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Impact of water on the charge transport of a glass-forming ionic
liquid
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Using dielectric spectroscopy and differential scanning calorimetry, we have performed a detailed investigation of the
influence of water uptake on the translational and reorientational glassy dynamics in the typical ionic liquid 1-Butyl-3-methyl-
imidazolium chloride. From a careful analysis of the measured dielectric permittivity and conductivity spectra, we find a
significant acceleration of cation reorientation and a marked increase of the ionic conductivity for higher water contents. The
latter effect mainly arises due to a strong impact of water content on the glass temperature, which for the well-dried material is
found to be larger than any values reported in literature for this system. The fragility, characterizing the non-Arrhenius glassy
dynamics of the ionic subsystem, also changes with varying water content. Decoupling of the ionic motion from the structural

dynamics has to be considered to explain the results.

1. Introduction

In the past years, the investigation of ionic liquids has
become one of the most popular fields in materials research
[1,2]. The huge amount of publications on this topic points to
the high scientific interest attracted by these materials and
demonstrates their importance and versatility. Ionic liquids
are molten salts at ambient temperatures. They have
numerous potential applications, e.g., as solvents in green
chemistry [3,4] or as electrolytes in electrochemical devices
[5,6,7]. The latter one benefits from the low volatility and
electrochemical stability of these solvent-free ionic
conductors.  Another key-factor for electrochemical
applications is the ionic charge transport. Unfortunately, the
conductivity observed in ionic liquids cannot compete with
that of conventional electrolytes yet. However, there is a vast
number of possible cations and anions that can be combined
to form ionic liquids. This provides a high potential for
designing ionic-liquid electrolytes that meet the benchmark
for ionic conductivity, suitable for application [4,8,9].

Nearly all ionic liquids have the tendency to absorb water
in moist atmosphere and thus water is considered to be
ubiquitous even in ionic liquids regarded as hydrophobic
[10,11,12,13]. Residual water is an important issue affecting
their physical properties [11,13,14] like ionic mobility,
which is significantly influenced even by small amounts
[15]. For a successful technical application of ionic liquids,
an eminent challenge is the careful control of water
impurities [15,16]. So far, a lot of progress was made in
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determining the impact of water and organic solvents on
viscosity and density of ionic liquids (e.g., refs.
11,13,17,18,19,20,21,22,23,24,25,26,27,28). In general,
water impurities lead to a decrease of both quantities.

According to Sonnleitner et al. [29], dilution with a polar
solvent “lubricates” an ionic liquid and its dynamics is
getting considerably faster. Consequently, the conductivity
should increase with higher water concentration, as was
generally found in various earlier works, at least for a low
impurity level [13,20,25,26,30,31,32,33,34,35]. According to
Liu et al. [25], mixtures of ionic liquids and water display a
maximum in the concentration dependence of the
conductivity, similar to saline solutions. Maxima at higher
water concentrations were also found in refs. [13] and [32].
Recently, we have reported a correlation between the
conductivity and the glassy dynamics of aprotic ionic liquids
[36]. Thus, varying the water content can be assumed to
influence the glass temperature. Yaghini et al. [37] report a
significant impact of water on the glass temperature in a
protic ionic liquid. Wojnarowska et al. [38] found a strongly
decreasing glass temperature when the amount of water
increases in a lidocaine-based ionic liquid with hydrophilic
chloride anions. Especially for these hydrophilic anions, the
impact of water on the physical properties seems to be more
pronounced [18].

Most ionic liquids show glassy freezing and dielectric
spectroscopy is an ideal tool to probe their dynamic
processes and conductivity. To our knowledge, until now
only a few studies with dielectric spectroscopy have been
performed on mixtures of ionic liquids and water and the
majority of them investigates relatively high water
concentrations [35,38,39,40,41]. In the present work, we
focus on 1-Butyl-3-methyl-imidazolium chloride (BMIM CI)



and determine the impact of water uptake on the glass
temperature, conductivity, and dipolar dynamics. Both
liquids are freely miscible [18] and, based on the hygroscopic
nature of the chloride anion, moisture from the surrounding
atmosphere is absorbed up to a high concentration.

2. Experimental details

The ionic liquid 1-Butyl-3-methyl-imidazolium chloride
(BMIM Cl) was purchased from IoLiTec (Ionic Liquids
Technologies GmbH, Heilbronn, Germany) with a purity of
99%. To vary the water content, the samples (about 3 ml,
kept in a glass beaker with 1.5 cm diameter) were first dried
in vacuum at 350 K at least for 24 hours and then exposed to
air with approximately 40% relative humidity. Immediately
before the performed differential scanning calorimetry (DSC)
measurements, the water content of the samples was
determined by coulometric Karl Fischer titration (KFT),
executed with a C30 Compact KF Coulometer from Mettler
Toledo. For comparison, one sample (termed “dry” in the
following) was dried for another 24 hours at 420K in
vacuum to minimize the water concentration. However, due
to the high viscosity of this sample, no KFT measurement
could be performed.

To check for glass and possible phase transitions, the
samples were characterized by DSC between 323 and 103 K
with a scan rate of 10 K/min. The samples were sealed in
aluminum pans and a power compensating DSC 8500
(Perkin Elmer) was used. Moreover, the kinetic fragility was
determined for three samples by the Wang-Velikov fictive-
temperature method [42]. For this purpose, the cooling rate
was varied between 0.5 K/min and 100 K/min and a constant
heating rate of 10 K/min was used.

The spectra of the complex permittivity and of the
conductivity were measured between 1 Hz and 10 MHz
using a frequency-response analyzer (Novocontrol Alpha-
analyzer). Dielectric spectroscopy at additional frequencies
up to 200 MHz was performed for sample 1 with an Agilent
4991A impedance analyzer based on the I-V technique, with
the sample mounted at the end of a specially designed
coaxial line [43]. In all cases, the sample material was filled
into parallel-plate capacitors. For cooling and heating, a
nitrogen gas cryostat (Novocontrol Quatro) was used.

3. Results and discussion

3.1. DSC and KFT

BMIM Cl was reported to be easily supercooled and to
transform into a solid glass at low temperatures [44]. In
agreement with ref. [44], the present DSC measurements
performed with 10 K/min only revealed a glass transition but
no melting or freezing points. This was observed for all
investigated samples with various water contents, which was
determined by KFT. Fig. 1(a) shows a magnified view of the
DSC results for different mixtures of BMIM Cl and water
(72 mol%, 57 mol%, 9 mol%, 1 mol% and the “dry” sample)
in the vicinity of their glass transitions. The curves where
obtained by heating the sample with 10 K/min after cooling
from ambient temperature with the same rate. All samples
show a well-pronounced step-like anomaly in the heat flow

associated with the glass transition. The glass temperatures
T,, defined by the onset of the anomaly, are indicated by
arrows. For the “dry” sample (dashed line) the highest glass
temperature (7, =269 K) is found. With increasing water
content, the glass temperature of BMIM ClI significantly
shifts to lower temperatures. The water absorption of the
ionic liquid in air (with approximately 40% relative
humidity) saturates at 72 mol%, where the glass transition
has dropped to 172 K (solid line). It should be noted that the
glass temperatures of 197 - 208 K, reported for BMIM Cl in
earlier works, are clearly lower than 7, =269 K found for the
dry sample in the present work [18,44,45,46]. As denoted,
e.g., in ref. [36], 7, has a direct impact on the conductivity of
ionic liquids at room temperature. Thus, the strong
concentration dependence of the glass temperature as
documented in Fig. 1(a) demonstrates the importance of
knowing and documenting the water concentration of
hygroscopic ionic liquids, which is often neglected in
literature [5].
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Fig. 1. (a) DSC heating traces revealing the glass transitions for
BMIM Cl with various water contents (the high viscosity of the
"dry" sample did not allow for determination of the water content).
Arrows mark the onset of glass transitions. (b) Time-dependent
water absorption in air with approximately 40 % relative humidity
at room temperature determined by KFT (line to guide the eye). The
triangle shows the initial water content of the sample material
before drying at 350 K.

With increasing water content, 7, reaches 172K,
dropping by more than 35% if compared to the “dry” sample.
To our knowledge, until now a similar impact of water on the
glass-transition temperature was only reported for the protic
ionic liquid lidocaine hydrochloride [38], which also



contains a chloride anion. A water-induced reduction of the
glass-transition temperature may be typical for ionic liquids,
at least for this type of anion. However, for less hydrophilic
anions even the opposite 7, shift was observed [18] and,
obviously, the influence of water on the glass transition
temperatures in ionic liquids is a complex issue. In general,
the viscosity of ionic liquids decreases with increasing water
content [17,22,23,24,27]. However, the temperature
dependence of their viscosity changes as well [22] which
could affect the glass temperature and may explain these
opposing trends.

The sample of BMIM Cl, taken directly from the
desiccator without any additional drying procedure, contains
8 mol% water (Fig. 1(b), triangle). This demonstrates that
applying a proper drying procedure is prerequisite for
meaningful measurements of pure ionic liquids. To estimate
the timescale for water absorption, a dried sample was
humidified by moist air (see section 2) and the water
concentration was probed at different times via KFT. The
time-dependent water content of BMIM Cl is displayed in a
double-logarithmic representation in Fig. 1(b). Initial drying
was performed at 350 K for 24 hours in reduced pressure
(transition from triangle to square, marked by an arrow)
finally leading to water content of about 4 mol%. Within the
first 10 minutes the water content turned out to be almost
constant. One reason may be the relatively high viscosity of
the dried sample, hampering water diffusion within the
sample. After more than 60 minutes the water content
increased significantly as indicated by the s-shaped line in
Fig. 1(b). The original water concentration before drying was
recovered after subjecting the sample for approximately 2
hours to this atmosphere. After more than 90 hours, the water
content saturated at about 70 mol%. Notably, handling the
sample several minutes in air does not drastically change the
initial H,O concentration. However, even small changes in
water content can significantly affect the sample properties.
This is revealed, e.g., by the DSC measurements shown in
Fig. 1(a) when comparing the additionally dried (24 hours at
420 K) and 1 mol% sample.

3.2. Temperature-dependent dielectric properties

Fig. 2 shows the temperature dependence of the dielectric
constant and conductivity of BMIM Cl with water (sample 2)
for various frequencies. This sample was taken right out the
desiccator without any further treatment. It is supposed to
have an initial water content of about 8 mol% (see Fig. 1(b));
nevertheless the exact concentration during the dielectric
measurement is not known as it could have changed signifi-
cantly during preparation and while being exposed to the
nitrogen atmosphere in the cryostat prior to and during the
measurement. As, however, we found the curves from the
performed cooling and heating runs matching each other (at
least up to 270 K; in Fig. 2 only the cooling curve is shown),
the water concentration at least did not dramatically change
during the measurement. At temperatures below about
180 K, ¢’ is almost temperature and frequency independent
(Fig. 2(a)) with a value of approximately 3, representing the
high-frequency limit of the dielectric constant, &=, arising
from the electronic and ionic polarizability. With increasing
temperature, the permittivity shows a step-like rise and even

exceeds values of 10° for the 1 Hz curve. This feature shifts
to higher temperatures with increasing frequency, thus re-
vealing the typical signature of a relaxation process. The
detected high values of the dielectric constant are of non-
intrinsic nature and caused by the effect of electrode polari-
zation (blocking electrodes) as found in many ion conductors
[47,48].

A closer look at ¢'(T) shown in Fig. 2(a) reveals that the
observed increase is most likely composed of several succes-
sive steps that superimpose each other. This is indicated, e.g.,
by the change of slope located around 250 K for the 1 Hz
curve. Indications for another relaxational contribution are
found at high frequencies, e.g., below 260 K for 67 kHz: The
shallow variation of &'(v) at the base of the main relaxation
feature seems to signify a further relaxation step with a satu-
ration value ¢, of the order of 10. This superimposed process
is best revealed by a detailed equivalent-circuit analysis of
the frequency-dependent data as will be discussed in section
3.3.
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Fig. 2. Temperature dependence of the dielectric constant (a) and
conductivity (b) of BMIM CI with water (untreated sample 2) for
various frequencies. The dashed line represents an educated guess
of the dc conductivity. The closed circles show the dc conductivity
as obtained from the fits of the frequency-dependent data (Fig. 3).

The presence of pronounced electrode-polarization ef-
fects, which lead to so-called colossal values in &' [49], is
typical for ionic liquids and superimposes the intrinsic sam-
ple properties. For this reason, the rather controversially
debated modulus representation is sometimes used to charac-
terize the ionic dynamics [50,51,52,53,54]. In this representa-
tion the contributions from electrode polarization are sup-
pressed. However, in the present report we prefer using the
conductivity representation instead as it allows for a more
direct determination of the technically relevant dc-



conductivity, ou., showing up as a frequency-independent
region in plots of o'(T,v).

The temperature-dependent conductivity is shown in Fig.
2(b). At low temperatures, plateau-like regions show up,
whose absolute values strongly increase with increasing
frequency. Such a strong frequency dependence of the con-
ductivity at low temperatures and high frequencies could
arise from the so-called "universal dielectric response"
(UDR) [55], i.e., a power law o'(v) oc V' with s < 1, which is
often caused by ionic hopping conductivity [56,57,58]. How-
ever, in Fig. 2(b) weak, peak-like structures in o’(7T) are su-
perimposed to the plateaus (e.g., at about 170K for
1.1 MHz), which shift to lower temperatures with decreasing
frequency. Thus an intrinsic relaxational contribution seems
to play a role here, which is confirmed by the analysis of the
frequency-dependent plots as discussed in section 3.3. At
higher temperatures, 7> 190 K, the plateaus are followed by
frequency-independent regions of the conductivity, i.e., the
same temperature dependence of o’(7) is observed for differ-
ent frequencies (e.g., for 1 Hz and 16 Hz around 200 K). The
corresponding frequency-independent temperature profile
represents the dc conductivity ou(7) of the sample and is
indicated by the dashed line in Fig. 2(b). At temperatures
above 200 K, o'(7T) at the lowest frequencies becomes small-
er than oy This reduction of the conductivity at low fre-
quencies is due to the onset of electrode polarization, which
leads to colossal values of ¢’ (Fig. 2(a)) as discussed above
[48].

Finally, it should be noted that for a sample of 8% water
content, the glass temperature should be of the order of
220K (Fig. 1(a)). Usually, below 7, all temperature-
dependent quantities exhibit a crossover to weaker tempera-
ture dependence, which can be ascribed to the sample falling
out of equilibrium and fictive temperature starting to deviate
from actual temperature when further cooling below 7.
However, no anomaly in ¢'(7) or o(7) is observed around
220 K in Fig. 2, indicating a significantly lower glass tem-
perature, probably due to an uptake of water during prepara-
tion as mentioned in the beginning of this section.

3.3 Frequency-dependent dielectric properties

Fig. 3 shows the spectra at 1 Hz - 10 MHz of the real (a)
and imaginary part (b) of the dielectric permittivity (¢ and
e", respectively) and the conductivity ¢’ (c) as obtained for
sample 2 at selected temperatures between 297 and 157 K.
While, in principle, the information contained in ¢"” and o’ is
redundant (because o’ oc ¢” v), the separate discussion of both
is helpful because the various dielectrically active processes
occurring in ionic liquids are differently emphasized in these
quantities.

The huge increase of ¢'(v) towards lower frequencies ob-
served in Fig. 3(a) is caused by blocking electrodes, as men-
tioned in section 3.2. They give rise to a so-called Maxwell-
Wagner (MW) relaxation which, in principle, should lead to
relaxation steps in &'(v) with a well-defined plateau at low
frequencies [59]. However, even at the highest temperatures
investigated, the spectra in Fig. 3(a) do not approach a well-
defined plateau, a phenomenon that is often observed for
ionically conducting materials [48]. This effect can be as-
cribed to a distribution of MW-relaxation times as discussed,

e.g., in ref. [48]. Corresponding to this smeared-out step in &’
instead of a distinct local maximum a broad shoulder is ob-
served in ¢"(v) (Fig. 3(b)) (e.g., at about 1 kHz for the 285 K
curve).

The high-frequency flanks of these shoulders in &"(Vv)
arise from the dc conductivity, which becomes more obvious
in the conductivity representation of Fig. 3(c). Here, well-
defined frequency-independent plateaus shows up, corre-
sponding to og.. Notably, due to blocking-electrode effects
leading to a drop of o'(v) at low frequencies, for ionic con-
ductors usually ac measurements are necessary to access the
dc conductivity [36]. Indeed, for high temperatures,
T>211K, the conductivity shown in Fig. 3(c) is strongly
decreasing at low frequencies, as the electrode polarization
leads to an insulating layer in series to the bulk sample. In
the dielectric loss in Fig. 3(b), this feature corresponds to the
levelling-off of ¢"(v) at low frequencies and high tempera-
tures. As already suggested based on the temperature-
dependent plot of o’ oce”v (Fig. 2(b)), the frequency-
dependent representation of ¢” provides evidence for an in-
trinsic relaxational process evolving at the lowest tempera-
tures. It shows up in &” at 157K as a clear maximum at
v> 100 kHz.
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FIG. 3. Spectra of the dielectric constant (a), loss (b), and
conductivity (¢) of BMIM Cl with water (untreated sample 2),
measured at various temperatures. The solid lines are fits assuming
a distributed RC circuit in series with the sum of a CD and a CC
function and a contribution from dc charge transport [48,59]. The
dashed lines in frames (a) and (b) indicate the contribution from the
a relaxation for 211 K.



For a detailed analysis, the spectra of Fig. 3 were
simultaneously fitted in &'(v) and ¢"(v) using an equivalent
circuit [49,59]. To account for the dominating MW
relaxation, we employed a distributed RC circuit [48,60],
connected in series to the bulk sample. The bulk properties
were modeled by a dc resistor and two relaxational functions.
One of the latter accounts for the mentioned relaxation,
clearly revealed at low temperatures and high frequencies. In
ref. [45], this process was discussed in terms of a secondary
Johari-Goldstein relaxation [61], which is found in nearly all
types of glassy matter [45,62,63]. Alternatively, an
intramolecular mode of the cation was considered. To fit this
relaxation, we used a Cole-Cole (CC) function [64], which is
known to provide a good description of secondary
relaxations [63]. The second relaxation at lower frequencies
with & = 10, already mentioned in the discussion of the
temperature-dependent data, is assumed to arise from the
reorientational motion of dipolar cations [45,65]. In
correspondence to the nomenclature used for dipolar
supercooled liquids it will be termed « relaxation in the
following. However, it should be noted that in this ionic
liquid, it only mirrors one aspect of the glassy dynamics,
namely the reorientation of the cations. For the present
analysis, it was modeled by a Cole-Davidson (CD) function
[66] as often employed for « processes in glassy matter
[67,68]. This relaxation process leads, e.g., to a smearing out
of the onset of the MW relaxation steps in £'(v) (Fig. 3(a)).
Its contributions in &'(v) and ¢"(v) are indicated for 211 K by
the dashed lines in Figs. 3(a) and (b). Due to the
superposition by the dominating MW relaxation (in ¢') and
by the dc conductivity (in ¢"” and ¢’), the presence of this
relaxation process is not immediately obvious in the spectra
of Fig. 3. However, fits without this second relaxation
contribution did not lead to a satisfactory agreement with the
experimental data.

The fit curves obtained by this model are in good
agreement with the experimental data as demonstrated by
solid lines in Fig. 3. Overall, the found dielectric properties
are typical for ionic liquids and a similar succession of
dynamic processes was reported in various works
[36,45,65,69,70,71,72,73,74,75]. For imidazolium-based
ionic liquids, additional modes arising from librations and
low-energy ‘intermolecular’ vibrations have been found
[70,71,72] to occur at high frequencies, v> 1 GHz, which,
however, are out of the scope of the present work.

It should be noted that the experimental spectra could be
fitted without any UDR contribution (see section 3.2).
Obviously, the nearly temperature-independent, strongly
frequency-dependent regions in o’(7) revealed by Fig. 2(b)
are completely explainable by the secondary relaxation,
which dominates in the corresponding frequency/temperature
range. For the lowest temperature of 157 K, it corresponds to
the region of about 1 kHz to 3 MHz in the &’(v) plot of Fig.
3(c), exhibiting a nearly linear increase due to the strong
broadening of the secondary relaxation peak.

3.4 Water-dependent dielectric properties
Fig. 4 shows the dielectric spectra of three samples of

BMIM Cl with varying water content as measured at three
selected temperatures. As mentioned above, the initial water

content of sample 2, after taking it out of the desiccator,
should have been about 8 mol% (see Fig. 1(b)) but the actual
concentration may be higher. To ensure the lowest water
content, sample 1 was dried inside the nitrogen gas cryostat
by keeping it at 373 K for 20 hours. Between drying and the
subsequent measurements, the sample was not removed from
the cryostat to avoid uncontrolled water absorption prior to
the dielectric measurement. Sample 3 was exposed to air
(~40% relative humidity) until 12 mol% water content was
reached. Sample preparation was performed in the same
atmosphere, immediately before the dielectric measurement.
Sample 3 thus should have the highest water content. All
measurements were performed in nitrogen atmosphere, both
under cooling and heating. The temperature-dependent
curves from both runs were found to agree well for sample 1
and 2, demonstrating that the water concentration did not
significantly change during the measurements. For sample 3,
however, the cooling and heating curves did not completely
agree, pointing to a minor reduction of water content in the
dry nitrogen atmosphere. In Fig. 4, we show data collected
during cooling.
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Fig. 4. Spectra of the dielectric constant (a), loss (b), and
conductivity (¢) of BMIM CI with different water contents for
selected temperatures (sample 1 has the lowest and sample 3 the
highest water content). The lines are fits with a distributed RC
circuit in series with the sum of a CD and a CC function or two CC
functions and a dc-conductivity contribution [48,59].

The squares in Fig. 4(a) show ¢'(v) for the three samples
at 280 K. At this temperature it becomes obvious that the
MW relaxation arising from electrode polarization strongly



shifts towards lower frequencies with decreasing water
content. This is also revealed in ¢"(v) and o’(v) (Figs. 4(b)
and (c)), where the accompanying peaks or shoulders are
shifted by about five decades in frequency when comparing
sample 1 and 3. Taking into account that the viscosity of
ionic liquids raises with reducing water content
[17,22,23,24,27], this behavior could be expected: For an
increased viscosity, the translational motion of the ions
should become slower and, thus, electrode polarization
occurs at lower frequencies. A closer inspection of Fig. 4
reveals differences in the spectral shapes of the electrode
effects for the three samples. Since electrode polarization is
of non-intrinsic origin, it is highly sensitive to the surface of
the electrodes and geometry and, thus, the corresponding
features in the spectra can alter in different measurements.

Just as the MW relaxation, the reorientational mode of
the cations also slows down with decreasing water content.
This trend is, e.g., revealed by the 280 K curves in Fig. 4(a):
For sample 3 the corresponding relaxation step with & = 10
obviously is located at frequencies above 10 MHz while its
low-frequency plateau just becomes visible for sample 2
(above about 1 MHz). Finally, for sample 1, the step is
revealed at about 3 kHz - 10 MHz. According to the Debye-
Stokes-Einstein relation, the rotational relaxation time of a
particle in a liquid medium can be assumed to be
proportional to viscosity and particle volume. While
deviations from this relationship in ionic liquids are known
[76], it at least is approximately valid as explicitly shown for
different alkyl-chain lengths of imidazolium-based ionic
liquids [65,77]. Thus, the observed shift of the « relaxation
can be related to the mentioned water-induced viscosity
variation. When assuming the approximate validity of the
Stokes-Einstein  relation, connecting  viscosity and
translational diffusion coefficient, the marked reduction of
the dc plateaus with decreasing water content, documented in
Fig. 4(c), can be explained, too: For higher viscosity the
translational mobility of the ionic charge carriers is reduced
and the conductivity becomes smaller.

The spectra of all samples are well described by fits as
discussed in section 3.3, assuming a distributed RC circuit
for the blocking electrodes [48], dc conductivity, and two or
three relaxational functions (lines in Fig. 4). In some cases, a
third relaxation process located between the « relaxation and
the mentioned secondary relaxation process was necessary to
account for the experimental data. Interestingly, in ref. [45] a
second secondary process was also found for BMIM-BMSF
(BMSF stands for bis(trifluoromethane sulphonate)imide)
and ascribed to an intrinsic Johari-Goldstein process arising
from the presence of a nonsymmetric anion. However, this
explanation cannot be applied to the present case with a
spherical CI" anion. Obviously, more work is necessary to
clarify the presence and microscopic origins of secondary
relaxations in these systems, which, however, is out of the
scope of the present work.

As the main focus of this work is the investigation of the
influence of water on the conductivity, here we only briefly
discuss the reorientational relaxation times 7 as obtained
from the fits. Fig. 5 shows the deduced average relaxation-
time values (7) in an Arrhenius representation. ({z) = t for the
CC function and (7) = fr for the CD function, where f is the
broadening parameter.) The figure also presents z, values for

the « relaxation, arising from the main reorientational cation
motion, and 7; for the faster, well pronounced secondary
relaxation. The relaxation times of the mentioned additional
third process, which is strongly superimposed by other
contributions, have very high uncertainty and thus are not
included in Fig. 5. In accord with the above discussion of
Fig. 4, the a-relaxation times (closed symbols in Fig. 5) are
found to be highly sensitive to the different water content of
the samples. For all three samples, the temperature
dependence of 74 7) can be well fitted by the empirical
Vogel-Fulcher-Tammann law (solid lines) [78,79,80,81],

T=1, exp{DT\’F}a ()

T—Ty:
which is commonly employed to parameterize the typical
non-Arrhenius temperature dependence of glassy dynamics.
Here 7 corresponds to an inverse attempt frequency [82],
Tvr is a divergence temperature, and D is the so-called
strength parameter introduced by Angell [81]. The latter is
used to distinguish between strong and fragile glass formers
and is a measure for the deviation from Arrhenius behavior
[81]. Another way to parameterize these deviations is the
fragility index m, which is defined as the slope at 7, in the
Angell plot, log 7 vs. T/T [83]. Higher values of m or lower
values of D correspond to more fragile temperature
characteristics and stronger deviations from Arrhenius
behavior.
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Fig. 5. Average reorientational relaxation times of BMIM Cl with
various water contents in an Arrhenius representation as obtained
from the fits of the dielectric spectra (sample 1 has the lowest and
sample 3 the highest water content). The a-relaxation times 7o
(closed symbols) are fitted by VFT laws (solid lines). The open
symbols are the relaxation times 7 of the high-frequency secondary
relaxation. The dashed line is a linear fit of the data for sample 1,
corresponding to an energy barrier of 0.13 eV.

We find a clear decrease of Tvr for increasing water
content (sample 1: 181K, sample 2: 118 K, sample 3:
105 K). The strength parameter increases (D = 8.3, 18, and



20, respectively) but for samples 2 and 3 its absolute value is
of limited significance due to the small number of data
points. The secondary relaxation times (open symbols in Fig.
5) exhibit much weaker temperature dependence than 7, and
approximately follow an Arrhenius law. Due to the
superposition with the stronger « relaxation in the spectra,
they have rather large uncertainty. Taking into account the
corresponding error bars shown in Fig. 5, no significant
variation of z; with water content could be detected.

3.5. Water-dependent conductivity and glassy dynamics

Among the quantities determined from the fits of the
spectra, oy is the most interesting one since it is of technical
relevance for many applications of ionic liquids. Fig. 6
shows the temperature dependence of the dc conductivity in
an Arrhenius representation as obtained from the fits of the
spectra for samples 1 - 3. For sample 2, the same data points
are also shown in Fig. 2(b) (closed circles), demonstrating
that the fit results reasonably agree with the estimate of
o4(T) based on the temperature-dependent plot of ¢’ (dashed
line). In Fig. 6, all samples reveal a non-linear behavior as
also reported for many other ionic liquids
[36,52,54,71,74,84,85,86,87,88,89,90]. It can be described
by the empirical Vogel-Fulcher-Tammann (VFT) formula,
written in the modified form:

- DT,
Oy = 0y CXp |: T TVF :| 2
VF

In Fig. 6, the VFT fits are extrapolated to oy, ~ 107> Q'em’!
(the start value of the ordinate in Fig. 6). For ionic
conductors where the ionic motion is well coupled to the
structural relaxation, oy is expected to approach this value at
T, [91]. For systems with decoupling of structural and ionic
dynamics, the temperatures obtained by this extrapolation
may be regarded as an estimate of the glass-transition
temperature of the ionic subsystem [36,92]. We obtain 229 K
(sample 1), 176 K (sample 2), and 159 K (sample 3). This
variation is consistent with the strong decrease of 7, with
increasing water content found in the DSC experiments (Fig.
1). Possible decoupling effects will be discussed below.

Fig. 6 clearly reveals that sample 1 (with the lowest water
content) has the lowest dc conductivity in the whole
temperature range. At high temperatures, oy of the
moistened sample 2 is about one order of magnitude higher.
With decreasing temperature, the difference between oy of
these two samples strongly increases and at 250 K it exceeds
five decades. The dc conductivity of sample 3 with the
highest water content is even higher. Samples 2 and 3 seem
to exhibit a more moderate temperature dependence of o
than sample 1. The technically relevant room-temperature
conductivity increases almost by a factor of 500, namely
from 1.5x107, over 3.4x10%, to 7.0x103 Q-'cm! for samples
1, 2, and 3, respectively. This is mainly due to the mentioned
marked reduction of 7, with increasing water content.

The glass temperatures of samples 1 and 2 are within the
T, range deduced from the DSC results indicated by the
double arrow in Fig. 6. As mentioned in section 3.2, for
sample 2, which was measured without further treatment

after taking it out of the desiccator, an initial water
concentration of about 8 mol% is expected. Thus, its glass
temperature should be of the order of 220 K (Fig. 1(a)), i.e.,
much higher than 7,~ 176 K, deduced from Fig. 6. This
marked discrepancy certainly is partly due to some water
uptake that occurred during sample preparation for the
dielectric measurements as discussed in section 3.3.
However, the results on sample 3 indicate that additional
effects may play a role: The glass temperature of 159 K
deduced from the conductivity for this sample (Fig. 6) is far
out of the range of the DSC experiments, where even for the
saturated sample, with 72% water content, a higher 7, of
172 K was found. Therefore it is unreasonable to assume that
sample 3 should have even higher water content. Obviously,
there must be an additional effect that causes the deviations
of the glass temperatures determined from the conductivity
and DSC. As mentioned above, the conductivity
extrapolation in principle can only reveal 7, of the ionic
subsystem. Therefore, a solution for this discrepancy is a
decoupling of the translational ionic motion from the
structural relaxation that is sensed by the DSC
measurements. Similar effects have been observed for many
ionic conductors [91,93,94,95,96,97], including various ionic
liquids [38,52,54,76,85,86,98,99]. When scaled onto each
other, often the conductivity exhibits a weaker temperature
dependence than the viscosity and/or structural relaxation
time, when approaching the glass transition. Therefore the
decoupling results in lower glass temperatures for the
conductivity as indeed found in the present work. However,
it should be mentioned that Wojnarowska et al. [38] did not
find any decoupling between conductivity and structural
relaxation times for various water contents in a lidocaine-
based ionic liquid.

T(K)
333 250 200

10°

sample 2

T(DSC)

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

Fig. 6. Temperature-dependent dc-conductivity of BMIM Cl with
various water contents in an Arrhenius representation (sample 1 has
the lowest and sample 3 the highest water content). The lines are
fits using the VFT equation, Eq. (2). The start value of the ordinate
(105 Qlem™) corresponds to the conductivity at the glass
transition for the fully coupled case [91]. The double arrow marks
the range of glass-transition temperatures obtained by DSC (Fig.
1(a)). The inset is an Angell plot of the same data with the dashed
line representing a glass former with maximum strength (m = 16).




Together with the glass temperature, the fragility is an
essential quantity for the room-temperature conductivity of
ionic liquids [36]. Using the 7, values determined from Fig.
6, the Angell plot for gy, shown in the inset of Fig. 6 reveals
a variation of fragility for the three samples: Within the
experimental resolution it is similar for samples 2 and 3
(m ~ 50£5) but for sample 1, with the lowest water content, it
is clearly higher (m = 80£5). To rationalize this finding, we
speculate that in samples 2 and 3, containing relatively large
amounts of water, an extended hydrogen-bonded network of
water molecules may form. The rather well-defined short-
range order in such hydrogen-bonded networks leads to a
lower density of energy minima in configuration space than
in the nearly pure ionic liquid (sample 1), where isotropic
ionic interactions dominate. According to ref. [100], this
should result in a reduction of fragility as observed for the
samples with high water content. As demonstrated in ref.
[36], for ionic liquids with similar glass temperature, a higher
fragility can significantly reduce the room-temperature dc-
conductivity. In the present case, however, it is obvious, that
the conductivity enhancement of the moistened samples is
dominated by their strongly reduced glass temperature.
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Fig. 7. Arrhenius plot of the reduced cooling rate vs. the reduced
fictive temperature for BMIM Cl with varying water content. The
scaling parameters are the standard cooling rate ¢s = 10 K/min and

the corresponding standard fictive temperature 77 . The lines are

linear fits, corresponding to fragilities of m = 6812 (dry), 6712
(9 mol%), and 7143 (57 mol%).

It should be noted that the fragility discussed in the pre-
ceding paragraph was deduced from the conductivity and
thus is a property of the ionic subsystem. To obtain more
insight into the fragility associated with the structural relaxa-
tion of these mixtures, we performed temperature-rate de-
pendent DSC experiments, which enable determining the
fragility around the glass temperature (details on the proce-
dure can be found in literature [42,101,102,103]). In ref. [86]
this method was applied to ionic liquids. Fig. 7 illustrates the
results in an Arrhenius plot of the reduced cooling rate vs. the
reduced fictive temperature. In this representation, the fra-
gility index can be obtained from the slope of a linear fit.
DSC curves at the standard rate of 10 K/min of these samples
are displayed in Fig. 1(a). Interestingly, Fig. 7 reveals no
significant change in the fragility index for the different

samples (m only varies between 68 and 71), although their
water concentration is drastically different and the fragility
obtained from the dc conductivity is changing in this regime.
This finding again points to a decoupling of structural and
ionic dynamics in these systems.

4. Summary

A detailed investigation of the dielectric and conductivity
properties of the prototypical ionic liquid BMIM Cl with
varying water contents has revealed a strong impact of water
on the glassy dynamics and ionic charge transport. An equiv-
alent-circuit analysis of the dielectric spectra, including a
proper modelling of the observed blocking-electrode effects,
enabled the deconvolution of the contributions from different
dynamics processes. The most dramatic water-induced ef-
fects obviously arise from the strong reduction of the glass
temperature, dropping from 269 to 172 K under water uptake
from air. The result for the best dried sample exceeds the
various 7T, values reported in literature for this system. The
observed strong enhancement of ionic conductivity by sever-
al decades is mainly due to this variation of 7,. We also
found a water-induced change of fragility of the ionic sub-
system. The fact that this is not reproduced by the fragility
determined from cooling-rate dependent DSC experiments
indicates decoupling of the ionic and structural dynamics.
This is corroborated by a comparison of 7, deduced from the
DSC and the conductivity experiments. The reorientational
motion of the cations is also strongly affected by the water
content and becomes faster by several decades. Overall, the
results of the present work indicate a dramatic impact of
water uptake on the glassy and ionic dynamics, demonstrat-
ing the importance of a proper characterization of water
content in ionic liquids.
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