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ABSTRACT
Many plastic crystals, molecular solids with long-range, center-of-mass crystalline order but dynamic disorder of the molecular orientations,
are known to exhibit exceptionally high ionic conductivity. This makes them promising candidates for applications as solid-state electrolytes,
e.g., in batteries. Interestingly, it was found that the mixing of two different plastic-crystalline materials can considerably enhance the ionic
dc conductivity, an important benchmark quantity for electrochemical applications. An example is the admixture of different nitriles to
succinonitrile, the latter being one of the most prominent plastic-crystalline ionic conductors. However, until now, only few such mixtures
were studied. In the present work, we investigate succinonitrile mixed with malononitrile, adiponitrile, and pimelonitrile to which 1 mol. %
of Li ions was added. Using differential scanning calorimetry and dielectric spectroscopy, we examine the phase behavior and the dipolar and
ionic dynamics of these systems. We especially address the mixing-induced enhancement of the ionic conductivity and the coupling of the
translational ionic mobility to the molecular reorientational dynamics, probably arising via a “revolving-door” mechanism.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110404

I. INTRODUCTION

Electrolytes, materials where the electrical current is not carried
by electrons but by ions, are essential for a number of electrochem-
ical applications, including energy-storage and -conversion devices
as batteries, fuel cells, or supercapacitors. Finding better electrolytes
is the key for ensuring a sustainable energy supply of tomorrow as
the noncontinuous nature of solar and wind energy and the future
success of electromobility require significant advances in energy-
storage technologies. Therefore, the development and investigation
of new electrolytes is one of the most important goals of current
material science.

There are various strategies to achieve further progress in
electrolyte technology. Maybe the most promising but also most
demanding approach is the use of solid materials with high ionic
conductivity like certain crystalline compounds1–5 or amorphous
solids, e.g., polymers.6–8 This avoids the shortcomings of many of
the currently employed, mostly liquid electrolytes, as flammability,
limited electrochemical stability, and leakage.9 A recent develop-
ment in this field (apart of pioneering works like Ref. 10) is ionically

conducting plastic crystals (PCs), which were shown to reach con-
ductivity values in the technically relevant range of >10−4 Ω−1 cm−1

at room temperature.1,2,5,11–18 In PCs, the centers of mass of the
molecules are located on a crystalline lattice, but they are dynami-
cally disordered with respect to their orientational degrees of free-
dom, the latter often showing glassy freezing at low temperatures.19

Obviously, there is only small hindrance for reorientational pro-
cesses in these materials, indicating relatively weak mutual inter-
actions between the PC molecules. This usually causes rather high
plasticity (explaining the term “plastic crystals”), which helps avoid-
ing junction problems to the metallic electrodes that may occur for
other solid electrolytes.18 To ensure the presence of technically rele-
vant cations like Li+, needed, e.g., for lithium batteries, usually some
mol. % of salts like LiPF6 are added to the pure PC systems.

There are essentially two classes of plastic-crystalline elec-
trolytes: ionic PCs, i.e., salts where the cation or the anion (or
both) have orientational degrees of freedom,1,5,11,12,15,17,20,21 and non-
ionic PCs, formed by neutral molecules.2,13,14,16,22 Interestingly, for
two prominent examples of both material classes, it was found that
admixing a related molecular species of larger size can considerably
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enhance the ionic conductivity and the stability range of the plastic
phase. Within the closo-carborane related group of ionic PCs,15,17

very recently a mixture of Li+(CB9H10)− with Li+(CB11H12)−
was reported to exhibit high room-temperature conductivity and
an extended PC phase compared to the pure compound.5 For
succinonitrile [SN; C2H4(CN)2],2,13 mixtures with glutaronitrile
[GN; C3H6(CN)2] led to a marked enhancement of the ionic con-
ductivity in its PC phase,16,23,24 reaching up to three decades for
samples with admixed Li salt.16

Succinonitrile is an important representative of nonionic
PC electrolytes. Its high ionic conductivity when introducing
ions by adding selected salts was revealed by Long et al.13

and Alarco et al.2 Admixing GN leads to a considerable extension
of the plastic-crystalline state toward low temperatures.25,26 This
enables the observation of glassy freezing of the orientational dis-
order below about 150 K, leading to a so-called glassy-crystal state
(sometimes also termed “orientational glass”). In an earlier work,16

we have reported dielectric-spectroscopy measurements of SN–GN
mixtures with different mixing ratios of up to 80 mol. % GN. These
experiments revealed successively stronger coupling of molecular
reorientation and ionic translation with increasing GN content. This
finding indicates that the mentioned conductivity enhancement of
the mixtures can be explained by a “revolving door” or “paddle
wheel” mechanism10,11,27 which becomes optimized when part of
the smaller SN molecules is replaced by the larger GN molecules.16

Within this scenario, the molecule reorientations are assumed to
provide transient free volume within the lattice, thus enhancing the
ionic mobility. Quite generally, it is often assumed that the typical
reorientational motions of the molecules or ions in PCs facilitate
translational ionic hopping, thus explaining the high ionic conduc-
tivity of many members of this material class.10–12,18,27–30 Recently,
reorientational motions were even suggested to also play a role for
the ionic mobility in certain liquid electrolytes.31,32 However, this
issue still is far from being finally clarified and, as an alternative,
various types of defects occurring in the plastic-crystalline phase
were also considered to rationalize the high ionic mobility.1,2,14,20,33,34

Obviously, more experimental data on the coupling of ionic con-
ductivity and the reorientational motions in mixed PC systems
are needed to achieve a better understanding of the mechanisms
governing the ionic mobility in PCs.

While in Ref. 16, we have only investigated the admixture
of a single compound (GN) to SN, using other nitriles of differ-
ent sizes seems a reasonable way to further explore the role of the
revolving-door mechanism for the ionic conductivity. For example,
adiponitrile [C4H8(CN)2; AN] has one additional CH2 group com-
pared to GN. Therefore, following the arguments in Ref. 16, for an
SN–AN mixture, one may expect an even more effective revolving-
door mechanism and stronger coupling of translational ionic and
reorientational molecular motions. An alternative approach is the
mixture of malononitrile [CH2(CN)2; MN] with SN. Here, MN, hav-
ing smaller molecules, may take the role of SN in the SN–GN
mixtures and the bigger SN itself could act as optimizing mate-
rial, widening the lattice and making revolving doors more effec-
tive for ionic charge transport. The miscibility and stabilization
of the PC phase against the transition into the orientationally
ordered crystal was already confirmed for the SN–MN system
by unpublished work of List and Angell in 1985 (see remark in
Ref. 18).

In the present work, we provide a detailed study of the ionic
conductivity and reorientational dynamics of binary mixtures of SN
with MN, AN, and pimelonitrile [C5H10(CN)2; PN] using dielectric
spectroscopy. In particular, we have investigated SN0.85X0.15 mix-
tures (with X = MN, AN, or PN) where 1% LiPF6 was added to
enable a direct comparison to the results of our previous report16

where the same salt admixture was used. This leads to the overall
composition (SN0.85X0.15)0.99(LiPF6)0.01 It should be noted that the
present study does not aim at achieving exceptionally high values
of ionic conductivity (here, different salts and higher concentrations
may be more favorable2) but, instead, intends to contribute to a bet-
ter understanding of the fundamental aspects of ion conduction in
such mixed PC systems.

II. EXPERIMENTAL METHODS
The investigated nitriles MN, SN, GN, AN (Acros Organics),

and PN (Sigma-Aldrich) were obtained with purities >99%. LiPF6
(purity 99.99%) was purchased from Sigma-Aldrich. Suitable
amounts of the nitriles and LiPF6 powder were mixed under slight
heating to achieve complete dissolution. For differential scanning
calorimetry (DSC) measurements, a DSC 8500 from PerkinElmer
was used applying a constant scanning rate of 10 K/min.

Dielectric measurements at frequencies from 0.1 Hz up to
10 MHz were carried out using a frequency-response analyzer
(Novocontrol Alpha). For X = MN and PN, additional high-
frequency measurements up to about 2 GHz were performed
employing an impedance analyzer (Keysight E4991B) with a coaxial
reflectometric setup.35 The sample materials were heated to ensure a
rather low-viscous liquid state and filled into preheated parallel-plate
capacitors with plate distances of 0.1 mm. For cooling and heating, a
N2-gas cryostat was used. Within the cryostat, before each measure-
ment run, the samples were first sufficiently heated to ensure a fully
liquid state. The measurements were done under cooling.

III. RESULTS AND DISCUSSION
A. DSC results

Figure 1 shows the DSC results for the three investigated mix-
tures as measured with a cooling/heating rate of 10 K/min. For
X = MN [Fig. 1(a)], the sharp negative (i.e., exothermic) peak,
observed under cooling at about 305 K, indicates the transition
from the liquid into the PC phase. The latter can be easily super-
cooled and at low temperatures a so-called glassy crystal state is
formed where the reorientational motions exhibit glassy freezing.
This is signified by the anomalies observed somewhat around 150 K
under cooling and heating, which reveal the typical signature of a
glass transition and are especially well pronounced for the heating
curve [inset of Fig. 1(a)]. The orientational glass transition occurs at
To
g ≈ 149 K (using the onset evaluation method of the heating curve).

Such glasslike freezing of the reorientational degrees of freedom of
the molecules is a well-established phenomenon and found in many
PCs.36–40 The melting peak observed during heating at about 310 K
is more smeared out than under cooling and located at higher tem-
perature as was also found for the SN–GN system (see the supple-
mentary material of Ref. 16). Overall, this DSC trace for X = MN
closely resembles that of the corresponding SN0.85GN0.15 mixture16

and reveals a broad stability range of the PC phase, without any
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FIG. 1. DSC heat flow as measured under cooling (lower lines) and heating (upper
lines) with rates of 10 K/min for the three investigated mixtures with X = MN (a),
AN (b), and PN (c). Endothermic processes are plotted in the positive y-direction.
The insets show zoomed views of the glass transition during heating observed for
X = MN and PN.

interference from a transition to a more ordered crystalline phase
as found in pure SN.25

In contrast to SN–MN, for the SN–AN mixture [Fig. 1(b)],
an additional exothermic peak at cooling (at 208 K) and the cor-
responding endothermic one at heating (236 K) show up. As no
indication for a glass-transition anomaly appears at lower tempera-
tures, this peak marks a transition from the PC to the orientationally
ordered crystal. Nevertheless, the PC phase can at least be studied at
temperatures above this transition. The main DSC peak caused by
the orientational order is accompanied by a second, smaller peak.
Currently, it is not clear whether it may indicate a second transition
(e.g., from a phase with restricted orientational motion to full ori-
entational order) or partial phase separation at low temperatures in
this mixture.23 Notably, the amplitudes of the crystallization/melting
anomalies, observed at about 283 and 294 K for SN–AN [Fig. 1(b)],
seem to be significantly smaller than for SN–MN [Fig. 1(a)]. Obvi-
ously, in this mixture, the main entropy reduction under cooling
arises at the formation of orientational ordering and not at the
liquid-crystal transition. Recently, it was pointed out that such large
entropy changes, as often found at the orientational-order transi-
tion in PCs, may be used to develop new, environmentally friendly
refrigeration techniques.41,42

For X = PN [Fig. 1(c)], the DSC trace, in principle, resem-
bles that of the SN–AN mixture with crystallization and melting
peaks at about 281 and 296 K, respectively, and an additional, much
stronger ordering transition at 220 and 236 K for cooling and heat-
ing, respectively. However, an inspection of the low-temperature
region reveals a significant glass-transition anomaly at about 156 K

[inset of Fig. 1(c)]. This indicates that in this mixture, the second
phase transition found under cooling only involves partial orienta-
tional ordering and restricted reorientational motions (e.g., about a
single axis only) still are possible, finally undergoing glassy freezing.
Such transitions, where the reorientational motion changes from
almost isotropic to anisotropic, are well documented for various
other PCs.19,43 An alternative explanation of the observed glass tran-
sition would be a phase separation into PC regions and regions
of orientational order23 (this issue will be discussed in more detail
below). In any case, it is interesting to check how much the ionic
charge transport is affected by the transition into this partially
ordered state.

B. Dielectric spectra
1. SN–MN

Figure 2 shows spectra of the dielectric constant ε′ (a), dielec-
tric loss ε′′ (b), and conductivity σ ′ (c) of the SN–MN system for
selected temperatures. The measurements were performed during
cooling from room temperature with 0.4 K/min. With increasing
frequency, the ε′ spectra [Fig. 2(a)] reveal a steplike decrease from
about 30 to 2, which shifts to lower frequencies with decreasing tem-
perature. It is accompanied by a peak in the loss spectra [Fig. 2(b)].
These are the typical signatures of a relaxational process.44–46

It can be ascribed to the so-called α relaxation, i.e., the global

FIG. 2. Frequency-dependent dielectric constant (a), dielectric loss (b), and con-
ductivity (c) of the SN–MN mixture for various temperatures. The solid lines in (a)
and (b) are fits of ε′ and ε′′ using an equivalent-circuit approach48 consisting of up
to two distributed RC circuits to describe the electrode-polarization effects, a dc-
conductivity contribution, and up to two relaxation functions (see text for details).
The lines in (c) were calculated from the fits of ε′′.
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reorientational motions of the PC molecules. The mentioned shift
to lower frequencies mirrors the continuous slowing down of this
molecular dynamics under cooling, typical for the glass transi-
tion44,45 and found in various other PCs.19 From the loss-peak fre-
quencies νp, the average relaxation time ⟨τ⟩ of the α process can be
estimated via ⟨τ⟩ ≈ 1/(2πνp). Notably, for 157 K, the lowest tem-
perature where the loss peak is fully seen in the frequency window
of Fig. 2(b), the amplitudes of the relaxation features in ε′ and ε′′
are significantly reduced and the loss peak exhibits a more symmet-
ric shape than at the higher temperatures. This may well reflect an
at least partial transition into a more ordered state, not detected in
the DSC experiments [Fig. 1(a)] because they were performed with
a higher cooling rate of 10 K/min.

For the three highest temperatures included in Fig. 2(a), ε′(ν)
exhibits a strong additional increase for frequencies below those of
the α-relaxation step and the dielectric constant approaches unrea-
sonably high (“colossal”47) values beyond 1000. This can be ascribed
to electrode polarization, a phenomenon commonly found for ionic
conductors (also termed “blocking electrodes”). It arises at low fre-
quencies and relatively high temperatures when the mobile ions
arrive at the metallic electrodes. This leads to the formation of
thin, poorly conducting space-charge regions that act as a huge
capacitor.48 At sufficiently high frequencies, the capacitor becomes
effectively shorted and the intrinsic response is detected.47,48

In the loss spectra [Fig. 2(b)], at frequencies below the peaks, a
marked increase is found. Its slope of −1 in the double-logarithmic
plot implies ε′′ ∝ ν−1 in this region. Via the relation σ ′ ∝ ε′′ν , this
corresponds to constant conductivity. Consequently, in Fig. 2(c), a
frequency-independent plateau precedes the shoulders at high fre-
quencies that correspond to the loss peaks in Fig. 2(b). For the three
highest temperatures, at low frequencies σ ′(ν) deviates from this
plateau and becomes reduced, which is due to the blocking-electrode
effects mentioned above.48

In addition to the right flank of the α-relaxation peak, in
Fig. 2(b), the loss spectra at the lowest temperatures reveal the indi-
cation of a second, broad peak at high frequencies. The occurrence
of such secondary relaxation peaks is typical for glass-forming liq-
uids49–51 and also found for certain PCs,19 including various SN–GN
mixtures.16,25,26 A detailed treatment of this feature is out of the
scope of the present work.

To describe the spectra of Fig. 2, we applied an equivalent-
circuit approach, simultaneously fitting ε′ and ε′′.47,48 For σ ′, the fit
curves were calculated via ε′′ = σ ′/(2πνε 0), where ε0 is the permittiv-
ity of free space. As shown by us in various previous works,16,31,32,47,48

electrode-polarization can be formally well modeled by distributed
RC circuits, assumed to be connected in series to the bulk.48 The
electrode-dominated regions in Figs. 2(a) and 2(c) seem to exhibit
two successive steps. Such behavior is often found in ionic con-
ductors, and possible microscopic origins were discussed, e.g., in
Ref. 48. Therefore, for the highest temperatures two RC circuits
were employed to account for the electrode effects. For the α relax-
ation, we used the empirical Cole-Davidson function,52 well known
to provide a reasonable description for glass formers and PCs.19,45,53

The secondary relaxation was described by the Cole-Cole function54

which is common for such processes.19,51 The contribution of the dc
conductivity to the loss is given by ε′′dc = σdc/(2πνε 0). It should be
noted that, depending on temperature, only part of these elements
were needed (e.g., at low temperatures, the electrode effects are

outside of the frequency window), which kept the number of param-
eters at a reasonable level. The fits obtained in this way (lines
in Fig. 2) reasonably agree with the experimental data. The dc-
conductivity and relaxation times deduced by the fits perfectly match
the values read off from the spectra.

2. SN–PN
The dielectric spectra for the SN–PN mixture, presented in

Fig. 3, in principle, show the same contributions as those for
SN–MN. The main difference is the discontinuity found between
230 and 218 K; for T ≤ 218 K, the relaxation amplitude (step
height in ε′ and peak area in ε′′) is strongly reduced by nearly
one decade. In light of the above discussion of the DSC results
[Fig. 1(c)], this most likely reflects the transition from the “classical”
PC state with isotropic reorientations to restricted reorientational
motions. Qualitatively similar behavior was also reported for other
PCs, e.g., ortho-carborane43 and adamantanone.19 The assumption
that this transition does not lead to complete orientational order,
concluded above from the occurrence of a glass transition in the
DSC trace, is corroborated by the finding of a clear relaxation pro-
cess even below the transition. The data of Fig. 3 were fitted in
the same way as those of Fig. 2 (lines) which, again, works rea-
sonably well. Some minor deviations of experimental data and fits
show up in the crossover region between electrode polarization and
α relaxation in Fig. 3(a). This may be due to another relaxation pro-
cess (intrinsic or nonintrinsic) or ac conductivity as discussed in
some detail in Refs. 23 and 25 for SN–GN mixtures. To avoid a too

FIG. 3. Frequency-dependent dielectric constant (a), dielectric loss (b), and con-
ductivity (c) of the SN–PN mixture for various temperatures. The lines have the
same meaning as in Fig. 2.
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excessive number of parameters, we refrain here from adding
another element to the employed fit function. This has no significant
influence on the results for the α-relaxation time and the dc conduc-
tivity, which are the only relevant parameters for the further discus-
sion. The dc conductivity estimated by the frequency-independent
plateau in σ ′(ν) [Fig. 3(c)] does not seem to be strongly affected
by the phase transition, a fact that will be discussed in more detail
below.

3. SN–AN
For the SN–AN mixture, no relaxational response is observed

within the investigated frequency window (Fig. 4). At temperatures
T ≥ 221 K, i.e., above the transition to complete orientational order,
the intrinsic dielectric-constant plateau detected at high frequen-
cies is rather high, pointing to the presence of relaxation steps at
higher frequencies as also found in the other systems (Figs. 2 and 3).
If this relaxation should persist below the transition, it should shift
into the frequency window under cooling as observed for the PN
sample (Fig. 3). However, at 194 and 206 K in Fig. 4(a), ε′(ν) is rather
featureless and low. This well corresponds to the complete order
below this transition, suggested above based on the DSC results.
This finding corroborates the notion that the reorientations in PCs
are essential for their high ionic conductivity. The spectra of Fig. 4
were fitted just as for the other two systems but without the α relax-
ation (lines). At the two lowest temperatures, the conductivity is
low and no element for electrode polarization was necessary. There,
for the intrinsic response, an additional power law, σ ′ = σdc + σ0ν s

FIG. 4. Frequency-dependent dielectric constant (a), dielectric loss (b), and con-
ductivity (c) of the SN–AN mixture for various temperatures. The lines are fits as
in Figs. 2 and 3 but without the α relaxation. For the two lowest temperatures, an
additional UDR contribution was assumed.

[and σ ′′ = tan(sπ/2)σ0ν s according to the Kramers-Kronig rela-
tion55], was used, termed universal dielectric response (UDR) and
commonly ascribed to hopping conductivity.55–59 It leads to a better
description of the small residual conductivity in this ordered phase
than pure dc conductivity alone. Significant information on the dc
conductivity could only be obtained for 206 K.

C. Dc conductivity
Figure 5 shows the dc conductivity of all investigated mixtures,

plotted vs the inverse temperature in an Arrhenius representation.
The melting temperatures and the temperatures of the transition
into a more ordered crystalline phase, deduced from the DSC exper-
iments under cooling (Fig. 1), are indicated by vertical lines. Just as
previously reported for the corresponding SN–GN mixture (shown
by the squares in Fig. 5),16 the dc conductivity for all mixtures inves-
tigated in the present study is significantly higher than for the pure
SN doped with the same percentage of Li salt (inverted triangles; this
data set was remeasured here up to higher temperatures than previ-
ously reported in Ref. 16). At high temperatures in the PC phase,
σdc is found to considerably increase with increasing molecule size.
For the two largest molecules (PN and AN), this increase becomes
smaller and the highest conductivity is detected for the X = PN mix-
ture. For example, at 280 K, it exceeds that of SN0.99(LiPF6)0.01 by
about 2.5 decades, again demonstrating the very strong influence of
admixing on the ionic conductivity.16,22 Interestingly, while SN with-
out admixture reveals a very strong difference of σdc in the liquid and
PC phase, the jump of σdc(T) at the transition becomes successively

FIG. 5. Temperature-dependent dc conductivity of the investigated SN0.85X0.15
mixtures with 1% LiPF6 shown in an Arrhenius representation. In addition, results
for the corresponding SN–GN mixture from Ref. 16 and for SN without another
nitrile are shown. The molecules are schematically indicated. The solid lines are
fits with the VFT equation for the conductivity [Eq. (1)]. The vertical dashed lines
indicate the melting points. For PN and AN, the vertical dotted lines show the tran-
sition temperatures into a more ordered phase (cf. DSC measurements in Fig. 1).
Note the single data point below the orientational-ordering transition in SN–AN at
about 3 × 10−12 Ω−1 cm−1.
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smaller for larger admixture-molecules and nearly vanishes for PN
and AN. One key for reaching the highest conductivities in these sys-
tems obviously is the conservation of a liquidlike conductivity at the
crossover into the PC phase. This is confirmed by the similar behav-
ior found in our previous investigation of the SN–GN system with
different GN concentrations:16 The highest σdc values were detected
for the highest GN concentrations, which had the least pronounced
conductivity anomalies at crystallization.

As discussed above, for X = PN and AN, aside of the crystalliza-
tion, a second transition shows up at lower temperatures (cf. Fig. 1),
indicated in Fig. 5 by the vertical dotted lines. While for the SN–PN
mixture, only a small change of slope σdc(T) is found at this transi-
tion, for X = AN, the dc conductivity becomes strongly reduced by
many decades [only a single data point immediately below the tran-
sition could be obtained; cf. Fig. 4(c)]. This finding is well consistent
with the above conclusions from the DSC results. At this transition,
the SN–PN mixture transfers into a phase with restricted reorienta-
tional motions, while the SN–AN systems undergo full orientational
order. The still possible reorientations for X = PN, albeit restricted,
obviously still provide sufficient freedom for the ions to pass the
molecules. By contrast, the fully ordered state for X = AN, lacking
any molecule rotations, no longer supports any sizable ionic charge
transport.

The almost unaffected conductivity below the low-temperature
transition in SN–PN (upright triangles in Fig. 5) allows us to essen-
tially exclude the alternative explanation of the detected glass tran-
sition in terms of phase separation, which was considered in the
above discussion of Fig. 1(c). If the strong anomaly in the DSC
trace would mark a transition into a predominantly orientation-
ally ordered, highly insulating phase with small, phase-separated PC
regions, it seems unlikely that this transition should have such little
effect on the conductivity.

The nonlinear behavior of log(σdc) vs 1/T observed in the PC
phases of all mixtures (Fig. 5) evidences clear deviations from Arrhe-
nius behavior, σdc ∝ exp[−E/(kBT)], expected from plain thermal
activation over an energy barrier E. Such non-Arrhenius tempera-
ture dependence of the conductivity is a characteristic property of
ionically conducting glasslike materials, at least if some coupling of
the ionic mobility to the glassy dynamics prevails.8,16,24,31,32,60,61 In
structural glass formers, the latter mainly involves the translational
motions of the molecules, atoms, etc. (having in mind the original
definition of the glass transition in terms of viscosity), while in PCs,
the glassy dynamics is given by the reorientational motions. Non-
Arrhenius behavior of dynamic quantities in glass-forming mate-
rials usually can be well described by the empirical Vogel-Fulcher-
Tammann (VFT) law.62–65 For σdc(T), in Fig. 5, we use its variant
for the conductivity,

σdc = σ0 exp[
−DTVF

T − TVF
]. (1)

Here, σ0 is a pre-exponential factor, D is the so-called strength
parameter quantifying the deviation from Arrhenius behavior,65 and
TVF is the Vogel-Fulcher temperature, where σdc would diverge.
As shown by the solid lines, σdc(T) in Fig. 5 can be well fit-
ted in this way. For X = PN, the temperature region of the PC
phase with isotropic reorientations (between the corresponding
dashed and dotted vertical lines in Fig. 5) is too small to allow for

meaningful statements about non-Arrhenius behavior of σdc. How-
ever, in the low-temperature phase, a fit with a VFT law (line through
the upright triangles in Fig. 5) works reasonably well, indicating that
here glasslike dynamics still exists and dominates the charge trans-
port. This is consistent with the finding of a glass transition in the
DSC trace found in this phase [Fig. 1(c)].

D. Comparing ionic conductivity
and orientational dynamics

In Ref. 16, the strong increase of the dc conductivity of the
SN–GN mixture with increasing GN content was rationalized by a
successively better coupling of the reorientational and translational
dynamics for higher concentrations of the larger GN molecule. For
the present SN–MN and SN–PN samples, this coupling is examined
in Figs. 6(a) and 6(b). They provide a comparison of the temperature
dependences of the average reorientational relaxation times ⟨τ⟩ and
the inverse dc conductivity (the dc resistivity ρdc = 1/σdc) by plotting
both quantities in a common frame using an Arrhenius representa-
tion. [Both, ⟨τ⟩ determined by reading off the loss-peak frequencies
and from the fits performed for selected spectra (lines in Figs. 2 and

FIG. 6. Temperature dependences of the average reorientational relaxation time
and of the dc resistivity of the SN–MN (a), SN–PN (b), and SN–GN (c) mixtures
(the latter from Ref. 16) with 1 mol. % LiPF6, plotted in the Arrhenius represen-
tation. The axis ranges of ⟨τ⟩ (squares; left axes) and ρdc (plusses; right axes)
were adjusted to cover the same number of decades. The starting values of the
ordinates were chosen to achieve a match of both quantities at high temperatures
in the PC phases (extrapolated for SN–GN). The vertical dashed lines indicate the
liquid-PC transitions. For X = PN, the vertical dotted line denotes the transition
into the suggested phase with higher orientational order. The solid lines through
the ρdc(T) data are VFT curves calculated from the fits of σdc(T) shown in Fig. 5.
The ⟨τ⟩(T) data in frame (c) were fitted by a separate VFT law.65
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3), are shown. The σdc values also were either read off from the σ ′
spectra or determined by the fits.] By a proper choice of the ordinate
starting values and ensuring the same number of decades per scale
unit for the ρdc and ⟨τ⟩ ordinates, it is possible to achieve a good
match of both data sets. This is the case for both X = MN and PN, in
marked contrast to X = GN shown in Fig. 6(c).16

The good scaling of ⟨τ⟩ and ρdc, revealed in Fig. 6 for SN–MN
and SN–PN, indicates proportionality of both quantities evidencing
a close coupling of the ionic translational to the molecular reori-
entational dynamics. This strongly points to the relevance of the
revolving-door mechanism for the ionic mobility in these mixtures.
In Ref. 16, the conductivity enhancement when adding the larger
GN to the smaller SN molecules was proposed to be due to a more
effective revolving-door mechanism, mirrored by increasingly better
rotational-translation coupling with increasing GN content. Com-
paring X = GN and PN in Fig. 6, it thus seems reasonable that
admixing an even larger molecule (PN) to SN may lead to even
better coupling and to a further enhancement of the conductivity
(Fig. 5). It should be noted that nearly perfect coupling, as found for
SN–PN at 15 mol. % PN content, for SN–GN is only reached at much
higher concentrations of 80 mol. %.16 For this high GN concentra-
tion, the high-temperature conductivity in the PC phase is of similar
magnitude as for the present 15 mol. % SN–PN mixture.

In light of the above considerations, at first glance, it does not
seem plausible that such nearly perfect coupling of ⟨τ⟩ and ρdc is
also revealed by the SN–MN system where 15 mol. % of a smaller
molecule is admixed [Fig. 6(a)]. However, this system may of course
also be regarded as a 85% admixture of the larger GN molecule to
MN and the situation may be similar as for the SN0.2GN0.8 mix-
ture investigated in Ref. 16 where nearly perfect coupling was found,
too. It seems that large amounts of a somewhat larger molecule
(SN0.2GN0.8 and SN0.85MN0.15) or small amounts of a much larger
molecule (SN0.85PN0.15) both can lead to very strong coupling of ion
mobility and molecular rotation. However, despite its equally good
coupling, the SN–MN mixture exhibits much less enhanced con-
ductivity than SN–PN (Fig. 5). This can be explained by the smaller
average molecule size in the SN–MN mixture, which should lead to
closer packing, even when the molecules are rotating. This results
in less overall free volume available for the ions, partly compen-
sating the more effective revolving-door mechanism in the mixture
compared to unmixed SN and, thus, explains the found smaller
conductivity enhancement.

The close coupling of relaxation time and dc resistivity as
revealed in Figs. 6(a) and 6(b) reminds of the empirical Barton-
Nakajima-Namikawa (BNN) relation, originally reported for ioni-
cally conducting glasses.66–68 It predicts proportionality of the dc
conductivity and the rate of a relaxation process that arises from
ionic diffusion in these glasses. By contrast, the relaxation process
detected in the present PC samples obviously is of reorientational
origin.

Finally, it should be noted that the markedly different dc con-
ductivities of the investigated SN-X mixtures, observed in the PC
phase at high temperatures (Fig. 5), is not caused by strongly differ-
ent reorientational relaxation times. This is revealed by Fig. 7, show-
ing the temperature dependences of the reorientational α-relaxation
times for X = MN, GN,16 PN, and SN without admixed nitrile.16 In
the temperature range where σdc varies by up to 2.5 decades depend-
ing on the admixed molecule (above about 200 K; see Fig. 5), ⟨τ⟩

FIG. 7. Comparison of the average α-relaxation times of the mixtures shown in
Fig. 6 and of SN without admixed nitrile. The data for the latter and for SN–GN
were taken from Ref. 16. The lines are fits with the VFT law.65

of the different materials is of comparable magnitude and cannot
explain the findings of Fig. 5. Instead, the translation-rotation cou-
pling, concentration, and size of the involved molecules determine
the absolute values of σdc for a given rotation rate of the revolving
doors.

As revealed by Fig. 7, for lower temperatures, the relaxation
times of the different mixtures no longer are similar but differ sig-
nificantly. This obviously arises from the different orientational glass
temperatures of these systems. They can be estimated from extrapo-
lating the VFT fits shown as lines in Fig. 7 to a value of ⟨τ⟩ = 100 s,
usually found at the glass transition. We obtain 149 and 155 K for
MN and PN, respectively. This well matches the anomalies found in
their DSC traces (insets of Fig. 1). As ⟨τ⟩ of the investigated mate-
rials strongly differs at low temperatures, in this region, just as in
the previously investigated mixtures of cyclohexanol and cyclooc-
tanol,22 strong effects of ⟨τ⟩ on the conductivity can be expected.
Indeed with decreasing temperature, the σdc curves of the materi-
als in Fig. 5 approach each other and finally cross. At the lowest
temperatures (e.g., at 1000/T = 6, corresponding to about 167 K),
the influence of the strongly different ⟨τ⟩ values obviously dom-
inates over the other effects and leads to the highest conductiv-
ity for the GN system and the lowest for PN (Fig. 5). This is in
accord with the succession of relaxation times revealed at low tem-
peratures in Fig. 7, the fastest reorientations leading to the highest
conductivity.

IV. SUMMARY AND CONCLUSIONS
In summary, using dielectric spectroscopy, we have investi-

gated the translational ionic and reorientational molecular dynamics
of three mixtures of plastic-crystalline SN with related nitriles of
different molecule size. Just as previously reported for SN–GN, all
these mixtures show a significant enhancement of their ionic con-
ductivity if compared to the pure SN system which can reach up to
2.5 decades. One of these mixtures (SN–MN) exhibits a PC phase
that extends to the lowest investigated temperatures and reveals
glassy freezing of the orientational degrees of freedom. In SN–PN,
a transition to restricted reorientational motions is observed, which,
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however, only has a minor effect on the high conductivity of this
system. Only SN–AN undergoes a transition into complete (trans-
lational and orientational) crystalline order under cooling below
208 K, where the conductivity is strongly suppressed.

Both the addition of 15 mol. % of smaller (MN) or larger
molecules (PN and AN) to SN induces an increase in the con-
ductivity at high temperature, close to the liquid state. A compar-
ison of ionic dc conductivity and reorientational molecular relax-
ation times, possible for MN and PN, reveals good coupling of both
dynamics for both cases. This further supports the notion that the
rotating molecules advance ionic mobility in a revolving-door-like
mechanism. Nevertheless, at high temperatures, different absolute
values of the conductivity are found for SN–MN and the two other
systems despite they feature similar relaxation times and similar cou-
pling. Obviously, even for good translation-rotation coupling, the
same reorientational dynamics of the molecules can lead to very dif-
ferent dc conductivities. A key for reaching high conductivities in
the solid state is the avoidance of a significant conductivity jump
at the transition from the liquid to the PC phase, thus preserv-
ing liquidlike conductivity below the melting point. In the present
case, this is reached by admixing rather small amounts of much
larger molecules than those of the host system. Further work, inves-
tigating additional concentrations of admixed nitriles and salts and
also checking the behavior for different nitriles and other salts than
LiPF6,2 should be performed to examine all options of optimizing
SN as a plastic-crystalline solid-state electrolyte. Here, an important
task certainly is also the shift of the liquid-PC phase transition to
higher temperatures.

Together with our previous results on different SN–GN and
cyclohexanol-cyclooctanol mixtures,16,22 the present investigation
reveals the parameters that are relevant for the conductivity
enhancement in PC mixtures: the size of the added molecules, the
degree of translation-rotational coupling, the concentration ratio of
large to small molecules, and the molecular reorientation rate at
a given temperature. Optimizing these four factors is essential for
the development of mixed PC electrolytes for future electrochemical
applications.

ACKNOWLEDGMENTS
This work was supported by the Deutsche Forschungsgemein-

schaft (Grant No. LU 656/3-1).

REFERENCES
1D. R. MacFarlane, J. H. Huang, and M. Forsyth, Nature 402, 792 (1999).
2P. J. Alarco, Y. Abu-Lebdeh, A. Abouimrane, and M. Armand, Nat. Mater. 3, 476
(2004).
3N. Kamaya, K. Homma, Y. Yamakawa, M. Hirayama, R. Kanno, M. Yonemura,
T. Kamiyama, Y. Kato, S. Hama, K. Kawamoto, and A. Mitsui, Nat. Mater. 10, 682
(2011).
4Y. Wang, W. D. Richards, S. P. Ong, L. J. Miara, J. C. Kim, Y. Mo, and G. Ceder,
Nat. Mater. 14, 1026 (2015).
5S. Kim, H. Oguchi, N. Toyama, T. Sato, S. Takagi, T. Otomo, D. Arunkumar,
N. Kuwata, J. Kawamura, and S. Orimo, Nat. Commun. 10, 1081 (2019).
6F. Croce, G. B. Appetecchi, L. Persi, and B. Scrosati, Nature 394, 456 (1998).
7A. M. Stephan and K. S. Nahm, Polymer 47, 5952 (2006).
8C. Do, P. Lunkenheimer, D. Diddens, M. Götz, M. Weiß, A. Loidl, X.-G. Sun,
J. Allgaier, and M. Ohl, Phys. Rev. Lett. 111, 018301 (2013).

9J. Motavalli, Nature 526, S96 (2015).
10E. I. Cooper and C. A. Angell, Solid State Ionics 18-19, 570 (1986).
11D. R. MacFarlane and M. Forsyth, Adv. Mater. 13, 957 (2001).
12J. M. Pringle, Phys. Chem. Chem. Phys. 15, 1339 (2013).
13S. Long, D. R. MacFarlane, and M. Forsyth, Solid State Ionics 161, 105 (2003).
14D. Hwang, D. Y. Kim, S. M. Jo, V. Armel, D. R. MacFarlane, D. Kim, and
S.-Y. Jang, Sci. Rep. 3, 3520 (2013).
15T. J. Udovic, M. Matsuo, W. S. Tang, H. Wu, V. Stavila, A. V. Soloninin,
R. V. Skoryunov, O. A. Babanova, A. V. Skripov, J. J. Rush, A. Unemoto,
H. Takamura, and S. Orimo, Adv. Mater. 26, 7622 (2014).
16K. Geirhos, P. Lunkenheimer, M. Michl, D. Reuter, and A. Loidl, J. Chem. Phys.
143, 081101 (2015).
17W. S. Tang, M. Matsuo, H. Wu, V. Stavila, W. Zhou, A. A. Talin, A. V. Soloninin,
R. V. Skoryunov, O. A. Babanova, A. V. Skripov, A. Unemoto, S.-I. Orimo, and
T. J. Udovic, Adv. Energy Mater. 6, 1502237 (2016).
18I. S. Klein, Z. Zhao, S. K. Davidowski, J. L. Yarger, and C. A. Angell, Adv. Energy
Mater. 8, 1801324 (2018).
19R. Brand, P. Lunkenheimer, and A. Loidl, J. Chem. Phys. 116, 10386 (2002).
20Y. Abu-Lebdeh, P.-J. Alarco, and M. Armand, Angew. Chem., Int. Ed. 42, 4499
(2003).
21J. M. Pringle, P. C. Howlett, D. R. MacFarlane, and M. Forsyth, J. Mater. Chem.
20, 2056 (2010).
22D. Reuter, C. Geiß, P. Lunkenheimer, and A. Loidl, J. Chem. Phys. 147, 104502
(2017).
23M. Zachariah, M. Romanini, P. Tripathi, M. Barrio, J. L. Tamarit, and
R. Macovez, J. Phys. Chem. C 119, 27298 (2015).
24M. Zachariah, M. Romanini, P. Tripathi, J. Ll. Tamarit, and R. Macovez, Phys.
Chem. Chem. Phys. 17, 16053 (2015).
25T. Bauer, M. Köhler, P. Lunkenheimer, A. Loidl, and C. A. Angell, J. Chem.
Phys. 133, 144509 (2010).
26M. Götz, T. Bauer, P. Lunkenheimer, and A. Loidl, J. Chem. Phys. 140, 094504
(2014).
27R. Aronsson, B. Jansson, H. Knape, A. Lundén, L. Nilsson, C.-A. Sjöblom, and
L. Torell, J. Phys., Colloq. 41, 35 (1980).
28L. Börjesson and L. M. Torell, Phys. Rev. B 32, 2471 (2013).
29Z. Lu and F. Ciucci, J. Mater. Chem. A 4, 17740 (2016).
30K. E. Kweon, J. B. Varley, P. Shea, N. Adelstein, P. Mehta, T. W. Heo, T. J.
Udovic, V. Stavila, and B. C. Wood, Chem. Mater. 29, 9142 (2017).
31P. Sippel, S. Krohns, D. Reuter, P. Lunkenheimer, and A. Loidl, Phys. Rev. E 98,
052605 (2018).
32D. Reuter, C. Binder, P. Lunkenheimer, and A. Loidl, Phys. Chem. Chem. Phys.
21, 6801 (2019).
33J. Huang, A. Hill, M. Forsyth, D. R. MacFarlane, and A. Hollenkamp, Solid State
Ionics 177, 2569 (2006).
34S. Das and A. J. Bhattacharyya, J. Phys. Chem. Lett. 3, 3550 (2012).
35R. Böhmer, M. Maglione, P. Lunkenheimer, and A. Loidl, J. Appl. Phys. 65, 901
(1989).
36O. Yamamuro, H. Yamasaki, Y. Madokoro, I. Tsukushi, and T. Matsuo, J. Phys.:
Condens. Matter 15, 5439 (2003).
37O. Yamamuro, M. Hayashi, T. Matsuo, and P. Lunkenheimer, J. Chem. Phys.
119, 4775 (2003).
38H. Suga, J. Phys.: Condens. Matter 15, S775 (2003).
39E. Tombari and G. P. Johari, J. Chem. Phys. 142, 104501 (2015).
40M. C. Righetti, E. Tombari, and G. P. Johari, J. Chem. Phys. 145, 054501 (2016).
41B. Li et al., Nature 567, 506 (2019).
42P. Lloveras, A. Aznar, M. Barrio, Ph. Negrier, C. Popescu, A. Planes, L. Mañosa,
E. Stern-Taulats, A. Avramenko, N. D. Mathur, X. Moya, and J.-Ll. Tamarit, Nat.
Commun. 10, 1803 (2019).
43P. Lunkenheimer and A. Loidl, J. Chem. Phys. 104, 4324 (1996).
44See collection of articles in Broadband Dielectric Spectroscopy, edited by F.
Kremer and A. Schönhals (Springer, Berlin, 2002).
45P. Lunkenheimer, U. Schneider, R. Brand, and A. Loidl, Contemp. Phys. 41, 15
(2000).

J. Chem. Phys. 150, 244507 (2019); doi: 10.1063/1.5110404 150, 244507-8

Published under license by AIP Publishing

 09 April 2024 09:43:05

https://scitation.org/journal/jcp
https://doi.org/10.1038/45514
https://doi.org/10.1038/nmat1158
https://doi.org/10.1038/nmat3066
https://doi.org/10.1038/nmat4369
https://doi.org/10.1038/s41467-019-09061-9
https://doi.org/10.1038/28818
https://doi.org/10.1016/j.polymer.2006.05.069
https://doi.org/10.1103/physrevlett.111.018301
https://doi.org/10.1038/526s96a
https://doi.org/10.1016/0167-2738(86)90180-3
https://doi.org/10.1002/1521-4095(200107)13:12/13<957::aid-adma957>3.0.co;2-#
https://doi.org/10.1039/c2cp43267f
https://doi.org/10.1016/s0167-2738(03)00208-x
https://doi.org/10.1038/srep03520
https://doi.org/10.1002/adma.201403157
https://doi.org/10.1063/1.4929554
https://doi.org/10.1002/aenm.201502237
https://doi.org/10.1002/aenm.201801324
https://doi.org/10.1002/aenm.201801324
https://doi.org/10.1063/1.1477186
https://doi.org/10.1002/anie.200250706
https://doi.org/10.1039/b920406g
https://doi.org/10.1063/1.5001946
https://doi.org/10.1021/acs.jpcc.5b09380
https://doi.org/10.1039/c5cp02345a
https://doi.org/10.1039/c5cp02345a
https://doi.org/10.1063/1.3487521
https://doi.org/10.1063/1.3487521
https://doi.org/10.1063/1.4867095
https://doi.org/10.1051/jphyscol:1980609
https://doi.org/10.1103/physrevb.32.2471
https://doi.org/10.1039/c6ta07443j
https://doi.org/10.1021/acs.chemmater.7b02902
https://doi.org/10.1103/physreve.98.052605
https://doi.org/10.1039/c9cp00742c
https://doi.org/10.1016/j.ssi.2006.01.041
https://doi.org/10.1016/j.ssi.2006.01.041
https://doi.org/10.1021/jz301742z
https://doi.org/10.1063/1.342990
https://doi.org/10.1088/0953-8984/15/32/305
https://doi.org/10.1088/0953-8984/15/32/305
https://doi.org/10.1063/1.1595645
https://doi.org/10.1088/0953-8984/15/28/355
https://doi.org/10.1063/1.4913759
https://doi.org/10.1063/1.4959806
https://doi.org/10.1038/s41586-019-1042-5
https://doi.org/10.1038/s41467-019-09730-9
https://doi.org/10.1038/s41467-019-09730-9
https://doi.org/10.1063/1.471242
https://doi.org/10.1080/001075100181259


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

46P. Lunkenheimer and A. Loidl, in The Scaling of Relaxation Processes, edited by
F. Kremer and A. Loidl (Springer, Cham, 2018), p. 23.
47P. Lunkenheimer, S. Krohns, S. Riegg, S. G. Ebbinghaus, A. Reller, and A. Loidl,
Eur. Phys. J.: Spec. Top. 180, 61 (2010).
48S. Emmert, M. Wolf, R. Gulich, S. Krohns, P. Lunkenheimer, and A. Loidl,
Eur. Phys. J. B 83, 157 (2011).
49G. P. Johari and M. Goldstein, J. Chem. Phys. 53, 2372 (1970).
50A. Kudlik, S. Benkhof, T. Blochowicz, C. Tschirwitz, and E. A. Rössler, J. Mol.
Struct. 479, 201 (1999).
51S. Kastner, M. Köhler, Y. Goncharov, P. Lunkenheimer, and A. Loidl, J. Non-
Cryst. Solids 357, 510 (2011).
52D. W. Davidson and R. H. Cole, J. Chem. Phys. 19, 1484 (1951).
53P. Lunkenheimer and A. Loidl, Chem. Phys. 284, 205 (2002).
54K. S. Cole and R. H. Cole, J. Chem. Phys. 9, 341 (1941).
55A. K. Jonscher, Dielectric Relaxations in Solids (Chelsea Dielectrics Press,
London, 1983).
56S. R. Elliott, Adv. Phys. 36, 135 (1987).

57A. R. Long, Adv. Phys. 31, 553 (1982).
58S. R. Elliott, Philos. Mag. B 60, 777 (1989).
59K. Funke, Philos. Mag. A 68, 711 (1993).
60F. Mizuno, J.-P. Belieres, N. Kuwata, A. Pradel, M. Ribes, and C. A. Angell,
J. Non-Cryst. Solids 352, 5147 (2006).
61P. Sippel, P. Lunkenheimer, S. Krohns, E. Thoms, and A. Loidl, Sci. Rep. 5,
13922 (2015).
62H. Vogel, Z. Phys. 22, 645 (1921).
63G. S. Fulcher, J. Am. Ceram. Soc. 8, 339 (1925).
64G. Tammann and W. Hesse, Z. Anorg. Allg. Chem. 156, 245
(1926).
65C. A. Angell, in Relaxations in Complex Systems, edited by K. L. Ngai and
G. B. Wright (NRL, Washington, DC, 1985), p. 3.
66J. L. Barton, Verres Refract. 20, 328 (1966).
67T. Nakajima, in Conference on Electric Insulation and Dielectric Phenomena
(National Academy of Sciences, Washington, DC, 1972), p. 168.
68H. Namikawa, J. Non-Cryst. Solids 18, 173 (1975).

J. Chem. Phys. 150, 244507 (2019); doi: 10.1063/1.5110404 150, 244507-9

Published under license by AIP Publishing

 09 April 2024 09:43:05

https://scitation.org/journal/jcp
https://doi.org/10.1007/978-3-319-72706-6_2
https://doi.org/10.1140/epjst/e2010-01212-5
https://doi.org/10.1140/epjb/e2011-20439-8
https://doi.org/10.1063/1.1674335
https://doi.org/10.1016/s0022-2860(98)00871-0
https://doi.org/10.1016/s0022-2860(98)00871-0
https://doi.org/10.1016/j.jnoncrysol.2010.06.074
https://doi.org/10.1016/j.jnoncrysol.2010.06.074
https://doi.org/10.1063/1.1748105
https://doi.org/10.1016/s0301-0104(02)00549-9
https://doi.org/10.1063/1.1750906
https://doi.org/10.1080/00018738700101971
https://doi.org/10.1080/00018738200101418
https://doi.org/10.1080/13642818908209742
https://doi.org/10.1080/01418619308213993
https://doi.org/10.1016/j.jnoncrysol.2006.06.006
https://doi.org/10.1038/srep13922
https://doi.org/10.1111/j.1151-2916.1925.tb16731.x
https://doi.org/10.1002/zaac.19261560121
https://doi.org/10.1016/0022-3093(75)90019-8

