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Using broadband impedance spectroscopy and conductometry, we study the phase behavior and the
reorientational and translational dynamics of cycloalcohols doped with 1 to 20 mol% of Li salt. At low salt
concentrations, a plastically crystalline state is stable. In this regime, the dielectric spectra of the
cycloalcohols reveal two relaxation processes. One of them originates from the a-relaxation and indicates
an orientational glass transition. The other, much slower process, is related to ionic hopping. By comparing
reorientation times with electrical conductivities, for 1 mol% Li doping, previous studies suggested an only
weak decoupling of rotational and translational motions. Rather than analyzing disparate quantities, the
present work directly compares peak frequencies corresponding to reorientational and translational rates.
This approach allows one to resolve the mild, yet significant divergence of the two rates, i.e., a dynamic
decoupling, also for higher doping levels and for different Li salts. The electrolytes that form at Li salt
concentrations of 5 mol% and more display a qualitatively different behavior. In this compositional regime,
a liquid-to-glass transition arises and the ion hopping time that we probe using lithium nuclear magnetic
resonance and proton-detected diffusometry is compatible with the reorientational time scales. This
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1. Introduction

The quest for batteries with solid or solid-like electrolytes drives
intensive research across a host of different materials, including
polymer- and ionicliquid-based electrolytes,'™  superionic
crystals,® and not the least in the field of plastic crystalline solids
(PCs).”® Here, molecules or molecular ions are placed on a well-
defined center-of-mass lattice where they can perform fast reor-
ientational motions. Therefore, the mobile species experience a
kind of liquid-like environment. With a rotation-translation cou-
pling present in various PCs, the fast reorientational motion in
such crystals is a good candidate to enable efficient translational
mobility as well. Often, the so-called “paddle-wheel” or “revolving-
door” mechanism is found to facilitate the motion of intrinsic
charge carriers as well as that of intentionally added ions.’
Among the rotator crystals that hold promise for energy
storage applications are (i) molecular PCs that are doped with
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observation implies a close coupling of both underlying degrees of freedom.
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suitable salts or (ii) ionic PCs, i.e., solid solutions
composed of cationic and anionic constituents. In the ionic
PCs, one or both of the constituents can sustain fast reorienta-
tional motions. For these electrolytes, the large charge number
density and the consequent presence of strong Coulombic
interactions require dedicated strategies so that an efficient
ionic transport still arises. To fine-tune the overall strength of
the Coulombic interactions, it can be advantageous to resort to
molecular PCs (composed of uncharged species) and to dope
them with an optimum amount of salt. A particularly promising
approach is to combine the ideas behind scenarios (i) and (ii),
so that one arrives at ionic PCs with additional salt dopants. In
some examples, the plastic phase can thus be maintained to
even roughly 10 mol% of added salt."®>"

Nevertheless, many studies focus on the doping range of only
a few percent of salt, sometimes in conjunction with blending in
a second, structurally related plastic crystal. In this context, Li
doped mixed dinitrile-,>** cycloalcohol-,* pyrrolidinium-,?® and
adamantane-based®” and other*® PCs were exploited to achieve
further enhanced conductivity. Several of these mixtures were
investigated using dielectric spectroscopy with the goal to sense
the reorientational dynamics and using conductivity spectro-
scopy which probes the charge dynamics.”**>*” The latter
method provides access to transport quantities from which, in
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favorable cases, the often sought translational correlation times
can be inferred. In this vein, the increased defect density that was
reported to occur in Li doped adamantane-based PCs was con-
jectured to govern their electrical conductivity.>” Conversely, the
paddle-wheel mechanism was directly demonstrated to be
operative in Li doped dinitrile mixtures.>® This became possible
by complementing dielectric spectroscopy by using nuclear
magnetic resonance (NMR) techniques. The time scales describ-
ing the molecular reorientation of the different constituents
within various dinitrile mixtures were accessed using protons,
deuterons, and carbons as nuclear probes; the time scales that
refer to the translational cationic motions were directly deter-
mined by means of "Li NMR.>**

The aforementioned dinitrile-, adamantane-, cycloalcohol-,
and pyrrolidinium-based crystal alloys are miscible over the full
compositional range. This situation is advantageous when
studying the impact of effects related to the internal volume
that is available to the charge carriers on the coupling of the
orientational and translational degrees of freedom. However,
it turned out that using the same type and concentration of
(1 mol% LiPFg) doping, the mixed crystals formed by cyclohexanol
(HEX) and cyclooctanol (OCT) display much higher conductivities
than the adamantane-based rotator phases.”>>” This finding
renders the HEX;_,OCT, matrix, to which Li salt is added,
particularly attractive for study.

For different OCT concentrations x, this salt-doped molecular
plastic crystal system displays similar dynamical behaviors. Particu-
larly for (HEX,6OCTy 4)0.09(LiPFe)o.01, Significant, yet relatively mild
deviations from rotation-translation coupling were reported.*
Assuming that the situation remains similar when doping with
other Lisalts such as lithium bis(triftuoromethylsulfonyl)imide
(LiTFSI), we chose HEX,OCT,4 as a starting point for the
present study. Our initial goal was to explore whether an
increased Li doping to about 10 mol% and beyond would lead
to a conductivity enhancement, similar to observations reported
for various non-crystalline electrolytes.>’3*3>

To anticipate some of our results, for mole fractions ¢ >
5 mol% of Li salt, it turned out that unlike, e.g., for the dinitrile-
based alloys, the rotator phase of the cycloalcohol host matrix is
less stable than the liquid phase. Thus, we find that at ¢ > 5 mol%
of LiTFSI, crystallization is suppressed and liquid-to-glass transi-
tions emerge when the sample approaches low temperatures. This
situation resembles that of deep eutectic solvents. Typically, such
solvents are formed when a molecular (usually hydrogen-bond
sustaining) constituent and an ionic species such as LiTFSI are
mixed over wide compositional ranges.*"*!3

Previously, HEX and OCT were studied as neat crystals using
various techniques involving dielectric spectroscopy,* ¢ NMR
spectroscopy,’”*° and neutron scattering.**> Some cycloal-
cohols were also studied in salt-doped form, but as far as we know
only up to the 1% level.”” To gain insights into the interplay of
plastically crystalline and supercooled liquid phases, we aim at
finding out whether or not, at higher doping levels, HEX, LiTFSI,
and OCT;_LiTFSI. may show deep-eutectic-like behavior. There-
fore, by examining samples with salt concentrations as large as
¢ =20 mol%, a major objective of the present work is to explore the
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dynamic coupling, or decoupling, of the various degrees of free-
dom. To reach this goal, the different NMR techniques that we
exploit play an important role.

After briefly presenting the experimental details, in Section 3,
we focus on the regime of weak (¢ < 3 mol%) Li doping in which
plastically crystalline low-temperature phases are stable. Subse-
quently, stronger Li-doped, deep-eutectic-like glass formers are
studied where the ions are dissolved in pure and in mixed
cycloalcohol matrices. The interplay of the reorientational
dynamics and translational mobility as probed by conductivity
measurements is the focus of Section 4. Finally, we discuss the
present results in the context of other electrolytes, before
summarizing our findings in Section 5.

2. Experimental details

Protonated HEX, protonated OCT, LiTFSI salt (all with a purity of
99%), as well as C-D deuterated cyclohexanol (HEX-d,;, degree of
deuteration 98%) were purchased from Sigma-Aldrich (while
deuterated OCT is apparently commercially not available). Upon
cooling, HEX and OCT solidify near 270 and 280 K, respectively,”
so that at room temperature also their mixtures are liquid. The
preparation of the salt doped samples with LiTFSI fractions ¢ = 1,
3, 5, 8, 10, 15, and 20 mol% closely followed the procedure
described in detail for other solutions that form PCs> or deep
eutectic solvents.*" Dielectric and conductivity experiments were
carried out using a Novocontrol system. The samples were placed
in a parallel-plate invar-sapphire capacitor®® that features an
electrode gap of 50 pm. Typically, ac voltages of 1 Vs were
applied during the frequency sweeps. With a focus on the spectral
shape, the dielectric function is usually given after normalization
by the high-frequency dielectric constant, ¢... Like in ref. 29, *H
and "Li NMR relaxometry was applied using home-built spectro-
meters that were operated at Larmor frequencies of 46.5 and
116.9 MHz, respectively. Details of the proton-detected diffusion
measurements are given elsewhere.*

3. Results and analyses
Weak Li doping: plastic-crystal regime

Fig. 1 shows frequency-dependent dielectric and conductivity
results for (HEX,¢OCT 4)0.07(LiTFSI)g 3. Frame (a) displays the
real part ¢ of the complex dielectric constant ¢* = ¢’ — i¢” from
which a clear double step is seen. Such a somewhat uncommon
behavior was previously reported for Li-doped adamantane-based
crystals.”” Faint indications for such a feature were noted for
dinitriles devoid of added salt.** For (HEX, 60CT_4)o.0o(LiPFg)o.01,
i.e., for a PC with a different OCT concentration, some hints of a
second low-frequency relaxation step are noted in ref. 25, but not
analyzed in any detail.

For (HEX,, 0CTy_4)0.07(LiTFSI)g o3, the Li salt generates strong
electrical conductivity, which overlays any dielectric loss peaks.

Fig. 1(b) shows an example for T = 233 K. The derivative”>*®
n de'(2mv)
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Fig.1 Frequency dependent measurements of (a) the real part of the

complex permittivity ¢/, (b) the imaginary part &}, of the normalized

complex permittivity, and (c) the real part of the electrical conductivity ¢’
of (HEXo.6OCT.4)0.97(LiTFSI)g.03. In frame (b), the two left-pointing arrows
are meant to highlight the temperature dependence of the two peaks that
are resolved for most &, spectra; for 233 K, the open symbols reflect ¢”,
i.e., the dielectric loss prior to taking the derivative. The legend of frame (c)
lists only the temperatures that are not given already in frame (a).

provides a suitable tool to suppress the impact of electrical
conductivity on the appearance of the dielectric loss spectra.
From Fig. 1(b), double-peak structures are indeed found for &,.
The high-frequency peaks are narrower than the low-frequency
loss peaks. Their line shape is, however, hard to define because at
the lowest frequencies, an upturn is found in & . This upturn,
like the corresponding feature in ¢, arises as a consequence of
electrode polarization effects. Roughly two decades above the
peak frequency, the high-frequency flanks of ¢/, exhibit a cross-
over to a weaker frequency dependence. This may well indicate
the presence of a secondary relaxation process, as reported for
HEX,cOCT,,, doped with LiPF.>> A close inspection of &},
reveals that the low-frequency peaks are slightly more tempera-
ture dependent than the high-frequency peaks. In other words,
the two peaks are somewhat more separated at lower tempera-
tures than they are at higher temperatures.

The representations in Fig. 1(a) and (b) clearly resolve
dielectric relaxation steps and peaks. Fig. 1(c) shows the

This journal is © the Owner Societies 2025

View Article Online

Paper

evolution of the real part, ¢'(v), of the complex, frequency-
dependent electrical conductivity, o*(v) = iweye*(v), where &,
designates the electrical field constant. The dc conductivity can
easily be identified from the plateau g4, = ¢’'(¥v—0). In the
representation of Fig. 1(c), only the high-frequency relaxation
process is evident, showing up as a shoulder, while the low-
frequency process is superimposed by the dc contribution.

Before discussing corresponding relaxation times and con-
ductivities for a doping level of 1 mol% and analyzing them in
Section 4, in Fig. 2, we plot the dielectric loss as a function of
temperature for several Li salt concentrations and several
frequencies. When comparing the cooling with the heating
runs for (HEX(6OCTy.4)0.0o(LiTFSI)o 0, (see Fig. 2(a)), a well-
developed hysteresis is seen to occur at temperatures between
265 and 278 K. Similar effects, yet with a less pronounced
hysteresis, were obtained for ¢ = 3 and 5 mol%, as shown in
Fig. 2(b) and (c), respectively. For the 1% sample, a well-defined
discontinuity shows up in ¢’ which signals the presence of a
phase transition, while for the 3% sample, the dielectric loss
displays only a mild change of slope. For 5 mol%, hardly any
such feature is discernible. Furthermore, for higher Li concen-
trations, clear signatures for liquid-to-crystal transitions are
typically lacking.

For the 1% sample, the frequency and temperature depen-
dent dielectric losses clearly reveal the presence of a relaxation
process, showing up as a peak in &£’(7), as seen in Fig. 2(a).
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Fig. 2 Dielectric loss of (HEXosOCTp.4)1_LiTFSI. as measured for several
frequencies upon cooling (solid triangles pointing down) or heating (open
triangles pointing up) for mole fractions c of (a) 1%, (b) 3%, and (c) 5%. The
lines are guides to the eye. The arrows emphasize the hysteretic behavior
that is most pronounced for the lowest frequency.
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Indications for a relaxation process are also visible for
(HEX.60CTj.4)0.97(LiTFSI)y 03, as shown in Fig. 2(b). However, here
the double peak structure in ¢, that is clearly resolved from
Fig. 1(b) is obviously obscured by the electrical conductivity.

Stronger Li doping: deep-eutectic regime

Dielectric results. For (HEX( 60CT.4)0.05(LiTFSI)o o5, i.€., for
a larger salt concentration and thus higher expected electrical
conductivity, a relaxation process is not at all apparent in the
temperature range covered by Fig. 2(c). However, when plotting the
frequency-dependent dielectric constant, as shown in Fig. 3(a),
well-defined relaxation steps are obvious. This is because &’ (apart
from blocking electrode effects) is insensitive to the electrical
conductivity. Thus, by virtue of eqn (1) and after plotting the
resulting (derivative) dielectric losses in the temperature range
included in Fig. 2(c), Fig. 3(b) reveals well-defined, single-peaked
dielectric loss curves.

Different from the loss curves seen for the plastic (HEX, ¢
OCTy.4)0.97(LiTFSI), 5 crystal in Fig. 2(b), those seen in Fig. 3(b) for
(HEX(,60CT 4)0.05(LiTFSI)y 05 display a clearly asymmetric shape
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Fig. 3 (a) Real part, ¢’, and (b) imaginary part (¢”, triangles; &J.,. crosses) of
the normalized complex permittivity of (HEXqeOCTg4)1_((LiTFSI). for ¢ =
5 mol%. (c) Normalized dielectric loss of a sample with ¢ = 20 mol%. With
the intention to highlight the differences between the dielectric spectra of
the 3 mol% and 5 mol% samples, the ¢ scale in frame (a) is chosen similar
to that in Fig. 1(a).
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that is rather expected for a supercooled liquid. From the high-
frequency flanks of these asymmetric loss peaks, one recognizes
that they become less steep and thus the spectra broader, as the
sample is cooled. From Fig. 3(a), a Curie-type behavior is seen for
the dielectric constant, ie., the relaxation steps increase somewhat
with decreasing temperature.

The pattern observed for ¢ = 5 mol% is similarly also found
for higher Li salt concentrations. In particular for ¢ > 5 mol%,
there are no indications of double steps or peaks, nor do we
observe compelling indications for structural phase transfor-
mations that would take place upon cooling. Fig. 3(c) shows the
dielectric loss for (HEX, ¢OCTg.4)0.50(LiTFSI)g 20, i.e€., for a liquid
with a much larger salt content. The ESI{ provides a compar-
ison with measurements for (binary) HEX,goLiTFSIy 5, and
OCT, goLiTFSI, 5, mixtures. The relaxation times and the dc
conductivities extracted from the various spectra will be dis-
cussed in Section 4.

NMR spectroscopy. While dielectric spectroscopy is sensitive
to the integrated response of all dipolar and charge degrees of
freedom, by virtue of isotope selectivity, NMR can provide access to
the motions of specific ions or molecular segments. Here, we
employ deuteron NMR to probe the reorientational dynamics of
HEX-d;; (deuteron labeled at the carbon sites). Proton-detected
diffusometry is used to track the longrange transport of the
cycloalcohol molecules. Likewise, to be sensitive specifically to the
lithium ion dynamics, we exploit ’Li NMR. In the present situation,
the advantage of the latter technique is limited by its relative
insensitivity. This circumstance precluded us from exploring sam-
ples with Li-salt concentrations of less than 5 mol%. Furthermore,
since dielectric spectroscopy yielded qualitatively relatively similar
results for all samples with ¢ > 5 mol% and in view of the long
acquisition times that the “Li measurements require, we decided
not to study samples with salt fractions beyond 5 mol%.

Using standard inversion or saturation procedures, we
recorded the time evolution of the longitudinal magnetization
recovery, M,(t). To determine the spin-lattice relaxation time
T;, we parameterized M,(t) using the stretched exponential
function

M(t) = My + (M; — My)exp[—(t/T1)"]- 2)

In eqn (2), M; and M, denote the initial and the equilibrium
magnetization, respectively, and the Kohlrausch exponent u
describes the stretching of the spin-lattice relaxation. Fig. 4(a)
and (b) summarize the exponents x and the T; times, respectively,
of (HEX,60CT0.4)0.05(LiTFSI)g0s. For 210 K < T < 225 K, the
dephasing of the transverse magnetization, ie., the spin-spin
relaxation (see the ESIt) was so fast that reliable 7; measure-
ments could not be performed. Fig. 4(b) shows that well-defined
Ty minima occur for the *H as well as the "Li probe.

At the temperatures of the T3 minima, motional correlation
times 1. can be estimated from the relation ;. = 0.62.*” This
relation rationalizes, at least partially, why for “Li (for which the
Larmor frequency wy, is about 2.5 times greater than for *H), the
T; minimum appears at a temperature that is larger than it is
for the deuterons. A discussion of the resulting correlation

This journal is © the Owner Societies 2025
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Fig. 4 Temperature dependent (a) Kohlrausch exponents and
(b) 2H (diamonds) and “Li (circles) spin-lattice relaxation times of
(HEX-d11)0.6(0OCT)g4 doped with 5 mol% LiTFSI. The arrows mark the
approximate positions of the T; minima near 272 K (for 2H) or 308 K (for
’Li). Kohlrausch exponents are shown only for temperatures for which the
magnetization curves deviate significantly from an exponential behavior. A
sketch of the HEX-dy; molecule is given, where the deuteron labeled sites
are marked by light coloring.

times, also in relation to the ones from dielectric spectroscopy,
will be given in Section 4.

Fig. 4(a) presents the Kohlrausch exponents that character-
ize the magnetization curves, however, only if the exponents
differ markedly from u = 1. As one infers from Fig. 4(a), this is
the case only for the H spin-lattice relaxation at 7 < 220 K. In
that range, u decreases upon cooling, indicating an increasingly
wider distribution of T, times. Since here we are in the slow-
motion regime, wyt. > 1, this increase indicates that the 7.
distribution broadens. This observation is compatible with the
broadening of the ¢&” spectra of (HEX,¢OCTy.4)0.05(LiTFSI)o.05
that was noted in the context of Fig. 3(b).

4. Discussion

With the goal to map out the phase behavior of the (HEX, ¢-
OCTy.4); (LiTFSI), system, Fig. 5(a) compiles the temperatures
that were inferred from the hysteretic behavior in ¢’ such as
shown in Fig. 2. For salt concentrations ¢ < 5 mol%, the
crystallization and melting temperatures of the mixtures
strongly decrease as ¢ increases. Furthermore, for the two
Li-doped PCs (with ¢ = 1 mol% and 3 mol%) that we measured
in this low-c regime, the orientational freezing on the 100 s
scale is independent of c. By contrast, for larger salt concentra-
tions, the (HEX, s0OCT, 4)1_(LiTFSI). samples do not crystallize
upon cooling. Hence, the 100 s-freezing, now corresponding to
a liquid-to-glass transition, takes place at successively higher
temperatures as ¢ increases. This 7(c) behavior resembles the
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Fig. 5 (a) Compilation of transition temperatures obtained during cooling

(triangles pointing downward) or heating (triangles pointing upward). The
hatching indicates that only during warm-up, hints of a transition
appeared. The circles mark temperatures with dielectric reorientation
times of 100 s which signal a freezing of the molecular orientations on
this scale, i.e., they indicate glass transitions. (b) Concentration-dependent
conductivities are given for several temperatures. Dipolar reorientation
times are shown for 206 K. In both frames, the lines are guides to the eye.
Across the dash-dotted line, which separates the plastic-crystal from the
glass-former regime, one notes jumps in Tg, dgc, and 1.

one reported for other structural glass formers that contain a
substantial amount of LiTFSL.>"*°

The weak hysteretic behavior observed for some mixtures
with ¢ > 5 mol%, in Fig. 5(a) highlighted by hatching, calls for
particular consideration. Fig. 2(c) shows that the dielectric loss
of (HEX, 60CTy.4)0.05(LiTFSI) o5 €volves smoothly upon cooling,
Yet, as expected from so-called two-step crystallization
experiments,*® the nucleation propensity is generally increased
by deep prior undercooling. Hence, in reheating runs, crystal-
lization becomes more likely, in harmony with the observations
made from Fig. 2(c) for the 5 mol% sample. The hatching marks
the hysteretic range also for (HEX, s0CTy.4)0.s5(LiTFSI)o.15. The
ESIt shows that HEX;_LiTFSI, and OCT;_LiTFSI, with ¢ = 15
and 20 mol% display similar effects.

Interestingly, the phase diagram shown in Fig. 5(a) resem-
bles those of some LiTFSI-dinitrile systems.>' For the doped
cycloalcohols, this observation suggests that near ¢ ~ 10 mol%,
the presumed eutectic point is so low that crystallization is
effectively inhibited also upon reheating.
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It is not only instructive to plot isochronal quantities such as
in Fig. 5(a), but it is also revealing to consider the concentration
dependence of the time scales t as well as of the electrical
conductivities g4, in an isothermal fashion. This is shown in
Fig. 5(b). Here, one recognizes that at 275 K, ie., above the
temperatures at which even the neat cycloalcohols become
solid, the ionic conductivity oq4. displays a maximum near
¢ =10 mol%. This o4, maximum, appearing at a molarity of about
1 M, is a remarkable finding. It is not completely unexpected,
though, since numerous other liquid electrolytes also exhibit a 4.
maximum near 1 M salt concentrations.***?**%°° Our ¢4, data at
236 K are not incompatible with such a feature, but also not fully
compelling in that respect.

Recalling that the PC state is stable for ¢ < 5 mol%, it is seen
that 4. is significantly lower in the crystalline solid than the
value extrapolated from the liquid (i.e., from the data for ¢ >
5 mol%). For 206 K, 4. of (HEX, ¢OCTy 4)0.07(LITFSI)g 3 is again
relatively small; for the 1 mol% sample, it is about 2 X
10" Sem ™, ie., too low to be within the range shown in Fig. 5(b).

The isothermal relaxation times (at T = 206 K), shown in
Fig. 5(b), and the isochronal relaxation times (at t = 10> s),
shown in Fig. 5(a), indicate the same trend as a function of the
molar salt fraction c: for ¢ < 5 mol%, 7, and correspondingly T,
do not significantly change with ¢, while for larger salt con-
centrations, an increase of T and of T is seen to emerge.

To obtain an overview regarding the translational and reor-
ientational dynamics in a large temperature range, Fig. 6 presents
the relaxation times and the inverse conductivity, i.e., the dc
resistivity pge = 1/04., in an Arrhenius fashion. Frame (a) focuses
on samples with ¢ < 5 mol%. Including data also for undoped
HEX, §OCT, 4 and for LiPFs doping,? it is seen that the presence
of Li salt leads to only mild changes in the reorientational
dynamics. In ref. 25, the latter was identified as the so-called
a-dynamics. It is important to realize that we determined 7, from
the high-frequency peaks of the double-peak structures that are
seen for (HEX, OCT, 4)o.07(LITFSI)g o3 in Fig. 1(b).

To elucidate the nature of the low-frequency peaks, the
corresponding time scales, that will be called 7i,,, are also
included in Fig. 6(a). One recognizes that they display a somewhat
stronger temperature dependence than 7,, which, however,
matches that of the dc resistivity very well. To emphasize this
coincidence, the resistivity and the relaxation ordinate axes were
shifted accordingly. The striking similarity to the behavior seen for
LiTFSI-doped adamantane-based PCs*’ strongly suggests that the
slower-than-o. process is also here due to the ion transport. This is
why, like in ref. 27, the corresponding relaxation time are desig-
nated Tj,,. Ref. 27 points out that in most ion conductors the
observation of this feature is hampered by the presence of spec-
trally close reorientational contributions. In the ESL 7 the dielectric
spectra of (HEX,60CTy.4)0.00(LiTFSI)y 0, are also seen to display a
double-peak structure and for this sample, Fig. 6(a) reveals a close
thermal evolution of 7;,, and pg4. as well. Hence, one may ask
whether the observation of an ion-transport dielectric loss peak in
PCs is particularly facilitated by the presence of the LiTFSI salt.

To address this question, we analyzed unpublished raw
data® for (HEX, 6OCT.4)o.00(LiPFg)o.01, @ cycloalcohol mixture
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Fig. 6 Arrhenius plot of resistivity pgc (open symbols) and relaxation times
(r,, as filled symbols and 7o, as half-filled symbols, both derived from
inverse circular peak frequencies) for HEXqgOCTgo 4 doped (a) at mole
fractions (a) of ¢ < 5 mol% and (b) at larger levels. Frame (a) features data
relating to LiTFSI doping as well as results of a sample devoid of added salt.
The purple pentagons represent data (based on ref. 25) for a crystal doped
with 1 mol% of LiPFe. In frame (a), the ordinate axes are shifted so that for
(HEX0.60CT0.4)0.97(LiTFS) 03 the tion and the pyc data overlap. Frame (b)
shows pgc and t, for (HEXg 6OCTo 4)1_(LiITFSI)c with ¢ = 5, 10, and 20 mol%
as well as for HEXq goLiTFSlg 20. For visual clarity, the latter data are shifted
upward by 2 decades. Also included are NMR-based motional times
inferred from the 2H (asterisk) and “Li (plus sign) T; minima reported in
Fig. 4, as well as the diffusion-based translational times t (hexagons with
horizontal bars). All lines in the present figure are guides to the eye. In both
frames, the y-axes are adjusted so that all decade ticks are spaced equally.
Thus, by construction, the relative shift of the p4c and the t axes in frame (a)
differs from that chosen for frame (b).

featuring another Li salt. For that sample, careful scrutiny also
reveals a double-peak structure in &}, implying that this
feature may be more general than previously thought. The
temperature dependence of the corresponding slower-than-o
time scale, Tjopn, is included in Fig. 6(a). It matches the tem-
perature dependence of the electrical resistivity excellently.
However, the relative shift of the ordinate axes (chosen to lead
to an overlap of 7o, and pq. for the LiTFSI based PCs) does not
apply for the LiPF¢-based electrolytes. Here, overlap with pq. is
achieved by shifting the t;,, symbols downward by an addi-
tional factor of 5 (see the arrows in Fig. 6(a)).

The necessity to use different sample-dependent shift
factors, in order to generate an overlap of the pg. and the t
data in Fig. 6(a), reminds one of the fact that p4. and 7 are
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rather disparate quantities. Hence, a comparison between them
is necessarily indirect. Relations among the conductivity relaxation
time tp and pq. = 1/04. have variously been formulated, e.g, as
0dcTp = €€ Or in terms of the empirical Barton-Nakajima-
Namikawa rule, o4.tp = peo(es—é.), where p is a constant close
to 1 and ¢ is the static dielectric constant.>>”* There is some
debate regarding the assignment of ¢ in ionic systems.”® It is clear,
however, that the proportionality constants between tp and pgc
can vary quite a bit and that they can be (weakly) temperature
dependent as well. Furthermore, it has been asserted that “the
conductivity relaxation time tp, is proportional to, not equal to,
the ionic hopping correlation time”.>* Thus, in order to enable a
direct, quantitative comparison of translational with reorienta-
tional or structural time scales, all these circumstances suggest
to employ 7., based, rather than o4. based measures, whenever
possible.

For (HEX,6OCTy.4)0.07(LiTFSI)y 03, Fig. 6(a) indicates that t,
and Tjon share similar temperature dependences. A closer look
reveals, however, an increasing dynamic decoupling between
these quantities as the sample is cooled. In Fig. 6(a), the
decoupling for this crystal is seen to be considerably more
pronounced than it is for 1 mol%. This becomes particularly
clear, if one observes that for ¢ =1 and 3 mol% of LiTFSI doping,
the temperature dependences of 7, are practically identical. At the
same time, for ¢ = 3 mol%, the temperature dependence of 7;,, is
significantly steeper than that for the 1 mol% sample.

However, the dynamic decoupling, even for the 3 mol%
crystal, is still much less pronounced than that reported for
LiTFSI-doped adamantane.”” There, 7, shows only minor devia-
tions from an Arrhenius temperature dependence, while 7j,, dis-
plays a pronounced super-Arrhenius behavior. The latter has
been taken to indicate an appearance of glassy dynamics in the
ionic subsystem which has been rationalized within various
approaches.”® Significant deviations from thermally activated
behavior are not obvious in the relatively small range in which iy,
could be detected for the 3 mol% sample. Yet, for (HEX,¢-
OCTy.4)0.07(LiTFSI)y 03, an Arrhenius-based extrapolation of 7.,
toward high temperatures yields an attempt frequency in excess
of 10°° Hz. Such “unrealistically” large values are usually consid-
ered as a smoking gun for non-Arrhenian behavior. The presently
discussed 1 mol% samples, ie., (HEXy60CTo.4)0.99(LiPFg)o01 and
(HEX(.60CT.4)0.0o(LITFSI)y 01, display less pronounced decoupling
effects, as shown in Fig. 6(a).

In the ¢ > 5 mol% regime, ie., for higher doping levels,
Fig. 6(b) reveals a different kind of behavior. Here, the reorienta-
tional dynamics within the matrix, i.e., the « relaxation time, does
significantly depend on the salt content as the glass transition is
approached. Conversely, for higher temperatures, 7, depends little
on c. As representative examples, Fig. 6(b) comprises t, data for
samples with ¢ = 5, 10, and 20 mol% (also data for HEX, gy
LiTFSI, 5, are included; for additional compositions, see the ESIt).
To examine the relation of 7, and the ion hopping times, the time
constant ty; extracted from the “Li 7; minimum is added to
Fig. 6(b). One recognizes that t; smoothly lines up with z,, strongly
suggesting a coupling of reorientational and translational time
scales. Using this finding, in Fig. 6(b), the pq4. axis was adjusted
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(relative to the 1, axis) accordingly. The common representation of
7, and pq. that is embodied in this figure shows that toward lower
temperatures, a rather weak decoupling of the rotational from the
translational degrees emerges, which remains much smaller than
in the plastic-crystal regime.

A more succinct and more common way to check for a
possible (de-) coupling of conductivity and reorientational
dynamics is to plot the dc resistivity pg. versus the dipolar
relaxation time 7 in a double-logarithmic representation.”®®* If
the two dynamics are coupled, in the sense that they display the
same temperature dependence, a power law pg. oc 1° with an
exponent ¢ = 1 is expected. Indeed, for a host of cholinium-
chloride and Li-salt based deep eutectic solvents, the experimen-
tally determined exponents are in the range 0.9 < ¢ < 1.1.%°
Fig. 7 shows that such a power-law behavior, with & = 0.92, is
found for the ¢ = 5 mol% electrolyte, i.e., in the deep-eutectic-
solvent regime. Conversely, for ¢ = 3 mol%, we find ¢ = 1.8. This
result confirms the observation made from Fig. 6(a) that severe
deviations from rotation-translation coupling emerge when tran-
sitioning from the glass-forming to the PC regime.

Returning to the deep-eutectic-solvent regime, in the present
work, we employ proton-detected diffusometry to trace the trans-
lational motions of the cycloalcohol molecules within the 5 mol%
sample. To directly compare the self-diffusion coefficients Dyyans
(tabulated in the ESIt) with the time constants in Fig. 6(b), we
exploit the Stokes-Einstein-Debye relation. This involves the
solution of the rotation diffusion equation in terms of the
Legendre polynomials P,. In the NMR context, the correlation
times refer to polynomials of rank # = 2. The resulting Stokes-
Einstein-Debye relationship implies a coupling of the rotational
diffusion coefficient®**°

kgT 1 1

D., = — [ 3

U8Ry L+ 1)t 6t 3)
and the translational diffusion coefficient
kgT 4,

D rans — ==R Dro ) 4

! 6mnRy 3 H ! )

here given in the limit of stick boundary conditions. In these
expressions, 1 denotes the shear viscosity and Ry denotes the
hydrodynamic radius. By thus assuming a coupling of the rota-
tional and translation dynamics, one arrives at a “translational
diffusion time"°®*®”

2Ry
9Dll"dﬂS '

T ()

To achieve coincidence of 7 with the other translational
time scales appearing in Fig. 6(b), we assumed a hydrodynamic
radius of Ry = 2.1 A. Often Ry is close to the molecular van der
Waals radius Ryqw.®* From ref. 68, the latter quantity can be
estimated to be 2.97 A for HEX and 3.25 A for OCT so that Ryqw
for HEX, cOCT,, amounts to about 3.1 A. The finding that
Rerans < Ryaw for most liquids, in particular for those formed by
internally flexible molecules, is well known.®*®" It has also been
pointed out® that the use of slip boundary conditions is
“resulting in Ry values larger by a factor of 1.5.”
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Fig. 7 This plot shows for (HEX.6OCTg.4)0.05(LiTFSI)g 05 that the dc resis-
tivity pgc is essentially proportional to the relaxation time 7, as revealed by
the black line with a slope of 0.92. For (HEXp.6OCTg.4)0.97(LiTFSI)0.03.
however, the much increased power-law slope (red line) indicates a
significant decoupling of the rotational from the translational degrees of
freedom.

Initially, we expected that the deuteron NMR measurements
of the HEX-d,; molecules, that we carried out for the 5 mol%
sample, are most sensitive to their overall reorientational
dynamics. Viewed from that perspective, it is somewhat surprising
that the deuteron T; minimum implies a time scale that is much
shorter than expected from the dielectric 7, times, as shown in
Fig. 6(b). This observation thus hints at the importance of other
(faster) motional processes with conformational modulations of
the molecules as a potential candidate.®*”* The most likely
scenario is indicated by proton and carbon 7; measurements of
neat HEX crystals.*® These experiments revealed a type of motion
that was described as a “uniaxial internal rotation of the cyclohexyl
ring about the CO bond, with the COH group remaining station-
ary,”® so that this process was concluded to display an, at best,
weak dielectric signature. Hence, the dielectric response is gov-
erned by the collective reorientational molecular motions (i.e., the
o-process).>> Thus, similar to previous work,”'*** the charge
motions are envisioned to be facilitated by the global reorienta-
tional motions of the whole molecules.

As we have seen, for the glass forming liquids studied in this
work, a double-peak in their dielectric dispersion, ie., a resolved
translational loss peak is not detected. This contrasts with the
findings for the previously”” and the presently studied salt-doped
PCs. The observation of a translational loss peak is, however, not
generally restricted to PCs. It is for instance also observable for
ionic glass formers devoid of constituents which by symmetry lack
electrical dipole moments. Some molten salts like 2Ca(NOs),-
3KNO;"* and other glassy electrolytes””® fall within this category.
Interestingly, also for an ionic liquid composed solely of symmetric
ions, the dielectric loss peaks were “ascribed to the frequency-
dependent translational motion of ions, rather than the coupling
with the reorientational relaxation.”””
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5. Conclusions

In the present work, we studied the relationship of reorienta-
tional dynamics and charge transport in LiTFSI-doped
cycloalcohols. Dielectric and conductivity measurements were
carried out for salt concentrations ranging from 1 to 20 mol%.
Close to room temperature, a conductivity maximum exists
near the 1 M molarity, corresponding to about 10 mol% of salt
doping. Upon cooling, a more complex behavior emerges. It is
found that for ¢ < 5 mol% at low temperatures, orientationally
disordered crystals are stable. For them, we observe a two-step
dielectric function. In harmony with previous work, also on
undoped cycloalcohols, the high-frequency process is identified
as the one which drives orientational freezing. By contrast, the
low-frequency process corresponds to the ion transport. Its
observation is not unprecedented (see ref. 27), but somewhat
uncommon, and the present work reveals that it may be more
abundant than previously thought. A prerequisite for its unam-
biguous detection is that reorientational processes must not
overshadow nearby ionic relaxations. Promising for their obser-
vation is thus the study of strongly decoupled ion conductors
and ion conductors for which the reorientation related contri-
butions are small or even absent. This is not only the case for
the presently studied crystals, but, as discussed, also for some
molten salts and various glassy electrolytes.

For the reorientational and the translational degrees of
freedom of lightly Li-doped HEX, (OCT, 4, we detected weak
but significant differences of their temperature dependences.
This is similar to the findings for some other Li-doped cycloal-
cohol mixtures that are based on comparing conductivities and
motional time scales.”® Reorientational and translational time
scales that evolve differently with temperature point to a
decoupling of the underlying degrees of freedom. The observa-
tion of different thermal evolutions precludes a perfect one-to-
one coupling as expected if a ‘“revolving-door” mechanism
would dominate the ionic conductivity of these systems. How-
ever, as we pointed out, any comparison between time scales
and conductivities is necessarily indirect. Conversely, following
ref. 27, here, based on the directly determined time constant
Tion, We were able to perform a more direct comparison of the
ionic and structural time scales. The degree of decoupling that
we thus find in the Li-doped cycloalcohols is certainly much
less pronounced than in Li-doped adamantane-based PCs,*” a
finding which in ref. 27 was rationalized by the more globular
shape of the molecules in those systems.

The situation is different for salt concentrations of 5 mol%
and more. Here, all the samples display a liquid-to-glass transi-
tion rather than an orientational glass transition. The overall
phase behavior reveals a concentration-temperature pattern that
resembles the one known from deep eutectic solvents.

For (HEX,6OCTy 4)0.05(LiTFSI)g 5, we combined dielectric
spectroscopy to probe the reorientational motions with “Li
NMR as well as diffusometry to probe the cationic and mole-
cular (cycloalcohol) transport, respectively. At least near room
temperature, where the NMR results were exploited to obtain
absolute translational time scales, 1, we demonstrated a close
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coupling of the reorientational and translational dynamics. In
addition, the comparison with the conductivity of the glass form-
ing samples also indicates that towards lower temperature, the
coupling of reorientations and translations remains relatively
close. As discussed, e.g., in ref. 61 for particles moving within a
viscous liquid, such a behavior is predicted by the combined
Stokes-Einstein, Stokes-Einstein-Debye, and Nernst-Einstein rela-
tions. Within this framework, the observed rotation-translation
coupling arises from the direct relation of both the rotational and
the translational diffusion times, ¢f. eqn (3) and (4), to the viscosity.
In contrast, for the plastic-crystalline states found at low salt
concentrations in the present work, such viscosity-mediated cou-
pling is excluded and a different type of rotation-translation
coupling, most likely via the “revolving-door” mechanism, has to
be invoked. Our results show that in the investigated cycloalcohol
PCs with low salt content, this mechanism leads to less perfect
coupling than for the samples with high salt content, where the
viscosity-mediated mechanism is active. To summarize, our study
reveals how small compositional changes can be exploited to tune
a transition of Li-doped cycloalcohols from PCs with less coupled
dynamics to glass forming liquids with largely coupled motions.
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