, featuring a thickness of 0.75 mm, pressed at
10 tons for 5 min, and coated with silver paint. After the first heating
and cooling cycle of the R-[QH]MS sample, we realized a decrease in
the thickness to 0.5 mm and an increment in the cross-sectional area
of the pellet which is an insurgence of the plastic phase change of this
material. The conductivity values of the further cycles are calculated
with new dimensions. To exclude any contribution from humidity to
the sample ionic conductivity, before measurements, the pellets were
dried at 80 °C under vacuum oven 12 h (Büchi glass oven B-585) and
then transferred in a dry box (Ar atmosphere, H2O, and O2 < 1 ppm
MBraun) for cell assembly and test. The pellets were placed between
two stainless steel blocking electrodes (1.6 cm diameter) housed in a
two-electrode, Swagelok-type cell. The EIS spectra were collected by a
VSP multichannel potentiostat/galvanostat/FRA (BioLogic, Seyssi-
net-Pariset, France) within the 700 kHz−10 mHz frequency range
and with an AC perturbation that was lowered from an initial value of
100 to 25 mV at increasing temperature to adjust the current density
due to the impedance reduction, acquiring 5 points per decade. The
cells were thermostated at different temperatures (from 25 to 145 °C)
by a Büchi glass oven B-585 placed inside the dry box. Samples were
thermostated for 30 min before every measurement. The EIS Nyquist
plots were fitted using the EC-LAB software.

■ RESULTS AND DISCUSSION
Determining the crystal structures of chiral R-[QH]MS, achiral
[QHco]MS, and the racemic [QHrac]MS salts was essential to
understand the reasons behind their phase transition behaviors
in increasing temperature and proton conduction features
associated with the insurgence of plastic phases. Consequently,
the crystal structures of these salts were specified from the data
collected at room temperature. The structures of the achiral
[QHco]MS and of the racemic [QHrac]MS compounds had
to be determined from powder data since all attempts to grow
single crystals were fruitless, and only polycrystalline samples
could be obtained (see Supporting Information), while for R-
[QH]MS, we were able to grow single-crystal specimens. For
this latter species, correspondence between the structure
determined from the single crystal and that of the polycrystal-
line sample was ascertained by successful comparison between
the experimental powder pattern and that calculated based on
the single-crystal structure. Among the series, only R-[QH]MS
exhibited a chiral crystal structure, while the remaining salts
had centrosymmetric crystal structures (see Table S1 for
crystallographic details).

[QHco]MS crystallizes at room temperature in the
orthorhombic space group Pnma (see Table S1 for details).

As reported in Figure 1, the salt forms discrete anion/cation
pairs interacting through a bifurcated charge-assisted hydrogen

bond: N−H···O [2.932(9) Å], while the carbonyl group is
engaged only in weak C−H···O bifurcated interactions with
neighboring cations [3.429(1) Å]. At RT, the racemic salt,
[QHrac]MS, crystallizes in the monoclinic space group P21/c
(see Table S1 for details), in which cations and anions form
1D charge-assisted hydrogen-bonded chains through cation−
cation N−H···O 2.683(4) Å] and anion−cation O−H···O
[2.660(3) Å] interactions running along the b-axis.

The enantiopure compound R-[QH]MS crystallizes in the
orthorhombic space group P212121 (see Table S1 for details).
Contrarywise, to its racemic analogue, within crystalline R-
[QH]MS, the 1D charge-assisted hydrogen-bonded chains
through N−H···O [2.786(4) Å] and O−H···O [2.744(4) Å]
interactions along the b-axis direction arise from an alternation
of cations and anions (Figure 1). Experimental powder XRD
patterns, recorded at RT, match well with the simulated one
from the single-crystal structure, revealing the high crystallinity
and purity of the phase (see Supporting Information). For all
compounds, the electrostatic compression70,71 between
oppositely charged ions combined with the strength and high
directionality coming from the nature of hydrogen bonds leads

Figure 1. Representation of the intermolecular interactions detected
within (a) the achiral [QHco]MS, (b) the racemic [QHrac]MS, and
(c) the enantiopure R-[QH]MS. HCH atoms are omitted for clarity.
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to the formation of relatively shorter bonds in anion−cation
interactions. Significant differences among the series are
present at the level of the crystal packing, and as we shall
see in the following, these differences will be responsible for
the occurrence, or not, of the plastic phase transition.

Thermal analysis for [QHco]MS indicates stability up to ca.
130 °C (see Supporting Information), whereas DSC did not
spot any transitions below the degradation temperature
(investigated range: RT-130 °C), i.e., no plastic or melting
transition was detected for this compound. On the other hand,
[QHrac]MS has higher thermal stability with degradation
onsetting at around 180 °C, while DSC displays an
endothermic process at 150 °C with a ΔH of 21.8 kJ mol−1

and ΔS of 51.3 J mol−1 K−1, which was assessed as melting
from hot-stage microscopy (HSM) measurements (see
Supporting Information). Finally, the enantiopure crystal R-
[QH]MS shows the most interesting thermal behavior among
the whole series of salts examined in this study. R-[QH]MS
possesses a higher thermal stability up to ca. 230 °C (see TGA
in the Supporting Information). At the same time, DSC
indicates a reversible phase transition peaking at ca. 130 °C
(heating cycle) with a ΔH of 20.7 kJ mol−1, a ΔS of 51.10 J
mol−1 K−1, and with ca. 20 °C of hysteresis (see Supporting
Information).

HSM and variable-temperature powder XRD experiments
were performed to elucidate the nature of this process. In
agreement with the DSC data, upon increasing the temper-
ature, as shown in Figure 2a, R-[QH]MS single crystals

undergo a solid−solid transition accompanied by a reversible
birefringence loss and regain. At the same time, the powder
XRD pattern recorded at 140 °C shows the disappearance of
many diffraction peaks (Figure 2b). The smaller number of
peaks observed reflects an increase in crystal symmetry, in fact,
a cubic unit cell (a = 9.5 Å and V = 860 Å3) was indexed,
which agrees with other similar reported plastic crys-
tals.33,35,43,54 Plastic phases usually display a highly symmetrical

crystal lattice with a salt-like structure and with no
birefringence; i.e., cubic systems;30,47,72,73 therefore, both
experiments provide clear hints of plastic crystal formation.

To prove our hypothesis about the nature of the solid−solid
transition and gain further insights into the vibrational
properties of the quinuclidinolium salts in their high-temper-
ature phases, we measured the Raman spectra of the three
systems as a function of the temperature. By focusing on the
low-frequency range, i.e., below 150 cm−1, we were able to
probe the dynamics of the lattice, investigating the modes
which represent the fingerprint of each specific crystal
structure. The same strategy has been already successfully
adopted in the study of plastic crystals in neutral74 and ionic
systems33 as a function of temperature and pressure. The VT
micro-Raman spectra of the R-[QH]MS system in the
temperature interval of interest are reported in Figure 3. The

number of the bands detected is a function of the
characteristics and the symmetry of the crystal.75−77 In detail,
Figure 3a reports the evolution of the lattice phonon modes of
the orthorhombic system, together with the intramolecular
modes of lowest energy in the range of 150−380 cm−1, thus
allowing for the check of both the crystal and the molecular
dynamics on the same spot and at the same temperature. The
pattern of the lattice phonon vibrations gets abruptly washed
away above 125 °C, i.e., above the transition temperature. This
confirms the sudden occurrence of a high degree of molecular
disorder in the system, while its long-range order is
maintained, resulting in the averaged cubic structure detected
by the X-ray measurements. A further evidence of local

Figure 2. (a) Cross-polarized HSM pictures taken on a R-[QH]MS
single crystal before, during, and after the solid−solid transition; P
and O indicate the concomitant Plastic (P) and Ordered (O)
domains detected across the phase transitions. (b) Powder XRD
patterns recorded at RT and at high temperature (140 °C) for a
polycrystalline sample of R-[QH]MS.

Figure 3. VT-Raman spectra of the R-[QH]MS system. (a)
Wavenumber range comprising lattice phonons and low energy
intramolecular vibrations; (b) zoom-in on the lattice phonon region,
where crystal symmetry changes are detected; and (c) wavenumber
range of all intramolecular vibrations.
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disorder is given by the replacement at the transition of the
lattice phonon pattern by a diffuse Rayleigh wing (RW)
starting at around 100 cm−1 (see a zoom-in of lattice modes
region in Figure 3b), a phenomenon already reported for
adamantanes, which are the typical benchmark for plastic
crystal spectroscopic features.74 A somewhat similar behavior is
observed for the two intramolecular modes peaked at 340 and
353 cm−1, which are assigned to the crystal -SO3

− asymmetric
rocking by Parked and Zhong.78 Such SO3

− doublet is
subjected to some minor broadening on increasing temper-
ature, but keeps its character, suddenly merging into a single
broad band only above the transition. This effect confirms that
at the transition, the methanesulfonate gets disordered with
symmetry breaking.

Figure 3c displays the system VT-Raman spectra over a wide
wavenumber interval of intramolecular vibrations. As can be
seen, the spectral features keep unchanged on increasing
temperature, ruling out the occurrence of any chemical damage
or degradation due to heating. Besides the already described
SO3

− asymmetric rocking vibrations, the assignment of several
other peaks to either the cation [QH]+ and anion MS−

supports this conclusion. For instance, the peak at 788 cm−1,
which dominates the spectrum, can be assigned to the C−N−
C and C−C−C stretching modes79 of the cation [QH]+, while
the near peak at 770 cm−1 and the one centered at 556 cm−1

correspond to the C−S stretching and −SO3
− symmetric

bending, respectively, of the anion MS−.78,80 Finally, the
intense band centered at 1040 cm−1 arises from the
convolution of more vibrational modes assigned to both
[QH]+ symmetric and asymmetric stretching involving CCC
and CNC groups, and -SO3

− symmetric stretching.78−80

Over the entire spectral range, the plastic phase transition is
highlighted by the sudden and simultaneous broadening of all
the intramolecular modes of both [QH]+ and MS−, meaning
that the two components of the crystalline system become
orientationally disordered in a concerted way. In a previous
investigation of IPCs, we did observe transitions to disordered
phases separately for the cation and anion, with the formation
of an intermediate semi-ordered phase spectroscopically
identified by the presence of a boson peak in the low-
frequency Raman spectrum.33 VT micro-Raman spectra were
also recorded for the achiral [QHco]MS and for the racemic
[QHrac]MS compounds. As shown in Figure S9, no order−
disorder plastic phase transition was detected for either system.
In fact, the lattice phonon patterns are still recognizable up to
160 and 200 °C, respectively, while the doublet of the
diagnostic intramolecular vibrational modes in the range 340−
350 cm−1 does not merge and show broadening on increasing
temperature. These results agree with the X-ray and thermal
analysis and the electrochemical measurements presented
below.

Despite the high degree of similarity of the components,
only the enantiopure R-[QH]MS undergoes plastic transition;
therefore, we wondered about the reasons for such diverse
behaviors among the series. A possible rationalization comes
from considering a plausible mechanism for plastic crystal
formation in combination with the relative size of ions
constituting the materials, and the ionic environment around
each cation. In principle, during a plastic transition, as the
temperature increases, the degrees of freedom of the fragments
increase too, and librations and rotations begin. Weak and
directional intermolecular interactions such as charge-assisted
hydrogen bonds start fading at this stage until a plastic crystal
phase is attained, mainly held, and stabilized by nondirectional
Coulombic forces. Finally, ions must rearrange in the crystal
lattice to minimize repulsion and maximize attractions; for
example, inthe cubic systems exhibit salt-like structures with six
anions around each cation and vice versa, which is typical of
the plastic phases.33,35,47,54 Based on the van der Waals radii of
the ions, radii are 1.9 Å for the methanesulfonate and 2.9−3.1
Å for the cations, while their radius ratios (ρ = ranion/rcation) are
0.67−0.61; thus, according to the radius ratio rule in ionic
crystals, a favorable arrangement can be found in an octahedral
disposition (CN = 6).47,81 Again, all of them fulfill the
coordination conditions and could afford stable plastic phases
upon application of temperature, but as anticipated above,
significant differences are detected at the level of crystal
packing (Figure S8) which mirrors in diverse ionic environ-
ments for each cation. Although ions possess high mobility
within plastic phases, their components do not reach a degree
of freedom as high as that of a liquid, allowing them to flow
over the entire crystal. Therefore, low diffusion hinders a
complete rearrangement to mimic the salt-like disposition of
ions unless they are almost preorganized within the ordered
phases. This is particularly evident if we consider the series of
this study. For [QHco]MS and [QHrac]MS, with seven and
four anions surrounding each cation, the ionic disposition is
quite far from reaching an octahedral disposition (Figure 4),
preventing, de facto, the ordered crystal from rearranging to a
cubic phase upon temperature increase. In crystalline R-
[QH]MS, on the contrary, the anions are almost perfectly
aligned around the cation (Figure 4) allowing to attain, with
minimal motion, a coordination number of six, corresponding
to the plastic phase in a salt-like cubic system.

Finally, the proton conductivity of R-[QH]MS, [QHrac]MS,
and [QHco]MS was investigated by EIS within their thermally
stable ranges under anhydrous conditions. Pellets of the
samples were placed between two stainless steel blocking
electrodes housed in a two-electrode cell and tested in an Ar-
filled glove box (see Supporting Information). Figure S10
reports the evolution of the Nyquist plots at increased
temperatures, recorded for the different samples. The plots

Figure 4. Comparison between the ionic environments of (a) [QHco]MS, (b) the racemic [QHrac]MS, (c) enantiopure R-[QH]MS with gridlines
showing the differences between the “quasi-cubic” arrangement and an ideal octahedral arrangement, and (d) the salt-like cubic plastic phase
simulated based on the high-temperature XRD pattern measurement. The cations and anions are depicted as blue and orange spheres, respectively.
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collected at the lowest and highest temperatures present a
single semicircle with a low-frequency tail and were analyzed
referring to the equivalent circuit reported in Figure S11. The
equivalent circuit is composed by the electronic resistance of
the cell (R1, from cables and blocking electrodes) that is in
series with an (R2Q2) branch, where R2 is the bulk ionic
resistance of the pellet in parallel with the constant phase
element Q2. Q2 describes the double-layer capacitance at the
two ionic conductor/electrode interfaces. It was used to
represent the deviation from an ideal capacitive response that
has been related to surface roughness.82−84

Figure 5 shows the R-[QH]MS Nyquist plots collected at 71
°C, where the phase is ordered, at 120 °C, corresponding to
the phase transition, and at 137 °C, where R-[QH]MS is
plastic. It is evident that the low-frequency semicircle
dramatically shrinks moving from the ordered to the plastic
state. Notably, in the transition regime, the formation of the

second phase is bringing about a second semicircle in the
Nyquist plots, located at the highest frequencies. The second
semicircle (observed in the phase transition temperature
range) was analyzed considering a second (R3Q3) branch
added in series with the previous one (R2Q2).

Upon increasing temperature, this second semicircle
gradually substitutes the first one that belongs to the ordered
phase. Figure 6 reports the ionic conductivities (σ) calculated

from the electrolyte resistance (R) that in turn was determined
from the diameter of the Nyquist plot high-frequency
semicircle (R2). In the case of the spectra collected in the
transition region, we used the total resistance evaluated as the
sum of the diameters of the two semicircles (R2 + R3).

Specifically, σ was calculated according to the following
equation:

A R
L

1= = ·

where ρ is the resistivity, A is the pellet cross-sectional area,
and L is the pellet thickness.

The ionic conductivity of R-[QH]MS at RT was found to be
lower than 10−11 S cm−1 which increased to 1.57 × 10−8 S
cm−1 with increasing temperature up to 109 °C, i.e., right
before the onset of the plastic phase. Unlike the other two
compounds, a drastic increase is observed in the conductivity
of R-[QH]MS owing to the plastic phase transition. Indeed, σ
reached 4.25 × 10−4 S cm−1 at 131 °C. The gradual phase
transition behavior of enantiopure R-[QH]MS was also
observed at the HSM (see Figure 2a). The highest
conductivity of 1.03 × 10−3 S cm−1 was reached at 145 °C
which is considered a high value under anhydrous conditions
at this temperature range as a pure material.17,20,85,86 The
Arrhenius plots of three heating and cooling cycles of R-
[QH]MS (see Figure S12) compared with those of [QHrac]-
MS, and [QHco]MS (see Figure S13) are drawn not only to
show reproducibility but also to calculate the activation
energies before and after the phase transition regions by
using the Arrhenius equation:

T
T
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k T
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b
=

·
i
k
jjjjj

y
{
zzzzz

where σ0 is a preexponential constant and Ea is the activation
energy, kb is the Boltzmann constant, and T is the temperature.
The Ea values of [QHrac]MS, [QHco]MS, and ordered phase

Figure 5. Comparison between the ionic environments of the
enantiopure R-[QH]MS (left) and the salt-like cubic plastic phase
simulated based on the high-temperature XRD pattern measurement
(right). The cations and anions are depicted as blue and orange
spheres, respectively.

Figure 6. Trend of the ionic conductivity of R-[QH]MS, [QHrac]-
MS, and [QHco]MS vs temperature.
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of R-[QH]MS are found to be 151, 143, and 146 kJ mol−1,
respectively. As a typical behavior of OIPCs, after the plastic
phase transition, the Ea is decreased to 92 kJ mol−1, indicating
point defect-mediated conduction through bulk plastic phase
in the case of enantiopure R-[QH]MS.60,61,87

■ CONCLUSIONS
In conclusion, we have investigated the plastic phase transition
features of a series of methanesulfonate salts with various
globular cations, including the achiral [QHco]+, the racemic
[QHrac]+, and the enantiopure R-[QH]+.

Despite being quite similar in terms of shapes and volumes,
the different symmetry of each cation profoundly affects the
intermolecular interaction patterns and, thus, crystal packings;
consequently, the salts [QHco]MS, [QHrac]MS, and R-
[QH]MS are not isostructural and display a variety of
arrangements of the ions, which are reflected by the different
phase transition behaviors.

Interestingly, only the enantiopure salt R-[QH]MS exhibited
plastic phase behavior with temperature, which was confirmed
by XRD, thermal, and micro-Raman spectroscopy measure-
ments, whereas [QHco]MS and [QHrac]MS underwent
melting as the temperature was increased; the R-[QH]MS
salt was also found to be an excellent proton-conducting
material at high temperature with ionic conductivity passing
from 10−11 S cm−1 (RT) to 1.57 × 10−8 S cm−1 (109 °C) and
increasing nonlinearly to 1.03 × 10−3 S cm−1 at around 145 °C
which is attributed to a marked acceleration of motion
associated with temperature variations and the plastic phase
transition.

These findings point out that the R-[QH]MS salt is
potentially a good candidate as a dopant agent to be used in
Nafion-based membranes to compensate the loss of proton
conductivity because of the dehydration above 80 °C, and
work is already ongoing. Furthermore, our findings could
enlarge the design strategies of novel solid-state electrolytes
based on plastic crystals by considering the packing features
besides the already established shape and size factors of the
components.
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