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Preserving fast ion dynamics while introducing
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lonogels are gels containing ions, often an ionic liquid (IL), and a gelling agent. They are promising
candidates for applications including batteries, photovoltaics or fuel cells due to their chemical stability
and high ionic conductivity. In this work we report on a thermo-irreversible ionic gel prepared from a
mixture of the ionic liquid 1-butyl-3-methylimidazolium ([BMIM]) dicyanamide ([DCA]), water and gelatin,
which combines the advantages of an ionic liquid with the low cost of gelatin. We use (i) dielectric
spectroscopy to monitor the ion transport, (i) dynamic light scattering techniques to access the
reorientational motions of the ions, as well as fluctuations of the gel matrix, and (i) rheology to
determine the shear response from above room temperature down to the glass transition. In this way,
we are able to connect the microscopic ion dynamics with the meso- and macroscopic behavior of the
gelatin matrix. We show, by comparing our results to those for a IL—water mixture from a previous study,
that although some weak additional slow relaxation modes are present in the gel, the overall ion
dynamics is hardly changed by the presence of gelatin. The macroscopic mechanical response, as
probed by rheology, is however dominated by the gel matrix. This behaviour can be highly useful e.g. in
battery gel electrolytes which prevent electrolyte leakage and combine mechanical rigidity and flexibility.

1 Introduction

Ionic liquids (ILs) are promising candidates for applications,
due to their unique properties such as a vanishing vapor
pressure, high ionic conductivity and high thermal stability.
However, for many applications, a solid-like material instead of
a liquid is advantageous - for instance, to avoid electrolyte
leakage, to facilitate the design of flexible battery constructs,
and to suppress the growth of dendritic electrolyte structures."
For these reasons, several approaches have been explored to
add macroscopic rigidity to ionic liquids while maintaining
their advantages. For example, silica matrices in different
forms,>™* addition of copolymers® and biopolymers® such as
cellulose” or gelatin®'° have been used. The so-obtained gels
are materials which contain a large liquid fraction but are
macroscopically solid-like due to the percolating 3D network
of the gelling agent."™'> The mechanical flexibility of the
resulting gels makes these systems suitable in many electro-
chemical devices, e.g., as flexible displays,"*** but also self-
healing properties of ionogels'>*® are highly useful for applica-
tions, e.g. to increase the lifetime of batteries by the automatic
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recovery of conductivity and mechanical stability after a
mechanical damage.'”"*®

In order obtain deeper understanding of the dynamic phe-
nomena occurring in such complex ionic guest-host systems,
we focus here on a model-ionogel prepared from an IL and with
gelatin as a gelling agent - this type of ionogel is often termed
an Ion Jelly (IJ).° IJs have already been tested as electrolytes,'®
electrochromic windows'® and gas sensors,” often called elec-
tronic noses.> Also their use in biosensing," fractionation of
mixtures,*” CO, separation®* and antibacterial food packages>*
has been shown. However, in order to tailor an IJ for a specific
application, a fundamental understanding of the interplay
between the microscopic ion dynamics and the macroscopic
gel behavior would be advantageous. Although some aspects of
the dynamics, such as the influence of the gelling agent on
the ion dynamics have been investigated,”®*>*>* the complex
interplay between microscopic translational and rotational
dynamics and the macroscopic dynamics of the confining gel
matrix has not been previously investigated in detail. In particular,
it is important to determine to what extent ion dynamics and
charge transport are influenced by confinement effects.”* > Thus,
it is the aim of our study to investigate the guest-host interplay by
combining various complementary experimental techniques, to
gain a more fundamental understanding of the dynamics in those
systems. To this end, we use a model IJ, which can be prepared at
various gelatin contents, as shown in previous studies,’ and where
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the IL is known to not crystallize upon supercooling;* this is
necessary to access the dynamics over the full temperature range.
We employ Dynamic Light Scattering (DLS), which has not been
reported so far in the literature for IJs, to access not only the
fluctuations of the gel matrix, as previously done for different
gels,®** but also the rotational dynamics of the ions.>*° On the
other hand, Broadband Dielectric Spectroscopy (BDS) is used to
obtain information about the translational ionic transport as
well as reorientational dynamics of permanent dipoles.’” The
macroscopic mechanical response of the gel was accessed using
rheology,*® where Time Temperature Superposition (TTS) is used
to determine the response over several orders of magnitude in
frequency.*® Additionally, DSC measurements were performed to
monitor the glass transition step in the heat capacity of the ion
jelly, from which calorimetric time constants were extracted. All
measurements on the I are compared to a corresponding IL-
water mixture without the gelatin from a previous study.*® Thus,
information could be directly obtained both about the change in
microscopic dynamics as well as macroscopic properties upon
addition of gelatin.

2 Experimental

The IL 1-butyl-3-methylimidazolium dicyanamide ((BMIM][DCA])
was purchased from Iolitec GmbH with a specified purity of
>98%. Deionized water was taken from a Milli-Q water purifica-
tion system. Gelatin was purchased from Sigma Aldrich with a
Bloom number of 175.

Although gelatin is reported to be soluble even in high
concentrations in certain ILs with multiple hydrogen-bonding
sites, no gelation occurs in these cases.’® In order to obtain a
gel, water is usually added to the IL-gelatin mixture, since it is
known that gelatin mixed with water forms hydrogels, and
gelation takes place via the transition of individual gelatin coils
in solution to an interconnected network of triple helices.*'***

Mixtures were prepared by weighing with an error in concen-
tration not exceeding +1%. A water-IL mixture of 72 mol%
water was prepared, matching the one from a previous study.*®
For the gel, a mixture with 73.7 wt% IL, 17.1 wt% water and
9.2 wt% gelatin was prepared, yielding a molar ratio of IL:water
approximately equal to the IL-water mixture, i.e. 72 mol% of water.

The obtained IJ displayed thermo-irreversibility, i.e. the gel
did not liquefy upon heating. Moreover, after preparing the
gelatin-water-IL solution, it was not necessary to cool it down
to obtain a gel; instead gelation occurred even at elevated
temperatures and under permanent stirring. This behavior is
unlike what is observed in a hydrogel without IL, thus suggest-
ing that chemical cross-links are formed by the IL, similar to a
previous observation where caffeic acid was used as a cross-
linking agent;** however, the distinction between chemical and
physical cross-links is not straightforward** and beyond the
scope of the present work. The IL-gelatin interaction depends
on the particular IL,*> and the formation of complex ion
structures like bilayers and micelles inside the gel network
have been reported.*®
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For light scattering measurements IL and water were filtered
before mixing using a syringe filter with a pore size of 200 nm
to reduce dust.

2.1 Differential scanning calorimetry

A power-compensated PerkinElmer DSC 8000 equipped with a
liquid nitrogen cooling system was used for Differential Scan-
ning Calorimetry (DSC) measurements utilizing hermetically
sealed sample pans from TA-Instruments. The heat flow of the
samples in comparison with an empty sample pan was mea-
sured from room temperature down to well below the glass
transition and back to room temperature. Heating and cooling
rates were identical for each run.

2.2 Dynamic light scattering

Photon correlation spectroscopy (PCS) experiments were per-
formed using a Cobolt Samba laser (4 = 532 nm) operated at
powers between 20 mW and 50 mW. The sample was mounted
in a Cryovac cold-finger cryostat that gives access to a tempera-
ture range from 77 K to 400 K. The scattered light was collected
into a single-mode optical fiber and fed over a beam splitter
into two Laser Components COUNT T100 avalanche photo
diodes. The time-dependent scattered intensity was recorded
with an ALV 7000 hardware correlator in quasi-cross-correlation
mode in order to suppress after pulsing. The detection optics
was mounted on a goniometer giving access to scattering
angles between 40° and 140°. The polarization of the incident
beam and the scattered light was selected by means of two
polarizers from Bernhard Halle, either to be vertical-vertical
(VV or polarized) or vertical-horizontal (VH or depolarized).

Tandem-Fabry-Perot interferometry (TFPI) measurements
were performed with a Sandercock triple pass interferometer in
backscattering geometry and a Coherent Verdi V2 laser (4 =
532 nm) operating between 200 mW and 400 mW. The sample
was mounted in a home-built oven.

2.3 Broadband dielectric spectroscopy

Broadband Dielectric Spectroscopy (BDS) was carried out in the
frequency range from 1 x 107> Hz to 1 x 10’ Hz with a
Novocontrol Alpha-N High Resolution Dielectric Analyzer,
where temperature was controlled utilizing a Novocontrol
Quatro cryosystem. The custom made sample cell consisted of
two polished stainless steel electrodes spaced by a quartz glass
ring, providing a sample thickness of approximately 400 pm.

2.4 Small amplitude oscillatory shear rheology

Small Amplitude Oscillatory Shear (SAOS) rheology measure-
ments were performed using a Rheometrics ARES strain-
controlled rheometer, with a liquid nitrogen cooling system
controlling a forced-convection oven. Samples were loaded
between 3 mm-diameter parallel plates, ensuring a gap of 1-
2 mm. Once loaded, the temperature was lowered to the desired
temperature above the glass transition temperature (T,). A
strain-sweep test was carried out to ensure measurements were
performed in the linear regime, and frequency-sweep measure-
ments were performed between 0.1-100 rad s~ ', every 2-4 K,
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from 220-168 K (ion jelly) and 190-168 K (ionic liquid-water
mixture) to cover the a-relaxation response. Upon lowering the
temperature, the gap was reduced to ensure the sample main-
tained the correct shape, and the strain was reduced to ensure
an optimum torque (stress) response.

3 Results

3.1 Differential scanning calorimetry

DSC measurements were performed with heating/cooling rates
of 5,10, 20, 40 and 80 K min~ . Empty pan measurements were
subtracted from each sample measurement in order to remove
effects from the DSC apparatus and the sample pan. Using the
sample weight, the specific heat capacity Cj, is calculated from
the measured heat flow.

A typical data set from a heating run at 10 K min~" is shown
in Fig. 1. A glass transition step is clearly observed at around
170 K and no crystallization or melting is detected, indicating a
fully amorphous sample over the whole temperature range. The
upper inset shows the heat flow of the IJ at temperatures up to
approximately 400 K, which is completely featureless. In con-
trast, the heat flow of a mixture of water and gelatin with the
same water : gelatin ratio as in the case of the IJ exhibits two
features, one at around 313 K and the other one starting at
around 373 K. The former is due to the melting of the gelatin
matrix and the latter due to evaporation of water. The fact that
these two features are absent in the IJ indicates that no gel-sol
transition occurs and a gel is maintained at least up to ~400 K.
This means that the IJ is thermo-irreversible, which is useful for
applications, since the desired mechanical stability is retained
even at high temperatures.

In order to extract calorimetric time constants from DSC
measurements, the data at different heating/cooling rates are
curve-fitted with the Tool-Narayanaswamy-Moynihan-Hodge
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Fig. 1 Heat capacity of the ion jelly measured by DSC with a heating rate
of 10 K min~™. Besides the glass transition, no crystallization or melting
events are visible. Upper inset: Comparison of the heat flow of the ion jelly
(dashed purple line) to the one of a water—gelatin mixture at high
temperatures. No melting of the gelatin network and no evaporation of
water is detected in the case of the |J in contrast to the water—gelatin
mixture. Lower inset: Demonstration of a fit of the TNMH model to the

normalized glass transition step, recorded at 80 K min™™.
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(TNMH) model, as described in detail elsewhere.’” An example
of such a fit to the normalized DSC data is shown in the lower
inset of Fig. 1. The determined time-constants are compared to
characteristic times determined from the other experimental
techniques, as discussed in detail below.

3.2 Dynamic light scattering

Using dynamic light scattering, it is possible to measure the
reorientational motions of optically anisotropic molecules as
well as translational motions, for example in the case of
concentration fluctuations. This is due to the fact that the field
correlation function of the scattered light g;, which is calcu-
lated from the measured intensity correlation function via the
Siegert relation for partially heterodyne signals (i.e. a sum of
scattered and stray light),* is different for polarized (VV) or
depolarized (VH) scattering. For the simple example of a
symmetric top molecule, one obtains:*’

gV (G.t) = (N) (az + 415/32 exp(—6@t)) exp(—¢’Dt) (1)

g" LNy exp(—600) exp(~D1)  (2)

(471):E

Here, o and f are the isotropic and anisotropic part of the
molecular polarizability, respectively. ® and D are the diffusion
coefficients for rotation and translation, g is the scattering
vector as defined by eqn (4). From eqn (1) and (2) it is clear
how the choice of the polarization of the scattered light can be
used to access either rotational or translational motions: since
rotation usually occurs on shorter time scales than translation,
ie Tror = 1/(60) < Tyans = 1/(¢°D), the term exp(—q>Dt) con-
tributes only as a constant factor to the correlation decay in the
VH geometry and the signal is thus entirely due to rotational
motions. By contrast, the correlation decay in the VV geometry
is a sum of translational and rotational decays, thus both can
be detected by choosing this scattering geometry.

We note here that in VV as well as in VH geometry, for
reasons detailed below, the final decay of the correlation
function is not observed in our measurements. Therefore, at
very long times, the intensity correlation function decays to
zero artificially due to vibrations acting on the experimental
setup. These final decays are removed from all data shown here
and not considered further.

3.2.1 Polarized (VV) scattering. Polarized DLS measure-
ments were performed from 340 K to 177.5 K at a scattering
angle of 0 = 90° and additionally at 340 K, 300 K and 260 K in
the scattering angle range from 40° to 140° in steps of 2.5°. An
example of the normalized field autocorrelation function at
300 K and 6 = 90° is shown in Fig. 2. A single KWW function
(eqn (3)), as commonly used to model such correlation decays,
did not lead to a satisfactory description of the data.

Brww
d(1) = d - exp (— (Tkévw) ) te 3)

Therefore, we used a sum of a single-exponential decay (i.e.
Prxww = 1 in eqn (3)) and a KWW function with fixww = 0.65 to

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sm01143c

Open Access Article. Published on 31 January 2023. Downloaded on 2/15/2023 3:22:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
1.0
3000
7 2000
y v 1000' l
'_r‘\ 1500
1000 -
B 0.6 M e00 e, ‘
/1012 m-
5"' 0.4 q
02) T -\\
0.0 300K 7
1075 104 1073 107? 107! -
t/s

Fig. 2 Normalized field autocorrelation decay from DLS in VV geometry
of the IJ at 300 K. The fit is a sum of a mono- and a stretched-exponential
decay. Inset: Inverse correlation times of the fast and slow decay as a
function of the squared scattering vector. The linear slope indicates
diffusive behavior.

describe the correlation decay, as done before for polarized
light scattering data for gels.>**® The overall fit (solid line) and
the two contributions (dashed lines) are shown in Fig. 2.

The inset shows the inverse time constants txww for the fast
and the slow decay as a function of the squared scattering
vector, which is given by

g=""sin(0/2) (4)

where 7 is the refractive index of the sample, 4 the wave-length
of the laser and 0 the scattering angle. The refractive index n =
1.48 was approximated by assuming ideal mixing*® between
water (n = 1.33) and [BMIM][DCA] (n = 1.51)°° for an IL-water
mixture with a water concentration of 72 mol% = 19.16 vol%. As
can be seen from the solid black line in the inset, the depen-
dence of the correlation time on the squared scattering vector is
linear, indicating a diffusive behavior for both modes.
The diffusion constant is directly determined by this fit via
Dq* =1/t

For the fast decay, we use the Debye-Stokes-Einstein equa-
tion

kg T

<= 6nnD

()

to obtain a correlation length ¢ ~ 9.0 nm when inserting the
viscosity of the IL-water mixture (1 = 7.31 mPa s). This length-
scale is of the same order of magnitude as the one found for
hydrogels,***® and attributed to the mesh size of the network,
i.e. the fast process is due to a cooperative diffusion of chain
segments between connection points of the gelatin matrix.>!
The physical picture behind the slow mode, which has been
observed in several gel systems, is controversial in the litera-
ture, see ref. 33 and 51 and references therein. One of these
interpretations attributes the slow mode to incomplete gelation
while others attribute it to cooperative rearrangements within
subsections of the network. At the present stage we refrain from
speculating about its origin and simply mention that both
diffusive processes show a different temperature dependence

This journal is © The Royal Society of Chemistry 2023

View Article Online

Soft Matter

and thus, different diffusion constants are obtained with the
fast process yielding Dy,g = 3.34 X 107** m? s™! and the slow
one Dgow = 1.11 x 107> m? s™* at 300 K. We note also that due
to its temperature dependence the slow process could not be
evaluated below ~220 K.

3.2.2 Depolarized (VH) scattering. Depolarized dynamic
light scattering (DDLS) measurements were performed to monitor
the reorientational motions of the optically anisotropic ions. The
water molecules are by far less anisotropic and for this reason a
significant contribution from water is not expected in the DDLS
spectrum. The dynamics of anions and cations could be expected
to take place on similar time-scales, since their difference in size
is small,*® leading to a single process, as also observed in the IL-
water mixture.*® The field autocorrelation functions were Fourier
transformed and are presented in the susceptibility representa-
~ofret(r)
with dlelectrlc or rheological spectra.

Temperature-dependent spectra from PCS and TFPI measure-
ments are shown in Fig. 3. A single peak is observed for each
temperature, which, however, does not show a ' behavior on the
low frequency flank, as it is usually observed for the structural
relaxation in light scattering spectra of pure liquids.’® Instead, it is
strongly broadened in such a way that the spectral shape is not
well described by standard functions that include low-frequency
broadening such as Cole-Cole or Havriliak-Negami functions.
The slope of the low-frequency flank decreases slightly with
decreasing temperature and we did not detect a transition to o'
behavior for any of the temperatures investigated.

A direct comparison of the depolarized light scattering
spectrum at 180 K of the ion jelly to the one of the IL-water
mixture without gelatin is shown in Fig. 4. Here, the low
frequency broadening of the IJ spectrum is clearly visible.
However, it is also clear that the peak positions for both spectra
coincide perfectly and also the high frequency flanks super-
impose. This means that the most probable relaxation time
determined by the peak position as t = 1/mnax, is unchanged
upon addition of gelatin. This is rather surprising, since it
means that the rotational motions of at least most of the ions
inside the gel matrix are not affected by the gelatin.

tion (3 ( e "'dr) to facilitate a direct comparison

DDLS + TFPI

10°

x"/a.u.

Fig. 3 Depolarized dynamic light scattering spectra of the ion jelly. High
temperatures are measured with a TFPI and low temperatures with a PCS
setup. Dashed lines are a fit, see text for details.
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Fig. 4 Comparison of the depolarized light scattering spectrum of the ion
jelly to the one of the IL-water mixture at 180 K.

In order to describe the spectrum of the IJ with a model
curve, we proceeded as follows: since the high frequency part of
the spectrum is identical with the one of the IL-water mixture,
we used a Cole-Davidson (CD) function (i.e. yux = 1 in eqn (6)),
utilizing the same stretching parameter and time constant as
used for describing the IL-water spectrum®’ to model the high
frequency part of the IJ spectrum. To capture the low-frequency
broadening, we added an Havriliak-Negami (HN) function

Ay
" 8
1(w) = . , 6
(I+ (2nerN)’“N)ﬁ”N ©

where the power-law exponent yyy is able to model the low-
frequency flank. We note that we do not find any evidence that the
spectrum becomes bimodal. However, a single fit function could
not describe the observed shape and an additional HN function
was thus added to capture the low-frequency broadening.

3.3 Rheology

Rheological measurements were carried out on the IJ sample as
well as on the 72 mol% IL-water mixture, for comparison. In
order to obtain spectra over a broad frequency range, time-
temperature superposition (TTS) was applied by frequency
shifting G’ and G” data into a single master curve, yielding a
frequency shift factor at each measured temperature. It was
previously shown that TTS works quite well for several neat
ILs.”> A TTS master plot of the IL-water mixture is presented in
Fig. 5, where G'(w) and G”(w) are shown. As a test of the quality
of the TTS, a so called van-Gurp-Palmen®* (vGP) plot is shown
in the inset of this figure. Here, the phase angle § =tan~'(G"/G’)
is plotted versus the complex shear modulus |G*|. This repre-
sentation of the data has proven useful to check the validity of
TTS, since the explicit time-dependence is removed from the
data, thus demonstrating if a frequency-shift-based TTS is
feasible.”®"* As can be seen, this is the case for the IL-water
mixture. Additionally, the transition from elastic behavior at
large |G*| values, where 6 &~ 0°, to viscous flow behavior at low
|G*| and 6 &~ 90° can be observed, which is typical for glass
forming liquids. Therefore, the peak in G” was fitted with a CD
function (eqn (6) with ygx = 1), which was transformed to the
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Fig. 5 Master plot of the real and imaginary part of the complex shear
modulus of the IL-water mixture at a reference temperature of 178 K.
Black solid line is a fit with a CD function. Inset: vGP plot indicating good
time temperature superposition in the whole temperature range.

modulus via G¥(w) = 1/y*(w). This results in a good description
of the data, as can be seen as a black solid line in Fig. 5.

The fact that it is possible to fit the spectrum using a single
CD function and that TTS is well obeyed implies that ion and
water dynamics are not significantly separated and exhibit a
similar temperature dependence.

For the IJ, the rheological master curve is shown in Fig. 6.
Here, it is immediately obvious that the simple behavior
observed for the IL-water mixture, ie. the transition to w'
and w” powerlaw behaviors in G"(w) and G’(w) at low frequen-
cies, respectively, is not present in the IJ. Instead, a common
powerlaw behaviour for G'(w) and G"(w) is found below the
peak in G"(w), obeying ocw®?. The shear moduli near room
temperature (300 K) are shown in the upper inset, where typical
gel behavior, i.e. G > G” with only a slight frequency depen-
dence of G',>® is observed. Regarding the quality of the TTS, the
corresponding vGP behaviour is shown in the lower inset.
Although a master curve of both G'(w) and G”’(w) could be

103 pr 5 —-
© 00000000000000
1010 (&

o 102 300K v
© ) o°®
o 108 %000000°°
~ 1072 107' 10°
= Frequency / Hz
o e
-~ 108 S
) .

“" IL+H,0
104 Yy 105 107 100 °
’ |G*| / Pa

10713 10-1° 107 10~* 10°! 102 105 108

ar- Frequency / Hz

Fig. 6 Master plot of the real and imaginary part of the complex shear
modulus of the ion jelly at a reference temperature of 178 K using
measurements between 168 K and 220 K. The IL-water data is also
included for comparison. The black solid line is a fit with a sum of a CD
and HN function, see text for details. The dashed line shows the powerlaw
dependence oc w2 in the low frequency part. Upper inset: G’ and G” at
300 K, showing typical gel behavior. Lower inset: vGP plot indicating good
time temperature superposition at low temperatures only.
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formed, the vGP plot demonstrates that TTS is well obeyed at
low temperatures (below 190 K), but worsens with increasing
temperatures. This is not surprising since at low temperatures
the spectrum is dominated by the ion dynamics as in the IL-
water mixture, whereas at high temperatures the gel behavior
dominates, and this has a different temperature dependence.
Nevertheless, the characteristic peak shape can safely be
regarded as not significantly distorted by an imperfect TTS
since the temperatures above which a noticeable deviation
from TTS occurs, correspond to shear modulus values below
~1 x 107 Pa.

The peak in G”(w) is markedly broader than in the case of
the IL-water mixture, shown in Fig. 5, and is reminiscent of the
depolarized light scattering spectrum. We therefore fit it with
the very same approach, namely a sum of a CD function
utilizing the time constant and stretching exponent of the IL-
water mixture and in addition a HN function to model the low
frequency broadening. The formulation of the fit function in
susceptibility representation (eqn (6)) corresponds to the shear
compliance J”(w), which is transformed to the modulus via G* =
1/7* and the fit is shown as a solid black line in Fig. 6. The low
frequency slope obtained by the fit is approx. G”"(w) o« »'/?, as
mentioned before and highlighted by a dashed line. This slope
in both the real and imaginary part of the shear modulus, is
characteristic of Rouse behavior.”® Since the IJ is a gel, and not
a solution or melt, we do not observe the terminal behaviour at
low frequencies, but we instead observe the onset of the gel
plateau. In addition to entangled polymers, similar rheological
spectra have been reported in the literature for ionomers®” or
supramolecular polymers (see ref. 58 and references therein)
where the transition to terminal flow is delayed due to cross
links, leading to a plateau at low frequencies. In accordance
with these studies, we assign the CD function at high frequen-
cies to the o-relaxation and the HN function to a component of
the Rouse spectrum. Of course, the latter would be described
more properly by a superposition of Rouse modes, however,
since the terminal mode is not visible, little can be learned by
such a fit at the expense of more fitting parameters.

Since it is clear from the vGP plot that the TTS only works
well in the higher frequency region, we use the peak maximum
of the CD function (i.e. in compliance representation for best
comparability with the other experimental methods) as the
characteristic timescale of the o-relaxation at the reference
temperature (178 K), and the relaxation times at all other
temperatures were calculated using the frequency shift factors.

3.4 Dielectric spectroscopy

Dielectric spectra were obtained from 245 K down to the glass
transition temperature. However, due to the relation between
dielectric permittivity ¢*(w), dielectric modulus M*(w) and
conductivity o*(w) given by

1 " (w)

&(w) = M (@) = oo 7

the data evaluation was performed simultaneously in the
representations shown in Fig. 7 for the IJ at 190 K. Since the
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Fig. 7 Dielectric spectra of the ion jelly at 190 K in four different
representations. The fits are a sum of a CD function for dipolar reorienta-
tion and a MIGRATION model accounting for conductivity relaxation.

dielectric loss ¢”(w) is rather featureless for conducting materi-
als due to the dc-conductivity contribution overshadowing
all relaxation processes, it is instructive to use the so-called
conductivity free representation of the dielectric loss. It is
calculated from the real part of the permittivity, to which a
dc-conductivity makes no contribution, by an approximation of
the Kramers-Kronig relation:>®

(8)

The overall appearance of the spectra is very similar for the
1], the 72 mol% IL-water mixture and the neat IL.>° Therefore,
in order to describe the spectra, a model function is used which
has been employed before to describe such data. It is outlined
very briefly in the following, details can be found in ref. 30. The
faster process is ascribed to translational ion hopping, modeled
with the MIGRATION model.*® The slower process is due to
reorientations of the ions, which are equipped with a perma-
nent dipole moment and fitted with a CD function, with fcp =
0.5, as for the case of ion reorientation in DDLS. Since these
spectral contributions are already present in the neat IL,
reorientation of water molecules most probably happens on
the same timescale or is very weak in the spectrum, thus not
observable as a distinct peak. As can be seen in Fig. 7, the
model curves describe the spectra very well in all representa-
tions. Fits for the other temperatures are similar in quality.

It should be noted here, that a possible broadening of the
low frequency flank of the reorientational process could not be
detected even if it were present in the data, since the electrode
polarization overshadows all relaxational contributions at fre-
quencies lower than the peak position of the dipolar relaxation.

3.5 Time constants

Next, we consider the time-constants obtained from the differ-
ent experiments. In Fig. 8 the most probable time constants, i.e.
T = 1/®wmax, are shown in an Arrhenius plot.

The black solid line is a Vogel-Fulcher-Tammann (VFT,
eqn (9)) fit to the relaxation times from depolarized dynamic
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Fig. 8 Arrhenius plot of all time constants of the ion jelly from different
experimental methods. Black solid line is a VFT fit to the DDLS data and
black dashed line an Arrhenius fit to the fast DLS (VV) data.

light scattering.

=1 exp(TfTO) 9)

The black dashed line is a fit of an Arrhenius equation, ie.
To = 0 in eqn (9), to the time constants for the diffusion of chain
segments, ie. the fast process of the polarized light scattering
spectrum. One can see that the Arrhenius and the VFT curves
intersect at time scales around 10 s, i.e. in the glass transition
region. Similar observations have been made in polymer-sol-
vent systems, where the concentration fluctuations intersect
with reorientational time constants at the glass transition
temperature,®" but also in thin polymer films, where a slow
Arrhenius process (SAP) was found showing similar features.®
While the temperature dependence of the faster process found
in VV light scattering can be clearly identified as Arrhenius-like,
the temperature dependence of the slow process is not identi-
fied as easily. It is either Arrhenius-like with a slightly higher
activation energy than the faster process, or it is VFT-like, a
discrimination which could not be made due to the process
leaving the accessible experimental time-window at low
temperatures.

The dipolar and conductivity relaxation times measured by
BDS follow very closely the same VFT-slope as the reorienta-
tional time constants from DDLS, with the dipolar relaxation
being slightly slower and the conductivity relaxation being
slightly faster, as it is the case for the 72 mol% IL-water
mixture.>° Also, the calorimetric time constants follow the same
VFT behavior. The rheological time constants coincide at high
temperatures with the dipolar ones, but show a slightly higher
activation energy.

In order to compare the microscopic dynamics of the IJ with
the IL-water mixture without gelatin, we show the reorienta-
tional time constants from DDLS and the DC-conductivities
measured by dielectric spectroscopy for the ion jelly and the 72
mol% IL-water mixture in Fig. 9.

We find that the time constants as well as the DC-
conductivities for the two different samples are almost indis-
tinguishable over the whole temperature range from above room
temperature down to the glass transition temperature. This
means that neither the reorientational nor the translational
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Fig. 9 Comparison of the rotational time constants from depolarized
dynamic light scattering and DC-conductivities of the ion jelly and the
|IL-water mixture.

motions of the ions are altered despite the presence of the
gelatin network. This is a very interesting finding regarding
possible applications of the IJ, since mechanical stability is
obtained, but without loosing the high mobility of the ions.
Bearing in mind the huge number of ionic liquids available,
together with the fact that water could possibly be replaced by
other liquids in these gels, this opens up the possibility of
tailoring an ion jelly that fits the needs of specific applications.

4 Discussion

We start the discussion by testing whether the information
about the mesh-size of the gelatin network obtained from
polarized light scattering data is compatible with the one
obtainable from rheological measurements. We calculate the
distance between the cross-linking points, i.e. the mesh-size of
the gel network from the shear modulus via®

_ 3[3 RT

Sl Ve G'Nj
where ¢ is the radius of a sphere representing the mesh-size of
the network. At 300 K we obtain a value of ¢ ~ 11 nm, which is
in agreement with the value of ¢ ~ 9 nm from polarized light
scattering, as calculated above. In the light of reported mesh
sizes obtained with different experimental methods, which
differ to a greater extent,®® we are led to conclude that both
experiments probe the mesh-size of the gelatin network.

As a next step, we address some possible explanations for
the broadening of the low-frequency flank in the depolarized
dynamic light scattering spectra: this broadening to some
extent resembles the one from rheology, where it was attributed
to Rouse dynamics. To the best of our knowledge, the only
polymer for which Rouse behavior was reported in depolarized
light scattering spectra, is poly(dimethylsiloxane),®* where the-
oretical considerations about the appearance of Rouse modes
were made in ref. 65. It was found that the slope of the low-
frequency flank increases with increasing molecular weight,
until it reaches the Rouse exponent of 0.5. The slope appeared
to be identical, irrespective of the temperature. This is different
from the behavior of the IJ, as can be seen in Fig. 10. Here, the

(10)
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Fig. 10 Masterplot of VH light scattering spectra, indicating that the
strength of the low frequency contribution increases with decreasing
temperature. Dashed lines are fits, see text for details. Inset: Normalized
heat capacity traces from DSC measurements for the ion jelly and the IL—
water mixture with 72 mol% water.

low frequency broadening intensifies with decreasing tempera-
ture and the slope decreases, and eventually its exponent takes
values below 0.5. Thus, further light scattering experiments on
different polymer systems are needed to see whether such
behavior might be compatible with Rouse dynamics.

A decreasing slope of the low-frequency flank of the o-
relaxation upon decreasing temperature was recently found in
DDLS measurements of a concentrated polymer solution.®® Here,
the effect was attributed to orientational cross-correlations of the
solvent molecules, which arise due to confinement by the slow
polymer chain. The latter imposes a preferred orientations on the
solvent molecules in the proximity of the slow or rigid matrix.
These cross-correlations were found to decay only on the time
scale of the polymer relaxation. Thus, despite the observed slow
relaxation mode, no slow solvent molecules actually exist. On
lowering the temperature, the low frequency broadening of the
solvent relaxation increases, as it is the case for the ion jelly, due
to the increasing influence of the cross-correlation process. Thus,
it is conceivable that a similar mechanism is responsible for the
low-frequency broadening observed in the IJ.

However, such cross-correlations should not be active in
DSC measurements, as no actual molecular movements are
involved. The inset of Fig. 10 displays the normalized heat
capacity traces of the IJ and the IL-water mixtures. It can be
seen that the slope of the glass transition step is steeper in the
case of the IL-water mixture than for the IJ, leading to a broader
glass transition step in the latter case. The differences between
the two data sets are most prominent in the high-temperature
region of the glass transition step, where the contribution from
slow dynamics would be expected. This suggests that parts of
the sample actually move on longer time scales than the a-
relaxation, in contrast to the cross-correlation picture, leading
to a broadening of the glass transition step and thus the low-
frequency flank of the light scattering spectrum. Possible
origins of these slow dynamics are discussed in the following.

As noted in the introduction, the IJ showed thermo irrever-
sibility, indicating chemical cross-links in the gelatin matrix.
Therefore, one interpretation of the low frequency broadening
of the spectra could be that some of the ions in the gel

This journal is © The Royal Society of Chemistry 2023
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participate in the cross-linking process and are thus not as free
to move as the ions not participating in cross-linking. Thus,
while all ions participate in the o-process of the IL-water
mixture, for the IJ some of the ions are connected to the gelatin
matrix. Therefore, the orientational correlation function mea-
sured by depolarized light scattering does not decay to zero in
the course of the rotation of the free ions. Instead, slow
dynamics due to the rotationally hindered ions is observed,
which only decays to zero when the gel network relaxes, which
is outside the accessible time window. Although such an
explanation seems straightforward on first sight, it has several
problems: first, it is not clear, how the ions taking part in the
cross-linking, which presumably are all trapped in a similar
fashion, can produce such a broad relaxation time distribution
in the light scattering spectra. Furthermore, one can perform a
rough calculation of the number of ions participating in the
slow relaxation of the light scattering spectrum and compare it
to the estimated number of ions participating in cross-links:
when comparing the area difference between the spectrum of
the ion jelly and of the IL-water mixture (see Fig. 4), one
obtains values of approximately 10% to 15%, depending on
the temperature, which means that approximately this amount
of ions would take part in the slow relaxation due to the cross-
linking. This value seems too high for two reasons: first, this
amount of ions bonded to the gelatin matrix is difficult to
reconcile with the unchanged peak position, which should shift
significantly when the ratio of mobile IL and water molecules is
altered. Secondly, the cross-link density p, of the ion jelly can
be estimated from the shear modulus value in the rubber
plateau region via p, ~ G'/(RT),%” where R is the universal
gas constant and T is the temperature. This gives a value of
px ~ 0.3 mol m~* at 300 K, which is below 0.01% of the ion
density in the system. Thus, the number of ions per cross-link
has to be in the order of 1000 to explain the total amount of the
observed slow contribution, which seems implausible.

One could think of two additional possibilities for rotational
motions appearing at slower time scales than the rotation of
the free ions: on the one hand, optically anisotropic side-chains
of the gelatin might exhibit rotational motions which are
detectable, for example the pyrrolidine groups. On the other
hand, some ions might be slowed down by “slaving” of
molecules in proximity to the gel matrix, a typical confinement
effect, which has been observed for polymer-solvent
mixtures.®®®® Both explanations involve the presence of slow
rotational movements closely connected to the gelatin chain
movements. It is not possible with the present experimental
methods to determine which of the two scenarios is correct.

Therefore, in order to clarify the nature of the slow
dynamics, experiments are required that are able on the one
hand to exclusively monitor the self part of the reorientational
correlation function, to exclude cross-correlation contributions,
and on the other hand to monitor isotope selective dynamics to
single out contributions from the ions, water or gelatin. This
might be achieved with certain NMR techniques, but this is
outside the scope of this work and has to be left for subsequent
studies.
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5 Conclusion

In this work we studied an ion jelly prepared from a mixture of
an ionic liquid, water and gelatin by differential scanning
calorimetry, dielectric spectroscopy, dynamic light scattering
and rheology. We showed by comparing these measurements to
an IL-water mixture with the same mixing ratio, that the micro-
scopic dynamics of the ions are not affected by the presence of
the gelatin matrix, resulting in equal DC-conductivities and
reorientational time constants. However, additional dynamic
processes are observed for the ion jelly in rheology and light
scattering, which we attribute to motions of the gel network.
Especially, a prominent broadening of the low frequency flank
in the depolarized light scattering spectrum and the shear
modulus - reminiscent of Rouse behavior - was found and
different explanations were discussed. It seems that slow
motions of ions or parts of the gelatin network are responsible
for this feature. We observed thermo-irreversibility of the ion
jelly, most probably due to ions acting as cross-linking agents.
Altogether, our study deepens the understanding of the interplay of
the liquid-like microscopic ion dynamics and the macroscopic gel
rigidity. Our study provides fundamental insights that can aid the
design of ionogels with requirements set by specific applications,
regarding both mechanical stability and high ion mobility.
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