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ABSTRACT

Glass formation and reorientational motions are widespread but often-neglected features of deep eutectic solvents although both can be
relevant for the technically important ionic conductivity at room temperature. Here, we investigate these properties for two mixtures of
ethylene glycol and ZnCl,, which were recently considered superior electrolyte materials for application in zinc-ion batteries. For this purpose,
we employed dielectric spectroscopy performed in a broad temperature range, extending from the supercooled state at low temperatures up to
the liquid phase around room temperature and beyond. We find evidence for a relaxation process arising from dipolar reorientation dynamics,
which reveals the clear signatures of glassy freezing. This freezing also governs the temperature dependence of the ionic dc conductivity. We
compare the obtained results with those for deep eutectic solvents that are formed by the same hydrogen-bond donor, ethylene glycol, but by
two different salts, choline chloride and lithium triflate. The four materials reveal significantly different ionic and reorientational dynamics.
Moreover, we find varying degrees of decoupling of rotational dipolar and translational ionic motions, which can partly be described by
a fractional Debye-Stokes-Einstein relation. The typical glass-forming properties of these solvents strongly affect their room-temperature
conductivity.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0187729

. INTRODUCTION in electrochemical applications, DESs should contain suitable ions,

e.g., Li* for lithium-ion batteries. This can be achieved either by
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One of the most prominent possible applications of deep
eutectic solvents (DESs) is their use as electrolytes in elec-
trochemical devices such as batteries, supercapacitors, or for
electrodeposition.' ' Many of their properties make them
superior alternatives to conventional electrolyte materials, e.g.,
they are less flammable, easier to produce, biocompatible, and
sustainable.”””'"""" Moreover, various DESs were found to meet or
even exceed different benchmarks for electrochemical applications,
e.g., a broad electrochemical window and high room-temperature
conductivity.' "’

In DESs, the mixing of two or more components leads to a
melting-point reduction, which makes them liquid around room
temperature. Often, they consist of a molecular hydrogen-bond
donor (HBD), e.g., ethylene glycol (EG) or urea, mixed with a salt
that acts as a hydrogen-bond acceptor. To be useful as electrolytes

admixing small amounts of a corresponding salt to the DES’ or by
using such a salt as one of the main constituents of the DES.'""
In recent years, batteries involving zinc ions as charge carriers have
attracted increasing interest because, compared to Li-ion batteries,
they have many advantages such as environmental friendliness, high
safety, the abundance of Zn reserves, and relatively high energy
density.'>"” Zinc-based DESs were proposed as ideal electrolytes for
such batteries.””'"”*"” A very promising example is the mixture
of ethylene glycol and ZnCl,,”*** also considered an electrolyte in
supercapacitors,”” which is investigated in the present work.

In general, electrolytes in electrochemical devices should have
high ionic dc conductivity, o4, exceeding ~10™* Q™! cm™ at room
temperature. Understanding the ion dynamics on a microscopic
level is, thus, desirable to develop better DES electrolytes. Mixtures
at the eutectic point are usually good glass formers. Indeed, upon
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cooling, most DESs do not crystallize but instead become super-
cooled liquids before finally crossing over into an amorphous glass
state.'>”°*’ While this happens well below room temperature, this
glassy freezing also affects the room-temperature properties of DESs,
including their conductivity.””* It also leads to clear deviations of
04c(T) from Arrhenius behavior.

Another often neglected fact is the presence of reorientational
dipolar dynamics in most DESs. It arises because the HBDs and/or
the added ion species are often asymmetric molecules, revealing a
dipolar moment. Moreover, supramolecular structures due to the
aggregation of HBD molecules and salt ions can occur in DESs,”” %
which can exhibit reorientational dynamics as well. In general, reori-
entational motions in ionic conductors can be highly relevant for
ionic mobility. This was demonstrated for plastic crystals and ionic
liquids and interpreted in terms of a “revolving-door” or “paddle-
wheel” mechanism.” ** Interestingly, correlations between ionic dc
conductivity and reorientational dynamics have recently been found
for several DESs.”” *""!

Investigating such coupling effects and the glassy freezing in
DESs is essential to achieve a better understanding of their ionic con-
ductivity on a microscopic level and should help developing strate-
gies for the optimization of their properties. Dielectric spectroscopy
is ideally suited for such investigations. It is a well-established
method for studying the continuous slowing down of molecular
motions when approaching the glass transition, and it is sensitive
to both the translational motions of ions and the reorientational
motions of dipoles. 1243 Nevertheless, related to the vast amount of
literature on DESs, studies of these materials using dielectric spec-
troscopy are quite rare,””**"~*"**"** and often their reorientational
dynamics are disregarded.

In the present work, we provide dielectric-spectroscopy results
on two ZnCl,/EG mixtures with different molar ratios (1:4 and
1:2). The 1:2 composition (ZnCl,/EG-1:2) can be directly compared
to earlier dielectric results on ethaline, which is a 1:2 mixture of
choline chloride (ChCl) with EG, i.e., it has the same HBD and anion
but a larger and asymmetric cation. The 1:4 mixture (ZnCl/EG-
1:4) corresponds to the eutectic composition of this DES*’ and was
found to have higher ionic conductivity than three other investigated
ZnCl,/EG ratios, including ZnCL/EG-1:2. We compare it to a 1:4
mixture of lithium triflate and EG (LiOTf/EG).”* Notably, in the pio-
neering work by Abbott et al.,”” ZnCl,/EG-1:4 was found to have the
highest conductivity among the four different ZnCl,/HBD systems
studied there.

Il. EXPERIMENTAL DETAILS

ZnCl, was purchased from Thermo Scientific (99.999% purity)
and EG from Alfa Aesar (99% purity), and both were used as is.
The two ZnCl,/EG compositions were prepared by mixing appro-
priate amounts of their components inside a glass vessel at 80 °C
for several hours, resulting in homogeneous, translucent liquids.
To prevent water uptake, the samples were kept in a dry nitrogen
atmosphere during preparation and measurements. For the 1:4 mix-
ture, we applied coulometric Karl Fischer titration, revealing a rather
low water content of 0.17 wt. %. As the 1:2 sample was treated in
the same way, its water content can be assumed to be similar. The
dielectric measurements were performed with a frequency-response
analyzer (Novocontrol Alpha-A analyzer). The liquids were filled
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into parallel-plate capacitors made of stainless steel with a diameter
of 10-12 mm and plate distances between 1.0 and 1.2 mm. As noted
in Ref. 27, the rather large plate distances lead to a shift of the
electrode contributions in the dielectric response to lower frequen-
cies and, thus, allow for a better deconvolution of the extrinsic and
intrinsic contributions in the dielectric spectra.”’ For temperature
regulation, a N,-gas flow cryostat was used (Novocontrol Quatro).
Additional differential scanning calorimetry (DSC) measurements
were performed using a DSC 8500 from PerkinElmer with heating
and cooling rates of 10 K/min.

Ill. RESULTS AND DISCUSSION
A. Dielectric spectra and glass transition

There are various ways of representing and evaluating the
results of dielectric measurements of ionically conducting systems.
Often, such data are analyzed in terms of the dielectric modulus.
However, as discussed, e.g., in Ref. 29, for systems with simul-
taneous reorientational and translational motions, some problems
may occur using this representation. Indeed, as already noted in
the pioneering work on modulus formalism,”” it is intended for
“ionic conductors which contain no permanent molecular dipoles.”
Therefore, in the present work, we analyze the complex dielectric
permittivity, ¢* = ¢ — ie”’, which is well-established for materials
with reorientational degrees of freedom.*” In addition, we present
the real part of the conductivity, related to £ via 0’ = & & w (with
& being the permittivity of free space and w = 27v), enabling the
direct determination of the dc conductivity.

Figure 1 presents spectra of the dielectric constant ('), loss
(¢"), and conductivity (¢"), measured at various temperatures for
ZnCl,/EG-1:2. For ZnCl,/EG-1:4, we have obtained qualitatively
similar results. The spectra resemble those reported for other
DESs” *”"” and reveal the typical features of ionic conductors with
additional reorientational dipole dynamics. In particular, at low fre-
quencies and high temperatures, &'(v) [Fig. 1(a)] approaches unrea-
sonably high values, beyond 10® in the present case. This can be
attributed to electrode polarization arising at low frequencies when
the ions reach the sample electrodes.”® At such low frequencies, their
motion becomes impeded, which generates thin, poorly conducting
space-charge regions that act as huge capacitors. This effect is also
responsible for the low-frequency decrease in ¢’ (v) observed at the
highest temperatures [Fig. 1(c)]. Beyond the electrode-dominated
regime, a step-like decrease with increasing frequency shows up in
the ¢ spectra (see the inset in Fig. 1 for a zoomed-in view). This
indicates the presence of a relaxation process due to dipolar reori-
entational motions (termed a relaxation).'>"’ Upon cooling, these
steps shift to lower frequencies by several decades, which is typical
for the slowing down of the molecular dynamics found in dipolar
glass-forming materials.”””* Indeed, DSC measurements reveal clear
signatures of a glass transition for both compounds (Fig. 2).

Aside from steps in €' (v), dipolar relaxation processes should
also lead to peaks in the loss spectra. However, in Fig. 1(b), such
peaks are not observed because the contribution from the dc-
conductivity, £” 4. o< 04./v, leads to a dominant 1/v increase at low
frequencies. Therefore, only the right flanks of the expected peaks
show up, which, at high frequencies, give rise to a shallower decrease
in ¢”(v), compared to the dc contribution [cf. the dashed line in
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FIG. 1. Frequency dependence of the dielectric constant ¢’ (a), dielectric loss &
(b), and real part of the conductivity o’ (c) of ZnCl,/EG-1:2, measured at vari-
ous temperatures. The inset provides a zoomed-in view of the intrinsic relaxation
revealed in ¢’(v). The solid lines in (a) and (b) are fits assuming an equivalent
circuit including a distributed RC circuit to account for the electrode effects,> two
intrinsic relaxation functions (« and secondary), and a dc-conductivity contribu-
tion as described in the text. The &’ and " spectra were simultaneously fitted for
each temperature, and the lines shown in (c) were calculated using o’ = &’ eg27v.
As an example, the dashed lines in the inset and in (b) demonstrate the intrinsic
contributions to the permittivity spectra at 248 K.

Fig. 1(b) indicating, for one temperature, the unobscured intrinsic
dielectric response obtained from the fits described below].

In ZnCly/EG-1:2 and ZnCl,/EG-1:4, reorientations of the dipo-
lar EG molecules, which make up 66% or 80% of the sample
constituents, respectively, can be assumed to play a major role in
the generation of the detected relaxation process. This is corrob-
orated by the fact that the corresponding relaxation strength Ae,
which can be estimated from the step amplitude in the inset in
Fig. 1 (e.g., Ae ~ 48 for 248 K), is of similar order as reported

n L T T T
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FIG. 2. DSC traces for the two DESs investigated in the present work, measured
upon heating at 10 K/min. The glass-transition temperature Ty was determined
from the onset of the step-like increase in the heating trace, as indicated by the
dashed lines.
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for pure ethylene glycol (e.g., Ae ~ 53 at 243 K).” However, the
formation of other dipolar entities in ZnCL/EG mixtures, arising
from complex aggregations between their ion and molecule con-
stituents, was considered in several earlier works, e.g., [ZnCI(EG)]*
cations™”” or ZnCl,-4EG complexes.”” We do not find any indica-
tions of separate relaxation processes from different dipolar entities
in our data, and probably all their rotations are closely coupled.
Indeed, in materials with two different dipole species, often only
a single relaxation process is detected.”””’ However, we cannot
exclude that slower relaxation processes may be hidden under the
dominating contributions from dc conductivity (in ") or electrode
polarization (in ¢’). As pointed out in Ref. 58 and also applied to
DESs,""”” plotting the derivative of ¢’ may help to unravel such hid-
den processes. Figure 3 shows —9¢’/d(log v), which is approximately
proportional to ", for four temperatures where well-pronounced
relaxation steps were detected. This quantity reveals a peak at the
same position as the point of inflection in &’'(v) (cf. inset in Fig. 1), as
expected for dielectric-loss spectra. Interestingly, at lower frequen-
cies, a shoulder shows up, which seems to indicate a second, slower,
and weaker relaxation process. It may well arise from reorientational
motions of larger molecule/ion clusters in this DES. To unequiv-
ocally identify the microscopic origin of this spectral feature, e.g.,
nuclear-magnetic-resonance measurements would be desirable.

At the two lowest temperatures in Fig. 1(a), the relaxation
steps in €'(v) occur below 1 kHz. However, in the corresponding
loss spectra in Fig. 1(b), at high frequencies, a region with only
weak frequency dependence shows up, which indicates a further
minor contribution in this region. It can be ascribed to a secondary
relaxation process, usually termed f relaxation, as often found in
glass-forming liquids.”**" " Similar additional high-frequency con-
tributions were also reported for other DESs.”” " Their detailed
treatment is out of the scope of the present work.

The ionic dc conductivity of ZnCl,/EG-1:2 can be directly read
off from the frequency-independent plateaus in ¢’(v) [Fig. 1(c)]. Its
strong temperature-dependent variation over many decades arises
from the essentially thermally activated nature of ionic mobility. The
crossover of ¢’(v) from the dc plateau to a region with increasing
conductivity at high frequencies is due to the above-discussed dipo-
lar relaxation contributions detected in &'’ (v) because both quantities
are related via 0" o< ¢”v. It should be noted that an increasing o’ (v) at
high frequencies is often also interpreted in terms of ac conductivity

30 I248KI T T T T
266K
vy "y 28:%‘ 308K
— v v L] -A A ‘0
>o vy .Q. LAT 4 °
D 10F ¥ L S
Q vy LY
= . v M A
-~ [ * A
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10" 102 10 10* 10° 10° 107
v (Hz)
FIG. 3. Derivative of the &’ spectrain Fig. 1(a) for four temperatures. The frequency

range of each spectrum is restricted to the region where electrode polarization
plays no role.
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due to ionic hopping. Such an increase is predicted by a variety of
competing models on ionic charge transport, e.g., the jump relax-
ation model® or the random free-energy barrier hopping model
(RBM).“;‘““ Indeed, often similar data on ionic conductors, as shown
in Fig. 1, are analyzed in terms of such models. However, one should
be aware that an analysis of the apparent ac conductivity within the
framework of such models only accounts for contributions from
translational ion hopping and neglects any dipolar reorientation
dynamics. On the other hand, the reorientational motions of the
HBDs, which make up significant parts of the investigated DESs,
will inevitably lead to signatures of dipolar relaxation processes in
the dielectric spectra. As discussed in more detail below, the present
DES spectra can be perfectly fitted by solely assuming dipolar reori-
entation dynamics and dc charge transport without any additional ac
conductivity. Considering Occam’s razor, in the following we, there-
fore, analyze our data without invoking ac conductivity, although
we cannot fully exclude that such contributions may exist, superim-
posed by the dominating spectral features from dipolar dynamics.
For a more detailed discussion of these issues and examples of alter-
native fits of DES spectra, including contrlbutlons predicted by the
RBM, we refer the reader to our earlier works.””

To obtain reliable information on the intrinsic relaxation para-
meters, it is essential to fit the experimental dielectric spectra,
including the mentioned electrode effects. To account for these non-
intrinsic contributions, we assumed a distributed RC circuit that is
connected in series to the bulk sample.”” Such an equivalent-circuit
approach was previously used for various ionic conductors, includ-
ing DESs.””**"""® The intrinsic & and secondary relaxations were
fitted by the sum of two Cole-Cole (CC) functions, an empirical
fit function often used for disordered matter.””"**"** One should
note that the CC function, leading to symmetric loss peaks, is
well-established for secondary relaxations, but it is less commonly
employed to describe the « relaxation, the latter often leading to
asymmetric peaks. However, in the DES glyceline, the CC function
was also found to provide good fits, just as in the present case.””"’
In contrast, our qualitatively similar spectra for ZnCl,/EG-1:4 could
be somewhat better fitted assuming the asymmetric Cole-Davidson
function”’ for the « relaxation. In Ref. 29, the superposition of the
main relaxation peak by a low-frequency ac-conductivity contribu-
tion was considered a possible reason for the better description of the
glyceline spectra by the CC function. However, as the conductivity
in ZnCl,/EG-1:4 is much higher than for the 1:2 composition (as dis-
cussed in Sec. 1T B), it is unlikely that such a contribution is present
for the 1:2 sample but absent for the 1:4 sample. In general, the
broadening of the loss peaks described by these functions is ascribed
to a distribution of relaxation times due to heterogeneity.”"’” It
seems reasonable that EG is the main dipolar constituent in these
two systems and that the relaxation times of these molecular dipoles
vary, depending on the disordered environment sensed by each
molecule within the liquid. This environment is provided by other
EG molecules, the salt ions, and various clusters that may form in
these DESs.””>”" Our results indicate that the resulting distribu-
tion of relaxation times is qualitatively different for the significantly
different concentrations of dipolar EG in the two compounds.

Finally, in the fits, the dc-conductivity contribution to the loss
was accounted for by a term &’y = 04./(€ow). The solid lines in
Fig. 1 are fits with these contributions, which were simultaneously
performed for &'(v) and " (v). The fit lines for o’ (v) were calculated
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from those for & (v). The fits provide a very good description of the
experimental spectra. It should be noted that, at high temperatures,
the secondary relaxation can be neglected as it is shifted out of the
frequency window. In a similar way, at low temperatures, the elec-
trode effects play no role. Therefore, the number of fit parameters
remains within reasonable limits.

B. dc conductivity and a-relaxation time

Figure 4(a) shows an Arrhenius representation of the
temperature-dependent dc conductivities of ZnCl,/EG-1:2 (closed
circles) and ZnCl,/EG-1:4 (closed squares) as deduced from the fits
of the dielectric spectra. For both DESs, we find clearly non-linear
behavior that evidences strong deviations from simple thermally-
activated behavior given by o4c o< exp(—E/[ksT)], where E is the
energy barrier and kg is the Boltzmann constant. This is typical
for glass-forming ionic conductors’® and was also found for other
DESs measured in a sufficiently broad temperature range.”** %%
It arises from the coupling of the ionic motion to the characteris-
tic non-Arrhenius behav10r revealed by the structural dynamics of
glass-forming liquids.”’

At low temperatures, the conductivity of the eutectic mixture
ZnCl,/EG-1:4 exceeds that of ZnCl,/EG-1:2 by many decades. With
increasing temperature, the o4.(T) traces of both mixtures approach
each other, but at room temperature, the conductivity of the eutec-
tic composition is still about one decade higher. The enhanced oq4c
of the 1:4 mixture at room temperature was also found in Ref. 8.
However, the absolute values reported there, shown by the trian-
gles in Fig. 4(a) for both molar ratios, are somewhat higher than

T T T
Vv A Gengetal (a)
* Ahmed et al.

® ZnCl/EG 1:4
10—10 IO LIOTHEG 1:4
® ZnCl/EG 1:2
o Chs:l/EG 1:2 (elpaline

(1) (s)

3 4 5 6
1000/[T(K)]

FIG. 4. Arrhenius plot of the dc conductivities (a) and mean a-relaxation times
(b) for ZnCly/EG-1:2 and ZnCl,/EG-1:4 (present work) and for ethaline’”** and
LIOTfIEG?® (circles: DESs with 1:2 molar ratio, squares: 1:4). The upright and
inverted triangles in (a) show o4, at room temperature of ZnCl,/EG-1:2 and
ZnCly/EG-1:4, respectively, as reported in Ref. 8. The stars in (a) present o4c(T)
data for ZnClo/EG-1:4 from Ref. 24. Presuming (7)(Tg) ~ 100 s, the diamonds in
(b) indicate the glass-transition temperatures determined by DSC measurements
(Fig. 2). The horizontal dashed line in (b) denotes () = 100 s. The solid lines in
(a) and (b) represent fits with the VFT laws, Egs. (1) and (2), respectively.
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in the present work, which may indicate a higher water content of
the investigated samples. In contrast, the o4.(T) results for the 1:4
composition from Ref. 24, shown by the closed stars in Fig. 4(a),
reasonably agree with the present data. This is also the case for the
data in Ref. 50 (not shown). Finally, the dc conductivities reported
in Ref. 74 for ZnCl,/EG-1:2 around room temperature are up to one
decade higher than the present results, pointing to the rather high
water content of the samples investigated there.

As reported, e.g., in Ref. 29, the conductivity of DESs is often
largely governed by their viscosity #, which seems plausible when
considering the naive picture of charged particles translationally
moving within a viscous medium. In particular, for ethaline, which
has the same HBD as in the present case, such coupling is well ful-
filled.”” In Ref. 8, the room-temperature viscosity of ZnCl,/EG-1:4
was found to be significantly lower than for ZnCl,/EG-1:2, which is
in accord with its higher conductivity. The lower viscosity for the
1:4 compound is in line with the finding that, just for this eutec-
tic composition, the ZnCl, admixture is most effective in breaking
up the H-bonded network of pure EG.>* Moreover, the infrared and
Raman spectroscopy in Ref. 33 revealed that this eutectic compo-
sition exhibits the highest solvation of ZnCl,, which also should
contribute to an enhanced ionic conductivity of ZnClL,/EG-1:4. As
pointed out in Refs. 27 and 28, the glass-transition temperature Ty
is another important factor that can lead to strong deviations in
the conductivity of different DESs, especially at low temperatures.
The DSC results in Fig. 2 lead to Ty = 192 and 205 K for the 1:4
and 1:2 compositions, respectively (Table I). As the viscosity at the
glass transition is large (~10'* Pa s), the higher Ty of ZnCL/EG-1:2
causes a stronger increase in viscosity upon cooling and, thus, lower
conductivity, as observed in Fig. 4(a).

As mentioned in Sec. I, we compare these data to earlier results
on other DESs with the same HBD. While ethaline has an iden-
tical salt/HBD molar ratio as ZnCl/EG-1:2, its choline® cations
are asymmetric and much larger than Zn**. In Fig. J;(a) the dc
conductivity of ethaline is shown by the open circles.””*’ At room
temperature, it exceeds that of ZnCl,/EG-1:2 by more than two
decades, and, at low temperatures, the difference becomes huge. At
first glance, this may seem unexpected, as the smaller zinc cations
in the latter compound may be thought to reveal higher mobility.
However, here again, the different glass temperatures of the sys-
tems come into play, especially at low temperatures, with ethaline
having a much smaller T (155 K)*’ than ZnCl,/EG-1:2 (205 K).
The small size of the zinc ion and its twice as large charge lead
to a higher charge-to-radius ratio (sometimes termed ionic poten-
tial) than for the ions in choline-chloride. This leads to stronger
interactions, both inter-ionic and between the Zn>' ions and the
HBD molecules. It can be expected to result in a stronger struc-
tural network within the liquid and, consequently, a higher viscosity
and glass-transition temperature. Moreover, enhanced interactions
of the zinc ions with the other constituents and among each other
should also directly reduce their mobility. In general, a reduction of
conductivity when replacing larger by smaller ions in an ionic con-
ductor is an often-found phenomenon and was, e.g., also reported
for ionic liquids.”>”

The open squares in Fig. 4(a) show 04.(T) of LIOT{/EG, which
has the same salt/HBD ratio as ZnCl,/EG-1:4. In this case, the OTf
(triflate) anion is larger than the Cl™ anion and asymmetric, while
Zn** and Li* have comparable sizes. Again, the conductivity is

ARTICLE pubs.aip.org/aipl/jcp

significantly higher and the Ty is lower than for the corresponding
ZnCl, system, but the differences are less extreme than for the 1:2
compositions. It is clear that all these conductivity variations should
also depend on details such as different cluster formation between
the DES constituents,””””” but the general relevance of the glass
transition and the increased interactions due to the smaller ions in
the ZnCl,-based DESs is confirmed by these results.

The 04.(T) data in Fig. 4(a) can be well fitted by a modiﬁcation

of the empirical Vogel-Fulcher-Tammann (VFT) law’ " ? [lines in
Fig. 4(a)],
—DoTvks ]
= —_— | 1
Odc = 00 €Xp [ T~ Ture 1)

Here, 0y is the pre-exponential factor, Dy is the so-called strength
parameter,”’ and Tvro is the Vogel-Fulcher temperature. The result-
ing fit parameters are listed in Table I. The VFT law is a charac-
teristic feature of glass-forming matter, mostly applied to viscos-
ity and relaxation-time data."””"*" Tt describes the typical super-
Arrhenius slowing down of the dynamics when approaching the
glass temperature, where D, quantifies the deviations from Arrhe-
nius behavior.® It was previously also applied to a4.(T) data of other
DESS.F.(:,Z 4,27-29

The average reorientational a-relaxation times (7), obtained
from the fits of the dielectric spectra of the present ZnCl,/EG DESs,
are shown in Fig. 4(b) (closed symbols), using an Arrhenius rep-
resentation. Corresponding data for ethaline and LiOTf/EG are
indicated by the open symbols.”” >’ Similar to the dc conductivity,
which is a measure of the translational ion dynamics [Fig. 4(a)],
the relaxation times quantifying the dipolar rotation dynamics
reveal significant deviations from Arrhenius behavior, characteris-
tic of glass-forming liquids.”*”**" Interestingly, the dc-conductivity
curves in Fig. 4(a) appear as approximate mirror images of the
relaxation-time traces in Fig. 4(b), indicating that the translational
ionic and the reorientational dipolar dynamics are coupled to some
extent. This finding is in accord with the viscosity-related argu-
ments invoked in the discussion of the conductivity results above
when considering the simple picture of asymmetric particles rotating
within a viscous medium. Indeed, the translation-rotation cou-
pling previously evidenced in several DESs, including ethaline,”” was
found to arise from the strong link between both dynamics and
viscosity.”’

The solid lines in Fig. 4(b) show fits of (7)(T) by the VFT law,
Eq. (2),7," 80
DTTVFT :| (2)

<T> =10 eXp[m .

The obtained parameters are listed in Table I. For ZnCl,/EG-1:4, the
Vogel-Fulcher temperatures and strength parameters from the fits
of (7)(T) and g4.(T) are very similar, which also indicates significant
coupling of the reorientational and ionic dynamics. This resembles
the behavior in ethaline, where such coupling was demonstrated in
Refs. 27 and 29. In contrast, the deviations revealed in Table I for the
VFT parameters of ZnCl,/EG-1:2 point to less perfect coupling, as
will be treated in more detail in Sec. I1I C.

From (7)(T) data, the glass-transition temperature can be esti-
mated using the criterion (7)(Tg) ~ 100 s. An extrapolation of the
VEFT fit curves in Fig. 4(b) leads to 216 and 187 K for ZnCl,/EG-1:2
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TABLE |. Glass-transition temperatures deduced by DSC (Fig. 2) and VFT parameters from the fits of a4(T) and ()(T)
shown in Fig. 4. The fragility parameter m was calculated from D82 For comparison, corresponding data are provided for

ethaline?” and LIOTf/EG.28

Ty  Tvre 0o Tvrr

K) (K Do (@'em') (K D: 7o (s) m
ZnClL/EG-1:2 205 156 122 24 168 940 56x1072 79
ZnClL/EG-1:4 192 135 126 6.3 135 129 46x108 62
Ethaline (ChCI/EG 1:2) 155 111  13.7 81 113 132 28x107% 60
LiOT{/EG (1:4) 175 122 124 53 128 114 48x107° 68

and ZnCl,/EG-1:4, respectively. As noted in Table I, the DSC exper-
iments on these systems result in Ty ~ 205 and 192 K, respectively.
These temperatures are indicated by the diamonds at (7) = 100 s
in Fig. 4(b). The somewhat different glass-transition temperatures
from the two methods could indicate some decoupling of the reori-
entational dynamics from the “true” glass transition at low temper-
atures, assumed to be detected by the entropy-sensitive calorimetry.
In contrast, for various other DESs, good agreement of the T val-
ues from DSC and dielectric experiments was reported,”””**** with
some deviations found for reline,?” LiTFSI/urea,”® and LiOT{/EG.>®
To our knowledge, only for reline, the T, deduced from DSC was
lower than T, from dielectric spectroscopy, as also found here for
ZnClL/EG-1:2.

The so-called fragility parameter m, which can be calculated
from D; via m ~ 16 + 590/D;,* is the most common quantity for the
characterization of the deviations of (7)(T) from simple thermally
activated behavior. We deduce values of 79 and 62 for ZnCl,/EG-1:2
and ZnCl,/EG-1:4, respectively (Table I). Thus, these systems can
be considered intermediate within the strong-fragile classification of
glass-forming liquids,” just as the other two DESs in Table I, which
also contain EG.”* In principle, the fragility of a glass-forming lig-
uid affects its room-temperature conductivity, which was explicitly
demonstrated for ionic liquids in Ref. 83. In the present case, the
m values of the four systems in Fig. 4 do not vary dramatically,
and, thus, the significant differences in their conductivity cannot be
ascribed to their fragilities.

C. Coupling of reorientational and translational
dynamics

To directly check the coupling of the translational ion and dipo-
lar reorientation dynamics, Fig. 5 shows, for both compositions, the
temperature dependences of pgc = 1/04c and (7) within the same
frame.®* The two corresponding ordinates (left: (7); right: p4c) are
scaled to display the same number of decades for both quantities.
Moreover, we adjusted the starting values of the y-axes to reach an
agreement at high temperatures where decoupling effects are usu-
ally less important. While for ZnCl,/EG-1:2 [Fig. 5(a)], some small
but significant deviations show up at low temperatures, ZnCL/EG-
1:4 [Fig. 5(b)] reveals a perfect match of the two curves, indicating
direct proportionality of p4. and (7). Such perfect coupling was also
found for ethaline,”””’ while the behavior of LIOT{/EG resembles
that of ZnCL/EG-1:2.°* As the Li-salt system has 1:4 and ethaline 1:2
molar ratio, it becomes clear that the EG content is not the sole factor

determining the decoupling. In particular, when trying to under-
stand the different couplings in ZnCl,/EG-1:2 and ZnCl,/EG-1:4,
one should consider that, for the latter, the ZnCl, admixture was
found to be most effective in breaking up the H-bonded network of
pure EG.*> Moreover, the highest solvation of ZnCl, was found for
this 1:4 eutectic composition.*” Therefore, it seems that a large num-
ber of dissolved ions moving within a liquid without an extensive
hydrogen network favors the coupling.

It should be noted that three ChCl-based DESs, including etha-
line, have recently been found to reveal nearly perfect reorientation-
viscosity coupling.”” Unfortunately, to our knowledge, temperature-
dependent viscosity data for the present ZnCL/EG DESs have only
been reported in a rather limited temperature range.”*” The trian-
gles depicted in Figs. 5(a) and 5(b) show #n(T) data from Refs. 24
and 74, respectively, which are scaled to match the high-temperature
results of the other quantities. One should note that those from

0 T T T T T 1012
10°F ZnCI,/EG 1:2 108
L X @ 10"
10°F o Pdc § Ji0¢2
%10,4 | 4 m(Wang etal) 1108 ’5 .
O Q 410
10° 112 -
10°
4
10° @710
1 102
3.0 35 4.0 45
o T 10" 410°
101" ZnCI/EG 1:4 e .
1 10
2L X (D)
A10 © Pgc ] 108? 104 2
L 404} 4 1 (Ahmed etal) o) o
© — {108 2 10?2 &
100 3 <
w0l 110* 10°
0 (b) 2 2
é ; é 10 10
1000/ [T(K)]

FIG. 5. Temperature dependences of the average a-relaxation times (crosses,
left ordinates) and dc resistivities (circles, right ordinates) of ZnCl,/EG-1:2 (a)
and ZnCl,/EG-1:4 (b), plotted using an Arrhenius representation. The number of
decades covered by the left and right y-axes in each frame is identical. The start-
ing values of the ordinates were chosen to reach a match between both quantities
at the highest investigated common temperature. The lines are the VFT fits from
Fig. 4 [Egs. (1) and (2)], taking into account pgc = 1/0gc. The triangles in (a) and (b)
show viscosity data from Refs. 24 and 74, respectively (rightmost ordinate), scaled
to match the other data sets.
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Ref. 74 may be hampered by the rather high water content of the
investigated samples, which can be concluded from the much higher
dc conductivity reported in that work [e.g., 3.6 x 107* Q™' cm™!
instead of 3.5 x 107> Q™! cm ™! at 298 K deduced in the present work,
cf. Fig. 4(a)]. Overall, the available viscosity data do not allow for
any clear conclusions on possible reorientation-viscosity coupling,
as found in Ref. 29. Nevertheless, assuming that such coupling also
exists for the present systems, the reorientational relaxation times
in Fig. 5 should have the same temperature dependence as the vis-
cosity. The deviations shown in Fig. 5(a) then imply that the simple
picture of a sphere, translationally moving within a viscous medium,
is not valid at low temperatures in ZnCl,/EG-1:2. It thus seems
that the fewer free ions in the 1:2 system (due to less solvation of
ZnCl,, compared to 1:4)*’ find ways to diffuse faster than expected
within the more extended H-bonded network governing the high
viscosity of this composition,® which enhances its low-temperature
conductivity.

Finally, Fig. 6 shows a double-logarithmic plot of the dc resis-
tivity vs the a-relaxation time for the two investigated DESs and
reference systems. Just as previously reported for ethaline (open cir-
cles),” we find pgc o< (1) for ZnCl,/EG-1:4 (closed squares), which is
in accord with the Debye-Stokes—Einstein (DSE) relation.”” * This
confirms the coupling of the ionic translational and dipolar reorien-
tational dynamics revealed in Fig. 5(b). Interestingly, ZnCl,/EG-1:2
(closed circles) exhibits a fractional power law, pgc o< (7)° with
& = 0.90, resembling the fractional DSE behavior detected in cer-
tain glass formers.”” Similar behavior with & = 0.89 is found for
LiOT{/EG (open squares in Fig. 6).”® For given relaxation times,
Fig. 6 reveals that the three DESs with small cations have clearly
higher dc conductivity (smaller dc resistivity) than ethaline. When
assuming the mentioned reorientation-viscosity coupling,” this
implies that the smaller ions can move faster for a given viscosity,
which seems plausible. The fact that the cation size seems to govern
the conductivity in Fig. 6 indicates a high Zn?* transference number

102 — T T T —
® ZnCl,/EG 1:4
o LIOTHEG 1:4
© ZnClEG 12
10" | o ohCIEG 12 (ethaline) ~~.*

10° i
o
1 04 -O’I 1 1 1 1 N
108 10®  10*  10% 10°
(v (8)

FIG. 6. Double-logarithmic plot of the dc resistivity vs the mean reorientational
relaxation time for the two investigated DESs and the two reference systems.””*’
The lines are linear fits with slope &, corresponding to power laws pg; o< (7)°.
The data for ethaline and ZnCl,/EG-1:4 can be well described with & = 1, implying
pac o< (7). For ZnCl,/EG-1:2 and LIOTf[EG, we obtain & = 0.90 and & = 0.89,2
respectively.
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in the two DESs investigated in the present work, i.e., a high relative
mobility of the zinc cations in comparison to the anions. This is sim-
ilar to the high Li* transference number found in lithium-salt-based
DESs.'*” However, one should be aware that for a given temper-
ature, the conductivity of ethaline is the highest among these four
DESs [see Fig. 4(a)]. This is due to the higher glass-transition tem-
peratures (and, thus, viscosities) of the DESs with small cations. As
discussed above, this can be attributed to the stronger structural net-
work of these liquids due to their smaller ions and the higher charge
of the zinc ions. Notably, without the decoupling evidenced by the
fractional DSE relation, the o4 of these systems would be even lower
at low temperatures.

IV. SUMMARY AND CONCLUSIONS

In summary, we have performed dielectric spectroscopy on
ZnCl,-based DESs with two different salt/HBD molar ratios. Our
measurements cover a temperature range extending from the low-
viscosity liquid, above room temperature, well down to the deeply
supercooled state. In addition to electrode-polarization effects, we
find clear evidence of an intrinsic relaxation process. It can be
ascribed to reorientational dipolar motions, most likely dominated
by the EG molecules making up 66%-80% of the sample con-
stituents. Upon cooling, this dipolar dynamics exhibits the charac-
teristics of glassy freezing, namely, heterogeneity, which gives rise
to a distribution of relaxation times and a clear non-Arrhenius tem-
perature dependence of the latter. The relaxation-times of the two
investigated compositions and of two other DESs, where the HBD is
EG, vary significantly, which is due to their different glass-transition
temperatures and viscosities. These differences are most likely due
to variations in the ionic interaction strength and the effectiveness
of breaking the H-bonded network. The temperature-dependent
dc conductivities of these DESs also exhibit clear non-Arrhenius
behavior, closely resembling that of the relaxation times. Therefore,
the large differences in conductivity between these DESs are also
mainly caused by their different glass-transition temperatures and
interactions on a molecular level.

For ZnCl,/EG-1:2, a detailed comparison of the temperature-
dependent dc resistivities and relaxation times reveals some signifi-
cant decoupling at low temperatures. Just as previously reported for
some other DESs,”””® the 1:2 molar ratio exhibits a fractional DSE
relation. In this mixture, the ions seem to explore paths within the
liquid structure that allow for enhanced diffusion, compared to the
expectations for a viscous medium at low temperatures. However,
one should be aware that this enhancement is limited and does not
play any role in the eutectic composition of ZnCl,/EG-1:4, which
reveals perfect coupling and much higher conductivity. This DES
represents a canonical liquid electrolyte in which the translational
ion and reorientational dipole dynamics are both most likely gov-
erned by the viscosity and, thus, coupled. Its ionic conductivity,
however, is significantly lower than that of ethaline, which has the
same HBD but larger cations [Fig. 4(a)].

Considering the glass-forming properties of these DESs, the
room-temperature ionic conductivity of ZnCl,/EG-1:4 could be
enhanced by decreasing its glass-transition temperature, which
may be achieved by admixing compounds that further break the
hydrogen-bonded network but without replacing the hydrogen
bonds with stronger ionic ones. Increasing the fragility would be an
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alternative approach, as this would lead to a stronger curvature of
the conductivity curve in Fig. 4(a), as discussed in detail in Ref. 83.
This may be achieved by the admixture of additional components,
keeping in mind that a more complex energy landscape caused by
such admixing should enhance fragility.”””' The enhanced conduc-
tivities of ternary DES systems, based on ZnCl,/EG-1:4, reported
in Ref. 24, may well be explainable in light of these considerations,
but measurements in a broader temperature range would be desir-
able to obtain reliable values of the fragility and glass-transition
temperatures.
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