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Abstract

Organic ionic plastic crystals (OIPCs) are emerging as promising electrolyte materials for solid-state batteries.
However, despite the fast ionic diffusion, OIPCs exhibit relatively low DC conductivity in solid phases caused by
strong ion-ion correlations that suppress charge transport. To understand the origin of this suppression, we
performed a study of ion dynamics in the OIPC 1-Ethyl-1-methylpyrrolidinium bis (trifluoromethyl sulfonyl) imide
[P,I[TFSIT utilizing dielectric spectroscopy, light scattering, and Nuclear Magnetic Resonance diffusometry.
Comparison of the results obtained in this study with the published earlier results on an OIPC with a completely
different structure (Diethyl(methyl)(isobutyl)phosphonium Hexafluorophosphate [P,,,,]1[PF.1) revealed strong
similarities in ion dynamics in both systems. Unlike DC conductivity, which may drop more than ten times between
melted and solid phases, diffusion of anions and cations remains high and does not show strong changes at phase
transition. The conductivity spectra in the broad frequency range demonstrate unusual shapes in solid phases with
an additional step separating fast local ion motions from suppressed long-range charge diffusion controlling DC
conductivity. We suggested that in solid phases, anions and cations can jump only between the specific ion sites
defined by the crystalline structure. These constraints lead to strong cation-cation and anion-anion correlations
strongly suppressing long-range charge transport.
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INTRODUCTION

Organic ionic plastic crystals (OIPCs) are a promising class of ion-conducting materials that hold great
potential for different energy-related applications. They are found to be suitable for lithium and sodium
solid-state batteries'
electrolyte interphase”, and many other applications''”. One of the advantages of OIPCs in comparison to

1-4]

, protic conductive materials”®, solar cells”?, in the formation of protective solid

regular ionic liquids is their ability to remain in solid phases even at very high temperatures’ and good
solubility of different doped salts in solid phases**". Rational design of new OIPCs with properties required
for different applications requires a good fundamental understanding of ion and charge transport in these
materials.

One of the most intriguing properties of some OIPCs is the strong decoupling of charge transport and ions
self-diffusion in solid phases. The DC conductivity, op, (i.e., charge transport) of OIPCs significantly drops
at solid-solid or liquid-solid phase transitions, while ion diffusion maintains smooth temperature behavior
and remains fast""*"*?. The origin of this decoupling is related to the strong ionic correlations in solid
phases of OIPCs and characterized by the parameter called ionicity or inverse Haven ratio, H'***), which
shows the difference between experimentally measured o,, affected by ion-ion correlations and Nernst-
Einstein (NE) conductivity, o, corresponding to the uncorrelated ions motion*>

Bl h _ M 5D + p_DS I
= o’ WereJNE_qu—T(¢+ i+ @_D3) ()

Here, 1 is ion concentration, q is the charge of the ion, ¢, is a fraction of the mobile ions, and 2 and Ds are
self-diffusion coefficients of cations and anions, respectively. In our previous paper”’, for OIPC [P,,,][PF.],
we showed that in the solid phases, H" = 0.01-0.1, indicating that ionic correlations suppress conductivity by
10-100 times and implying the existence of a charge trapping mechanism at high ion mobility in OIPCs.
Among the various hypotheses describing the conductivity mechanisms in OIPCs**", we proposed™’ that
in the [P,,,,][PF,] system, charge transport is fast at short timescales; however, due to ion-ion correlations,
charge transport becomes trapped at the length scale of the elementary crystalline unit cell. Our assumption
was based on experimental data obtained from a combination of different techniques working in broad
timescales, such as Broadband Dielectric spectroscopy (BDS), including GHz frequencies, Light Scattering
(LS) and Pulsed Field Gradient Nuclear Magnetic Resonance (PFG-NMR) for diffusion measurements.
Unfortunately, [P,,,,][PF,] has a high melting point (~about 150 °C), making it challenging to measure ion
diffusion in a liquid state, and we assumed that ion diffusion is comparable in liquid and solid states based
on indirect evidence from BDS and LS spectra. To deepen our understanding of ionic correlations and
charge transport in OIPCs, we performed a comprehensive study of a different OIPC [P,,][TFSI] system
using the same broad set of experimental techniques. This OIPC has a melting temperature of around 85 °C,
allowing detailed studies of the ion diffusion, charge transport and relaxation processes in liquid and solid
phases. Analysis of our results revealed that diffusion of many (but not all) ions and ionic rearrangements in
solid OIPC phases does remain very fast, while conductivity drops following our previous work with
[P....][PE,]. Hence, the similar patterns of charge transport in [P,,,,][PF,] and [P,,][TFSI], whose chemical
structures are largely different, indicate the occurrence of a general mechanism of conductivity suppression
for many OIPCs in solid phases. We speculate that the crystalline structure of OIPCs favors collective ion
hopping where ions with the same charge exchange their positions without contributing to the charge
transport.
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EXPERIMENTAL

Materials

1-Ethyl-1-methylpyrrolidinium bis (trifluoromethyl sulfonyl) imide [P,,][TFSI] was purchased from Sigma
Aldrich [Scheme 1A] and used as received. The structure of Diethyl(methyl)(isobutyl)phosphonium
Hexafluorophosphate [P, ,[[PF,] is shown in Scheme 1B for comparison purposes. The samples for all
measurements were opened and loaded into cells inside a glove box in an inert atmosphere.

Broadband dielectric spectroscopy
Broadband dielectric spectroscopy (BDS) was used to perform conductivity spectra measurements in a
broad frequency range from 0.01 Hz up to 50 GHz. To cover the whole wide frequency range, we used the
Alpha-A analyzer from Novocontrol for measurements in the frequency range of 107 to 10° Hz; an Agilent
RF Impedance Material Analyzer, E4991A, with WinDETA Software from Novocontrol, was used in the
frequency range 10° to 3 x 10° Hz, and the Panoramic Network Analyzer, Agilent Technologies, E8364C
with performance probe and the Agilent Electronic Calibration module for frequency measurements from
5 x 10° Hz up to 5 x 10" Hz. The samples were stabilized for 20 min at each temperature to reach a
precision of + 0.2 K. The details of sample cells and calibration procedure can be found in our previous
work®",

Light scattering

Light scattering (LS) was measured using a Raman spectrometer and tandem Fabry-Perot (TEP)
interferometer. The experiments were performed in backscattering geometry using a laser wavelength of 532
nm. Three mirror spacings were used in the TFP interferometer: 0.4, 3, and 15 mm to cover the wide
frequency range. A T64000 Raman spectrometer from Horiba Jobin Yvon was employed to measure Raman
modes for normalization spectra at different temperatures. The temperature was stabilized by a JANIS
cryostat with a LakeShore temperature controlling unit. More details about LS can be found in our previous
work"!,

Pulsed field gradient nuclear magnetic resonance (PFG-NMR) measurements

Self-diffusion NMR measurements of 'H and “F in pure OIPCs were conducted using a 300 MHz NMR
spectrometer at a magnetic field of 7T with 'H Larmor frequency at 300 MHZ and "F Larmor frequency at
282.2 MHz. The sample was packed in a 5 mm NMR tube in an Ar-filled glovebox and placed in a DOTY Z-
spec pulse field gradient (PFG) NMR probe. It was then melted in-situ at 100 °C and subsequently cooled to
room temperature to remove thermal history. Measurements were then performed as temperature was
increased to 65, 75, 90, and 95 °C. A spin-echo pulse sequence was used and self-diffusion coefficients were
calculated by using the Stejskal-Tanner equation: S = S, exp[-D(yg5)* (A - 8/3)]. Gradient field strength (g)
varied between 10-900 G/cm for 16 increments. Gradient pulse duration (8) ranged from 2-3 ms and
diffusion time (A) covered a range from 10-20 ms. Relaxation delay times ranged from 8-17 s to
accommodate T, relaxation times. Acquisition times spanned from 10-100 ms. To improve signal-to-noise
ratios, spectra were signal-averaged using 4-40 scans. Convection in the liquid phase at higher temperatures
was suppressed by limiting the sample height in the NMR tube to 1 cm and adding small pieces of quartz to
break up convection cells. It is worth noting that PFG-NMR measures diffusion on the micrometer scale.
See Supplementary Material for additional details about spectra analysis [Supplementary Figure 1A and B]
and estimation of mobile ions fraction in melted state and Phase I [Supplementary Figure 2A and B].

Wide angle X-ray scattering

Wide Angle X-Ray Scattering (WAXS) experiments were carried out on a Xenocs Xeuss 3.0 instrument with
both fresh and aged samples of [P ,][TFSI]. The solid samples were ground, placed in hermetic Al pans, and
aligned perpendicular to the direction of the X-ray beam (transmission mode). The samples were then
heated up to 50 °C and equilibrated for 10 min. Next, data were collected for 6 min followed by a 6-min
interval with the X-ray beam switched off to avoid overheating the samples. This procedure was repeated
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Scheme 1. Chemical structure of two OIPCs: (A) [P, ][TFSI] and (B) [P,,,,]1[PF.]

three times, and the results of the runs were averaged for better statistics. An additional run was performed
with the fresh [P,,][TFSI] at 100 °C to obtain the structure factor of the liquid phase.

EXPERIMENTAL RESULTS

BDS

BDS measurements provide important information about charge transport in a wide time/frequency scale in
ion conductive systems. Conductivity spectra of [P,,][TFSI] measured by BDS in different solid phases and
the melt state are presented in Figure 1A. The spectra of [P ,][TFSI] melt resemble those of regular ionic
liquids, with the AC-tail at high frequencies crossing over to the DC regime. At lower frequencies,
conductivity drops because of the electrode polarization effect”*. The AC-DC crossover is well described by
Random Barrier Model (RBM)"****.. According to this model, the AC-tail is associated to the sub-diffusion
ion regime, where ions rattle in Coulombic cage created by surrounding ions. Low-frequency DC regime
defines 6, and corresponds to normal diffusion regime when the ion escapes from the Coulombic cage
overcoming the highest potential barrier. The timescale, when ion diffusion behavior changes from sub-
diffusion to normal diffusion regime, is defined by conductivity relaxation time, z,, and can be estimated
from the crossover frequency ¢, = 1/(2xf,cpc). More accurately, 7, can be obtained from the fit of the
conductivity spectra to the equation derived by RBM"**"

-1/3

@
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The red lines in Figure 1A correspond to Eq. (2) and show a reasonable fit for the melted state. In solid
phases, [P,][TFSI] shows an additional step in conductivity spectra. This step becomes more pronounced
with a decrease in temperature. A similar effect was previously observed in another OIPC [P,,,,][PF,] and
this step was called Process I"'. This additional step leads to a significant drop of 6,. The temperature
dependence of o, is presented in Figure 1B. It was demonstrated earlier’” that for this OIPC, the
temperature dependence of 6, is not well reproducible, which is most probably related to the aging effect
or thermal history. We repeated the conductivity measurements of our fresh sample after a few months, and
indeed observed the same effect. The solid-phase o, is higher for the aged sample, although the
conductivity remains the same in the melt [Figure 1B]. It remains higher in the aged samples even after
many melting cycles, and our data for fresh and aged samples agree well with previously published data"”.
Based on our WAXS data shown below, the difference in conductivity for fresh and aged samples might be
related to the decreasing crystallinity degree for long-stored samples (aged). The crystalline structure
becomes more disordered with time and cannot be restored by melting.
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Figure 1. (A) Conductivity spectra of [P,,][TFSI] in different solid phases and melt states. In the melted state, only standard AC-DC
crossover is observed. In the solid phases, the additional step at high frequency is presented (Process I). Red solid lines correspond to
RBM and obey Eq. (2). (B) Temperature dependence of DC conductivity estimated at low-frequency DC plateau after Process |. Colored
symbols (red and blue) correspond to DC conductivity of the fresh sample from (A). The black symbols correspond to the aged sample
measured with a 1K degree step around phase transitions.

lon diffusion

Unlike BDS techniques, which measure conductivity including contributions from both ions and provide
information about self and cross-correlations of ion transport, the PFG-NMR technique measures only ion
self-diffusion and distinguishes the type of ion species. In previous studies of OIPC [P,,,,][PF,], we could
not measure the diffusion coefficient in the melt due to its very high melting temperature. The [P ,][TFSI]
studied here has a melting temperature of around 80 °C, which is accessible for PFEG-NMR equipment. The
temperature dependencies of cation and anion diffusion are presented in Figure2 and
Supplementary Table 1, and ion mobile fraction is presented in Supplementary Figure 2B. The results
revealed that the drop in diffusion coefficient at phase transition from melt to Phase I is much smaller than
the drop in o, The diffusion coefficient changes less than a factor of three between 363 and 348 K
[Figure 2], while conductivity drops about two orders of magnitude in the same temperature range for the
aged sample and about three orders for the fresh sample. Analysis of NMR data also revealed that only
about 20% of all ions in the solid state have such high mobility. This decrease ~5 times in the fraction of
mobile ions between melt and Phase I is still not sufficient to explain more than 100 times drop in

conductivity.

LS

LS provides information about structural relaxation at high frequencies, related to the fluctuation of
polarizability. The LS spectra of [P,][TFSI] in the melted and solid Phase I state are shown in Figure 3. The
melted state spectrum shows a clear relaxation process, while in the solid phase, additional Brillouin lines
are presented. Polycrystallinity of the solid state leads to multiple light scattering that destroys the angle
selection rule, and Brillouin lines appear as multi-peak structures. However, at lower and high frequencies,
we can still detect the shoulder of the relaxation process and can estimate its position. We used Cole-
Davidson function to fit the relaxation processes and relaxation time can be estimated as 7,5 = 1/(2xf,,.,). The
relaxation process in LS is associated with the structural dynamics, and our estimations give that
characteristic relaxation time of ~0.02 ns for a melted state and 0.01 ns for a solid state. These times
correspond to ., extracted from the AC-DC crossover in conductivity spectra. At the same time, no
signature of Process I is observed in the LS spectra.
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Figure 2. Temperature dependence of anion and cation diffusion coefficients and DC conductivity of the aged [P,,1[TFSI] sample in the
solid and melted states.
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Figure 3. Light Scattering spectra of OIPC [P,,]J[TFSI] in melted (95 °C) and solid state, Phase | (85 and 65 °C). The relaxation peaks
were fitted with Cole-Davidson function (solid lines) and relaxation times were estimated from maximum of the relaxation peak.

WAXS measurements

WAXS measurements provide information about structure of the material. Figure 4A shows the WAXS
results obtained with the fresh [P ,][TFSI] sample. The black curve shows the data collected at 50 °C
whereas the blue line depicts the data collected at 100 °C. Thus, while the latter shows the structure factor of
the liquid, the former comprises a mixture of crystalline and disordered phases. By scaling the data from the
liquid state using the intensity of its main peaks at Q ~ 1 A" to match the intensity of the shoulders at the
correspondent values of Q in the data collected at 50 °C, we can subtract the contributions of the disordered
phase to obtain a diffraction pattern from the crystalline phase within the sample, as shown by the pink
dashed line [Figure 4A]. Then, by scaling the liquid and crystalline standards to match the experimental
data (red dotted line), the weight fraction of crystalline, W, and disordered, W, phases were estimated
using
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W,  S.(ZMV),
Wy S.(ZMV),

3

where S. and S, are the scale factors for the crystalline and liquid phases, and Z, M, and V are the number of
chemical formulas per unit cell, the molecular weights of these unit cells, and their respective volumes,
respectively””**. For simplicity, we consider that (ZMV). = (ZMV),. In the fresh sample, W, = 19%. Next,
the previously obtained standards for the liquid and crystalline phases were used to determine the weight
fractions of the phases in the aged sample [Figure 4B]. In this case, W, = 50%. One should notice that, with
the considerations made in this work, these weight fractions are not absolute values and must be analyzed as
a qualitative comparison between the samples, suggesting that the aged sample has a ~2.5 times higher
fraction of the disordered state.

DISCUSSION

Based on the presented experimental data of [P ,][TFSI] and our previously published results obtained for
[P.,..J[PF,], where we performed a similar study"", we can derive the common pattern about ion dynamics
in these OIPCs. Figure 5 presents the conductivity and LS spectra of the melted and solid phases. As
mentioned above, the AC-DC crossover or 7, defines the timescale where ions escape from the cage of
surrounding ions and start the normal diffusion regime. In the conductivity spectra, it results in formation
of the 6, plateau, and the melt phase demonstrates this typical behavior (upper panels in Figure 5).

However, in the solid phase, the initial high-frequency plateau is terminated by Process I, and the second
low frequency plateau is formed with lower 6. The relaxation process observed in the light scattering
spectra corresponds to the structural relaxation and can be associated with the same time of local ion
rearrangements (escape from the cage), ;5. The light scattering relaxation processes for solid and melt
phases have almost the same positions and coincide with the high-frequency AC-DC crossover in both
OIPCs, which indicates that local ionic mobility is comparable in liquid and solid phases. Howver, unlike
the melt state, there is a mechanism of charge trapping in the solid phases, appearing as Process I. At the
same time, there is no signature of this process in LS spectra. It might be explained by charge trapping
leading to formation of large dipole moment. The dielectric response is proportional to the square of the
dipole moment fluctuation, and therefore, this charge trapping appears as strong Process I. However, this
process involves many individual ion jumps. In contrast, light scattering is sensitive to fluctuations in
polarizability and is insensitive to dipole reorientation. As a result, LS detects individual ion jumps, but not
the charge trapping process.

The high ionic mobility indicated by the BDS and LS spectra is validated by direct measurements of the
cation and anion diffusion coefficients in the liquid and solid phases by PFG-NMR. Both cation and anion
self-diffusion coefficients show no sharp changes at the melt-solid phase transition in both OIPCs, while
O defined by the low-frequency DC plateau (after Process I), drops significantly [Figure 2]. However,
there are important differences between [P,,][TFSI] and [P,,,,][PF,] data. First, unlike the [P,,,][PF,], where
all ions are mobile in Phase I"?J,only around 20% of cations and anions are mobile
[Supplementary Figure 2B] in Phase I of [P ,][TFSI]. Second, there are much stronger drops of high-
frequency DC and AC conductivity and amplitude of structural relaxation peak in LS spectra in the solid
phase of [P,][TFSI] in comparison with the same for [P ,,,][PF,] [Figure 5]. The reduction in the fraction of
mobile ions can only explain part of the drop in conductivity, indicating that there are additional
mechanisms of conductivity suppression in the [P,,][TFSI] system. To understand these mechanisms, we
should discuss the key difference between ion diffusion and conductivity. Ion self-diffusion, measured by
PFG-NMR, presents only self-part of velocity correlation functions, as given in
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where g and 7; are charge and velocity of i-th ions, respectively. Self-diffusion coefficients are used to

estimate the expected 6,; based on Eq. (1), corresponding to conductivity without ion-ion correlations. In
contrast, G, is related to both self- and cross-correlations and is defined as follows®**

P (N
Toc = gt [RIORAGH 5)

0 ij
where V is volume. Separating self and distinct correlations in Eq.(5) we can write the o, as®"?>**!

O-DC = O-NE + 0-.?_ + O-.f+ + O-_d_ (6)

where the first term is defined by Eq. (1) and the last three terms correspond to distinct cation-anion,
cation-cation and anion-anion correlations. Thus, the experimentally measured 6, will coincide with the
oy, only in the absence of distinct ionic correlations. Using Eq. (6) and Eq. (1) can estimate the contribution
of distinct ionic correlations, calculating the ionicity or inverse Haven ratio®***.

d d d
g oy_+oy,+ol_

g1 =2DC _q A T At T e 0
ONE ONE

Using the experimental values of 6,,., mobility fraction [Supplementary Figure 2B] and diffusion coefficient
[Figure 2] can estimate the contribution of distinct ion-ion correlations. The ionicity of regular ionic liquids
is always less than one™**”, and as molecular dynamic simulations”™ and experiments in molten salts"***’
showed, it is mostly caused by the negative distinct anion-anion and cation-cation correlations (¢¢, <0,
0@_ < 0). Molecular dynamics is typically used to qualitatively estimate ionic correlations, but recently, an
alternative approach based on momentum conservation has been proposed to determine distinct ion
correlations from experimental data'".

Figure 6 presents the temperature dependence of the inverse Haven ratio for [P,,][TFSI] and [P ,,,][PF,] in
Phase I and melted states. We can see that in the melt state, H is in the range of 0.4-0.8 which is typical for

23,42-47]

ionic liquids and molten salts' , where the values H' < 1 are explained by the negative distinct anion-

39,41,48-50

anion (¢4 < 0) and distinct cation-cation (o¥+ < 0) correlations! ). However, in Phase I, H" drops
approximately ten times, indicating that the ion-ion correlations suppress conductivity ~10-50 times in

comparison with the expected o, based on high ionic diffusion in the solid phase.

In our previous work"”", we suggested that there are two types of ion transport in plastic crystal [P,,,,][PF,]
in the solid phase: intra-cell and inter-cell motion. At the small intra-cell scale, ion transport is similar to
regular ionic liquid and appears as the highfrequency AC-DC crossover in the conductivity spectra and as
the relaxation process in the LS spectra. Larger scale inter-cell dynamic corresponds to the ion exchange
between the crystalline cells. We speculated that the inter-cell ion transport appears strongly correlated,
possibly due to ion momentum conservation or elementary cell charge neutrality”. This correlation leads
to a kind of backflow - when one cation or anion leaves the elementary unit cell, another cation or anion
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Figure 5. Comparison of LS and conductivity data for two OIPCs [P,,1[TFSI] and [P,,,,][PF,] (data taken from™") in melted and solid
states. A similar pattern is observed in both OIPCs: The position of relaxation processes in LS coincides with AC-DC crossover, while
Process | is not observed in LS spectra.

should enter to compensate for either the overall charge of the cell or the momentum of the departing ion.
Thus, ions show high mobility, but charge transport is trapped at the scale of the elementary unit cell.

Based on common patterns of experimental data, we may propose that a similar scenario of charge trapping
occurs in [P,][TFSI], but with slight modification. Our WAXS and NMR data show that there are
crystalline and disordered fractions in [P,][TFSI] and that about 80% of ions are immobile in Phase I. We
may assume that the ordered crystalline fraction consists of relatively immobile ions, but anions and cations
have high mobility in the disordered fractions [Figure 7]. However, there is additional suppression of charge
transport in the disordered solid fractions due to strong ion-ion correlations resulting in Process I.
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Figure 6. Temperature dependence of inverse Haven ratio for two OIPCs [P,][TFSI] and [P,,,,1[PF,] (data taken from™”) in melted and
solid states. The large error bars come from the uncertainties in estimation of mobile fraction [Supplementary Figure 2B].
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Figure 7. Schematic presentation of OIPC consisting of crystalline fraction with relatively immobile ions and disordered fraction with
high mobile ions, but with strong ion-ion correlations.

We propose that because of the crystalline structure of OIPCs (although disordered), cation motion occurs
only through jumps between cation sites, while anions can only jump between anion sites. This might create
cooperative jumps where cations exchange positions with other cations and anions with other anions,
leading to high ion diffusion without contributing to long-range charge transport. Such ion exchange
motion can be considered as dynamical charge trapping, appearing as Process I in conductivity spectra. In
this scenario, the scale of cooperativity might exceed the size of the elementary unit cell, as previously
proposed”", and probably depends on the structure of solid phases at different temperatures. As mentioned
above, according to our WAXS data, the aged sample exhibits a more disordered crystalline structure with a
higher fraction of mobile ions, which might explain why the aged sample has higher conductivity compared
to the fresh sample.
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CONCLUSIONS

We investigated ion dynamics in the plastic crystal [P,][TFSI] across a broad frequency and temperature
range, and compared it with [P, ][PF,] from our previous study”. Despite the completely different
chemical structures of these OIPCs, we observed strong similarities in ion dynamics in both systems and
hypothesize that the proposed scenario of the charge trapping might be common across all OIPCs. In
melted states, both systems present the behavior of regular ionic liquids with a single AC-DC crossover in
conductivity spectra and one relaxation process in light scattering corresponding to the ion rearrangement.
The conductivity of the melts appears to be ~2 times lower than expected from the NE equation, which is
consistent with typical ionic liquids. However, in the solid phases, both systems exhibit significant
suppression of 6, despite the small changes in cation and anion diffusion between phases. Although NMR
data also suggest a drop in mobile fraction of ions in the solid phase of [P,,][TFSI], this drop is not sufficient
to explain the observed drop in conductivity. Meanwhile, the conductivity and light scattering spectra
indicate that at short timescales, ion dynamics are similar to those in ionic liquids, and conductivity
suppression happens at nm length scale. We suggested that observed drop of 6, in solid phases of OIPCs is
related to strong ion-ion correlations. Crystalline structures of OIPCs (although disordered) lead to the
effect that anions and cations can transfer only through the specific ion sites resulting in circulating ion
motions without significant charge transport. In turn, it leads to high ion mobility but reduces long-range
charge transport and low 6,.. Additionally, the ion transport occurs only through the disordered fractions.
In the low-temperature solid phases, the portion of the ordered crystalline fractions increases, leading to the
reduction of the mobile ions and additional suppression in ionic conductivity. Thus, to increase the overall
conductivity of the plastic crystal, the crystallinity and ionic correlations should be suppressed. One possible
approach is doping OIPCs with a small amount of salt, as demonstrated in"”. However, further
comprehensive studies are needed to identify the exact mechanism by which salt doping increases
conductivity.
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