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lonic liquids can be successfully used as electrolytes in electrochemical devices when they are in their
quasi-solid state. Among several methods of solidification, a sol—gel process was chosen and a set of
alkoxysilyl-functionalized iodide imidazolium-based ionic liquids were synthesized. The electrolytes were
prepared by mixing these ionic liquids with a non-polymerisable ionic liquid (1-methyl-3-
propylimidazolium iodide (MPIm*17)). lodine was dissolved in an electrolyte matrix in order to form an
Is7/I” redox couple. The change of the structure from sol to gel was followed by rheological tests in
order to show the effect of different rheological parameters on the gelation process. The solvolysis with
glacial acetic acid and condensation were followed by rheological experiments on the samples taken
from a batch, and in situ on the rheometer. The formed three-dimensional sol—gel networks of various
alkoxysilyl-functionalized ionic liquids differed in their microstructures and viscoelastic properties that

were correlated with conductivity. The results show that the conductivity of approximately 107> S cm™
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noticeable viscous contribution. It is shown that not only the viscosity but also the viscoelastic behavior
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1 Introduction

The interest in ionic liquids (ILs) has increased rapidly in recent
years due to their unique properties, such as negligible vapor
pressure, non-flammability, high ionic conductivity and elec-
trochemical stability. ILs can be used in several applications as
well as in redox electrolytes for hybrid electrochromic devices"*
and dye-sensitized photoelectrochemical solar cells (DSPECs).**
The redox character of electrolytes is typically achieved via the
presence of an I3 /I" redox couple and can also be applied in
hybrid electrochromic devices."**

A reliable electrochemical device requires electrolytes that
combine high ionic conductivity (¢ > 107" S ecm™') and
mechanical stability with chemical, thermal, electrochemical
stability, and compatibility with electrode materials.>® The use
of ILs is one of the promising ways for the preparation of elec-
trolytes that would meet the above requirements. However, due
to their fluid-like properties under ambient conditions, their
application as electrolytes is limited (leakage, sealing costs, and
reaction with sealing materials).>”® The prepared electrolytes
should therefore be solidified and used in their quasi-solid
state. Different approaches to solidification have been
employed to date, e.g., in situ polymerization of monomers in
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gelation are essential for the high conductivity of electrolytes.

ILs,” confinement of ILs into silica networks,' and solidifica-
tion with gelling agents (low-molecular weight gelators,"
nanotubes,'> and nanoparticles****). One possible method is the
synthesis of polymerizable ILs, in which either the cation or the
anion is functionalized with a polymerizable organic group,
such as vinyl,»'>'® or methylacrylate.? Following this approach,
our group started with the preparation of I; /I" redox electro-
Iytes based on alkoxysilyl-functionalized ILs through the
synthesis of single end-capped IL 1-methyl-3-[3-(trimethoxysilyl)-
propyl]imidazolium iodide [MTMSIm T ].77-*

After hydrolysis and condensation, the initial sol became
highly viscous, enabling its application in DSPECs with a cell
efficiency of 3.1%.*° The additional functionalization of the
MTMSIm'T~ Y II, with short poly(ethylene oxide) (PEO)
chains® due to the presence of more polar groups resulted in
high solubility of Lil salt.* Iodide salts have often been added to
redox electrolytes in DSPECs to increase photocurrents,>**>"%2*
but in hybrid EC devices such salts are crucial for functioning,
i.e., the intercalation/deintercalation of small cations (Li") in/
from the optically active WO, film. The as-prepared alkoxysilyl-
functionalized IL 1-(2-(2-methoxyethoxy)ethoxy)ethyl-3-(3-(tri-
methoxysilyl)propyl)imidazolium iodide (single-(EO),)" (Fig. 1A)
enabled high efficiency of hybrid EC devices (more than 4200
coloring/bleaching cycles, optical change in transmittance more
than 45%). Due to the single end-capped nature of this IL, the
condensed material at room temperature became highly
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Fig. 1 Structures of alkoxysilyl-functionalized IL.

viscous and liquid-like, raising questions regarding the extent
of sol-gel condensation and eventual formation of a soft solid-
like material (gel).

The formation of a gel structure has often been followed by
IR absorbance spectroscopy.””**** This powerful technique
enables the study of solvolysis of sol-gel processes through the
extinction of alkoxy bands, the formation of silyl ester bands of
acetic acid and alkyl acetates, the eventual formation of a sila-
nol »(Si-OH) band at ~910 cm ™" and the blue shift of modes in
the siloxane region (1200-1000 cm™").*"'%?° The differences in
IR spectra can be correlated with the structure of the developing
sol-gel matrix’~**** and confirmed by independent techniques,
such as *Si NMR spectroscopy.’'®'?¢ Nevertheless, the indis-
tinctiveness in the assignment of IR modes could occur when
complex mixtures are considered.

Liquid-to-solid transition, independent of its nature, ie.
physical or chemical, represents a change in the mobility of the
polymer matrix, and the formed gels exhibit different mechan-
ical and rheological properties compared to the initial sols.>”~>°
Changes in the rheological behaviour during the sol-gel process
can therefore yield another independent and precise insight into
gelation, and can precisely predict the gelation time and struc-
tural relationships during the process, especially when the
rheological properties are followed in situ. The formed gel
structure exhibits viscoelastic properties, resulting in either soft
and elastic or hard and brittle material. Several publications can
be found in the relevant literature regarding the determination of
the gel point or the characterization of the viscoelastic properties
of gels. There are studies devoted to sol-gel inorganic networks
obtained from transition metal alkoxides®* and tetraethoxy-
silane.** The rheological properties of organic-inorganic hybrid
materials have become a matter of interest due to their depen-
dence on the length of polymeric chains between alkoxysilyl
reactive groups in bis end-capped hybrids** or dependence on
the organic functionality in single end-capped hybrids."”

Nevertheless, only a few papers dealing with the rheological
properties of electrolytes are mainly employed with lithium
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conductive electrolytes.***** The viscosity/conductivity rela-
tionship was, for example, used to estimate the extent of ion
pairing in electrolytes of sodium triflate and lithium perchlorate
in poly(propylene oxide) electrolytes using the Walden plots, i.e.
equivalent conductivity vs. shear viscosity.*® Moreover, the
viscosity-temperature relationship has been established for
similar electrolytes on the basis of poly(propylene oxide).** More
recently, studies of lithium trifluoromethanesulfonate con-
taining a PEO polymer electrolyte have shown that different
phases are characterized by distinct viscoelastic signatures;
however, a direct correlation of rheological properties with
conductivity was not made.® Even less can be found on the effect
of rheological properties on the characteristics of electrolytes on
the basis of ILs.'***® Direct correlation between viscosity and
conductivity has been made for a series of low-melting ILs based
on small aliphatic quaternary ammonium cations and imide
anions.® It was stated that ionic conductivities are mainly
governed by the viscosity and molar concentration of ILs.
Dissolution of lithium salt decreased the conductivity, which
was partly ascribed to the increase in viscosity, but this alone
could not explain the change in conductivity.*

Despite the fact that diffusion constants of I;~ ions in redox
electrolytes and consequently the efficiency of DSPECs depend
on the viscosity, rheological characterization has not been often
considered. This is surprising since it has been shown for liquid
electrolytes composed of 2,3-dimethyl-1-propylimidazolium
iodide, Lil and I, in various organic solvents that increase in
viscosity from 0.33 to 3.30 cPa decreased the short-circuit
photocurrent density to almost half of their value.” ILs based
on 1,3-dialkylimidazolium iodides have often been considered
to be highly viscous in the literature, suggesting that their
viscosity limits their use due to transport limitations.?” Another
approach, i.e. lowering of the viscosity of the 1-methyl-3-pro-
pylimidazolium iodide (MPIm'I”)/iodine electrolyte with the
addition of low viscosity 1-ethyl-3-methylimidazolium dicyana-
mide, has been used to correlate the viscosity and the diffusion
coefficient of I;~ ions.*® It has been shown that the I3~ diffusion
coefficients increased with decreasing MPIm'I~ concentration
or increasing temperature, in both cases being related to
decreased electrolyte viscosity. In the case of polymerizable ILs,
the viscosities significantly increase during solidification. The
aforementioned alkoxysilyl-functionalized IL MTMSIm'T~ 1®
reveals a clear correlation between conductivity decrease and
viscosity increase during the processes of hydrolysis (0.1 M HCI)
and condensation. In quasi-solid electrolytes, the charge
transport via diffusion of molecules remains important, but
high concentrations of iodine lead to the formation of poly-
iodides and consequently to the transport of charge via the
Grotthuss mechanism.****

With regard to the above facts, we decided to synthesize a
series of single and bis end-capped alkoxysilyl-functionalized
ILs (Fig. 1) for the preparation of redox I;”/I" electrolytes. In
addition to the aforementioned single end-capped IL (single-
(EO),), three bis end-capped ILs, characterized by 1, 3 and 8
repeatable units between terminating alkoxysilyl groups, were
prepared. The gelation of I;7/I" redox electrolytes after the
addition of the glacial acetic acid catalyst to different
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alkoxysilyl-functionalized ILs (Fig. 1) was followed using IR
spectroscopy and various rheological tests. The goal of our study
was to correlate structural changes during gelation obtained by
dynamic rheological techniques with the conductivity of the
electrolytes. To avoid the brittle character of gels, the non-
reactive IL 1-methyl-3-propylimidazolium iodide (MPIm'T ") was
applied as a co-solvent. The progress of the sol-gel process was
characterized by viscoelastic properties, which were fitted using
a five-parameter logistic model.*’

2 Experimental
2.1 Preparation of sols

Synthesis of the single end-capped IL 1-(2-(2-methoxyethoxy)-
ethoxy)ethyl-3-(3-(trimethoxysilyl)propyl)imidazolium iodide
(single-(EO),) is reported in ref. 1. Briefly, a good alkylation
reagent diethyleneglycol monomethylether monomesylate was
used for monoalkylation of imidazole. The obtained 1-{2-(2-
methoxyethoxy)ethyl]-1H-imidazole reacted with 2-iodopropyl-
trimethoxysilane, which was used to introduce alkoxysilane
groups (dialkylation) in position 3 of imidazole to obtain the
single-(EO), IL.*' In the synthesis of bis end-capped ILs, two
equivalents of imidazolium were used per one equivalent of the
alkylation reagent. The same rule was taken into account in the
dialkylation step with 3-iodopropyltrimethoxysilane.** In this way,
the following ionic liquids were prepared (Fig. 1): 1,12-bis(3-(3-
(trimethoxysilyl)propyl)imidazolium-1-il)-3-oxapentan  diiodide
(bis-(EO)), 1,14-bis(3-(3-(trimethoxysilyl)propyl)imidazolium-1-il)-
3,6,9-trioxaundecan diiodide (bis-(EO);) and 1,29-bis(3-(3-(trime-
thoxysilyl)propyl)imidazole-1-il)-3,6,9,12,15,18,21,24-octaoxahex-
acosan diiodide (bis-(EO)g).

Different alkoxysilyl-functionalized iodide ILs were used for
the preparation of redoxI; /I electrolytes. Two redox electrolytes
were prepared by dissolving 0.1 mol I, in 1 mol of single end-
capped (single-(EO),) or bis end-capped (bis-(EO);) IL. The sol-gel
process of solvolysis was initiated by the addition of glacial AcOH
in a molar ratio of single-(EO),:AcOH = 1:3 and bis-
(EO)3 : AcOH = 1 : 6. Three other electrolytes were prepared via
the addition of IL 1-methyl-3-propylimidazolium iodide
(MPIm'I") as a co-solvent. Therefore, bis end-capped ILs were
first mixed with the co-solvent in molar ratios of bis-
(EO) : MPIm'T™ = 1: 10, bis-(EO); : MPIm'T~ = 1: 10 and bis-
(EO)g : MPIM'T™ = 1 : 30. The higher amount of co-solvent was
added in the case of ILs with eight EO units to obtain an electrolyte
with a similar initial viscosity value. After homogenization, I, (0.1
mol I,/1 mol of alkoxysilyl-functionalized IL) was dissolved in
order to form the I, /I redox pair. Solvolysis and condensation
were initiated by the addition of 6 mol of glacial AcOH per 1 mol of
synthesized IL. Throughout the whole text the abbreviations
indicating the structural characteristics of ILs (Fig. 1) are used to
represent five different investigated electrolytes, comprising also
the I; /I redox pair, AcOH and eventually co-solvent (MPIm'T").

2.2 Rheological measurements

The transition from sol to gel was followed continuously at a
constant temperature (7 = 23 °C), using small amplitude
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oscillatory tests at a constant frequency of oscillation (v = 1 Hz).
A Physica MCR 301 controlled rate rheometer (Anton Paar)
equipped with a cone-plate geometry sensor system (CP50/2°)
was used for the rheological tests. The sensor system was pro-
tected with a special cover to avoid solvent evaporation during
gelation.

Standard rotational flow tests were performed by a triangular
method by changing the shear rate (0-1000-0 s ). Oscillatory
stress sweep tests at a constant frequency of oscillation (1 Hz)
were performed in order to determine the linear viscoelastic
range (LVR). Frequency tests were performed at constant small
deformation in LVR by decreasing the frequency of oscillation
(20-0.01 Hz).

2.3 Conductivity measurements

Conductivity measurements of the electrolytes were performed
using an Autolab PGSTAT302N potentiostat/galvanostat equip-
ped with an FRA module for measurement of electrochemical
impedance spectroscopy. The electrolyte was placed in a Teflon
cell between two Pt electrodes, and the frequency range of
electrochemical impedance spectroscopy (EIS) measurements
was set between 10° and 0.01 Hz. Ionic conductivity ¢ was
calculated from:

d

Y )

where R is the resistance determined from impedance spectra,
while d and A are the thickness and area of the sample between
Pt electrodes, respectively.

3 Results and discussion
3.1 IR absorbance spectroscopy

IR spectra offer a tremendous wealth of information about the
structural changes that occur in electrolytes during gela-
tion."”**** However, the complexity of the electrolytes, encom-
passing various precursor molecules, may lead to the
overlapping of different modes and consequently, some infor-
mation is diminished. The results of our study showed that a
large number of modes, also superimposed on each other,
appeared in the IR absorbance spectra of the investigated I3 /I~
electrolytes prepared from alkoxysilyl-functionalized ILs (Fig. 2).

Two examples are shown, i.e. an electrolyte on the basis of the
single end-capped IL (single-(EO),) (Fig. 2A) and an electrolyte
prepared from the bis end-capped IL (bis-(EO)g) and co-solvent
MPIm'IT™ (Fig. 2B). IR absorbance spectra were taken immediately
after dissolution of I, and addition of glacial AcOH (marked as
initial), and after the elapsing of the time needed for gelation as
obtained from rheology measurements (see below). The spectra
were normalized with respect to the band at 1562 cm ™, which was
assigned to the imidazolium ring in-plane asymmetric stretching
in 1-alkyl-3-methylimidazolium tetrafluoroborates** and hexa-
fluorophosphates* and, in 1-alkyl-3-methylimidazolium hexa-
fluorophosphates, also to CH,(N) and CH;(N) stretching.*?

The initial spectrum of the single-(EO), electrolyte (Fig. 2A)
clearly revealed the presence of the AcOH catalyst (marked with
‘a’) and the bands of IL (marked with ‘*’). Regarding the process
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Fig. 2 IR absorbance spectra of the studied electrolytes before and
after rheology testing: (A) single-(EO), and (B) bis-(EO)g-co. * denotes
single-(EQ),; + denotes bis-(EQ)g; h — co-solvent MPIm™*|~; a — acetic
acid; m — methanol; s — silyl ester of acetic acid; ¢ — methylacetate;
OMe — methoxysilyl groups. All compositions also contained I, to form
the I57/I” redox pair and sol—gel catalyst, i.e. glacial AcOH.

of gelation, the most important characteristics of this spectrum
were methoxy modes at 2840 and 820 cm ™ ',* while the other two
methoxy bands (1196, 1094 cm ') were overlapped by the
modes of imidazolium ring, CH,(N) and CH;(N) stretching.*>*
After 160 h in a rheometer, the IR absorbance spectrum revealed
a drastic decrease in the intensity of AcOH bands. The methoxy
modes at 2840 and 820 cm ™' practically disappeared from the
spectra, indicating that the solvolysis reaction, i.e. Si-OR + AcOH
— Si-OAc + R-OH,**** took place. The band at around 1720
em ™' (marked with ‘s’) was (in our previous work on methyl-
triethoxysilane®) tentatively assigned to the silyl ester of acetic
acid (Si-OAc), due to its position between the acetic acid
carbonyl (1712-1715 ¢cm™ ') and the corresponding mode of
ethylacetate (1740 cm ™). In parallel, the mode of methylacetate
can also be noted in the IR spectrum obtained after 160 h
(Fig. 2A) as a shoulder band (marked with ‘c’), since methyl-
acetate can also be formed as a product of the esterification
reaction between methanol (by-product of solvolysis) and AcOH
or condensation between Si-OAc and Si-OR.>>**

In addition to some unreacted Si-OAc groups in the Si-O-Si
network, a small amount of terminal Si-OH silanols might form
as well, possibly leading to a low intensity »(Si-OH) shoulder at
908 cm ™" (marked with an arrow). Water molecules, needed for
the formation of silanol bands, could be formed in reactions of
esterification with AcOH>>** or may enter the sol from the
atmosphere during its preparation. The condensation to Si-O-
Si linkages can be judged from the formation of new bands at
1115, 1100 and 1051 (shoulder) cm ™" in the siloxane spectral
region (1200-1000 cm™'). The other shoulder at 1030 ecm ™,
together with the broad OH mode at 3410 cm ™', might indicate
the presence of a methanol by-product (marked with ‘m’) that
remained trapped in the sample inside the sensor system of the
rheometer. To conclude, the measured IR spectra enabled the
conclusion that the newly formed bands in the siloxane region
confirm the formation of siloxane linkages in the single-(EO),
electrolyte. However, due to the overlapping with the modes of
the imidazolium ring, and CH,(N) and CHj;(N) stretching,*>**
the conclusions about the extent of the Si-O-Si linkages could
not be unambiguous.

For the bis-(EO)s-co redox electrolyte with a co-solvent
(Fig. 2B), the bands indicative of sol-gel processes were even
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more blurred by the presence of the co-solvent. Since the molar
ratio in ILs bis-(EO)g-co was 1 : 30, the bands of the non-reactive
MPIm'T™ co-solvent (marked with the letter ‘n’) dominated the
spectrum (Fig. 2B). The methoxy mode of bis-(EO)s (marked
with ‘+’) could be noted as a weak shoulder in the initial spec-
trum, while the one at 820 cm ™" was superimposed on the band
of the co-solvent. After 10 h of gelation, the methoxy mode at
2840 cm™ " disappeared from the spectrum, while the band at
820 cm ™' significantly decreased in intensity. These changes
indicate that the solvolysis reaction took place. Some bands of
AcOH could be noted in the initial spectrum, but decreased
considerably after 10 h. The modes of the silyl ester of acetic
acid and methylacetate can be observed instead. In the siloxane
spectral region, the band at 1105 cm ™' increased in intensity
relatively with regard to the band at 1091 cm™*, which could be
ascribed to the formation of the siloxane network. The extent of
condensation to tridimensional gel, however, could not be
judged, due to the overlapping of siloxane modes with the
imidazolium ring in-plane asymmetric stretching and CH,(N)
and CH;3(N) stretching*** of both ILs, i.e. the alkoxysilyl-func-
tionalized bis-(EO)s and MPIm'I™ co-solvent. Due to the lack of
information about the extent of the sol-gel process obtained
with IR, the progression of the sol-gel process was followed by
different rheological measurements.

3.2 Rheological characterization

3.2.1 Ex situ flow and frequency tests. Flow tests under
destructive shear conditions were carried out at different times
from the beginning of solvolysis. Fig. 3 shows that all initial
electrolytes exhibited Newtonian flow behavior with low
viscosity, depending on the IL used. The lowest initial viscosity
was obtained for the electrolyte prepared from the single end-
capped IL (0.037 Pa s, Fig. 3A), while the initial viscosity of the
electrolyte, prepared from bis end-capped IL bis-(EO)3, was 0.29
Pa s (Fig. 3B). Electrolytes with co-solvent MPIm'T~, which were
also made from bis end-capped ILs, exhibited an initial viscosity
of 0.20 Pa s and 0.21 Pa s for bis-(EO);-co and bis-(EO)-co,
respectively (Fig. 3D and E). When the IL with longer poly-
(ethylene oxide) chains, i.e. bis-(EO)g-co, was used, the initial
viscosity of the electrolyte was the highest (0.35 Pa s, Fig. 3C)
despite the fact that a larger amount of co-solvent was used. As
solvolysis proceeded, the consistency of liquids started to
increase, which was reflected in higher viscosity. For the single-
(EO), + I, + AcOH electrolyte, prepared from a single end-capped
IL (Fig. 3A), the viscosity was Newtonian, i.e. independent of the
shear rate, even 160 h after the beginning of solvolysis. In
contrast, the flow behavior of electrolytes based on bis end-
capped ILs changed to shear thinning after 2, 10, 15 or 20 h,
indicating their ability to form tridimensional networks due to
the presence of terminal alkoxysilyl groups at both ends of the
IL. At the end of the sol-gel process, these electrolytes exhibited
shear-thinning flow behavior, which was for bis-(EO); + I, +
AcOH (Fig. 3B) time-independent, while hysteresis, observed for
flow curves of electrolytes with the co-solvent (Fig. 3C-E),
implies the time-dependent thixotropic behavior of the formed
gel structures. The increase of the viscosity with time for the
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Fig. 3 Flow curves of IL-based electrolytes at the beginning and at the
end of solvolysis. All compositions also contained I, to form the I37/1™
redox pair and sol—gel catalyst, i.e. glacial AcOH.

single-(EO), + I, + AcOH electrolyte was slow, Z.e. 160 h after the
beginning of solvolysis the viscosity increased from initial 0.035
Pa s to ~10 Pa s (Fig. 3A). This is a consequence of the single
end-capped character of this IL, preventing the formation of a
firm tridimensional sol-gel network. However, the increase of
the viscosity for other electrolytes was much faster with higher
final viscosities (Fig. 3B-E).

The rheological properties of electrolytes were, at different
times during the gelation process, followed by oscillation tests
in the range of the linear viscoelastic response (Fig. 4). At the
beginning, the initial electrolyte made of single end-capped IL
(single-(EO),) (Fig. 4A) exhibited lower values of dynamic
storage modulus G’ compared to loss modulus G’; moreover,
the moduli exhibited different dependences on the frequency of
oscillation. The storage modulus was scaled with the frequency
as G' ~ w®, while G” was linear in frequency (G ~ w). These are
characteristics of the viscoelastic “liquid-like” behavior.** As the
gelation proceeded, the values of the moduli increased and
their dependences on the frequency changed; 160 h after the
beginning of solvolysis, G’ equaled G”, and both moduli
depended on the frequency of oscillation by the order of
0.5. Such behavior is characteristic for weak gels, which
resemble the strong gels in their mechanical behavior, partic-
ularly at low frequencies, but as the deformation increases,
their networks undergo a progressive breakdown into smaller
clusters. As a consequence, the system can flow with flow
properties typical of a disperse system.*® In contrast, sols based
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Fig. 4 Oscillation tests: frequency dependence of dynamic moduli G’
and G” for IL-based electrolytes at the beginning and at the end of
sol—gel processes. All compositions also contained I, to form the 157/
I~ redox pair and sol—gel catalyst, i.e. glacial AcOH.

on bis end-capped IL precursors (Fig. 4B-E) exhibited “liquid-
like” behavior with strong domination of viscous modulus G” at
the beginning, while completely different viscoelastic behavior
was observed for the gels at the end of gelation. The formed gels
exhibited a “solid-like” behavior with much higher values of the
storage modulus G’ compared to the loss modulus G'’; more-
over, the moduli were frequency independent, i.e. G’ ~ w°. Such
behavior is characteristic for strong gels,*” which are usually,
due to the lack of viscous contribution, also very hard and
brittle. Under the conditions of small deformation, strong gels
manifest the typical behavior of viscoelastic solids and, above a
critical deformation value, they rupture rather than flow.*> For
the bis-(EO);-based electrolyte without the co-solvent (Fig. 4B)
the transition from sol to gel was completed in 2 h, while for
other electrolytes with the co-solvent the structure of a strong
gel was observed after 10, 15 and 20 h (Fig. 4C-E). The addition
of an IL co-solvent obviously prolonged the time of gelation due
to the larger distance between the precursor molecules after the
beginning of solvolysis.

For chemical, i.e. covalently cross-linked, gels formed in our
study, linear viscoelastic behavior has been extensively investi-
gated in the vicinity of the sol-gel transition point. Winter and
Chambon®*” showed that at the critical gel point dynamic
moduli follow a simple power law: G'(w) = G”’(w) ~ w", where n
depends on the particular gelation mechanism. In our work, the
transition from sol to gel was observed for the single end-
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capped-based electrolyte (Fig. 4A), where at 160 h the G’ and G”
depended on the frequency by the order of 0.5 (G' ~ G ~ w®?).

3.2.2 In situ rheological time tests. More detailed and very
reliable information about the sol-to-gel transition has been
obtained by performing in situ rheological measurements (time
tests, Fig. 5 and 6). These tests should be performed under non-
destructive oscillatory conditions in the linear viscoelastic
range, where the applied amplitude is small enough not to
interfere with the microstructure or the mechanism of gelation.
The advantage of these tests is a continuous observation of the
evolution of viscoelastic properties as the sol goes through the
gel point.

The results (Fig. 5) showed that at the beginning of the
solvolysis all initial sols exhibited “liquid-like” behavior with
low consistency and dominating viscous behavior, similar to
that detected with frequency tests (Fig. 4). The loss modulus G”
was high, while the storage modulus G’ was low or negligible.
Furthermore, the loss modulus G’ increased continuously,
while the storage modulus G’ rose sharply until it intersected
and exceeded the loss modulus. The time at which both moduli
reached the same value indicated the sol-gel transition point,
which is often referred to as a “gel-point”.*®* From this point
onward, the elastic behavior G’ dominated and the behavior of
the sample became “solid-like”. Both moduli leveled off as the
reaction came to completion. For the single-(EO), + I, + AcOH
system (Fig. 5A), the gel formed after ~115 h, followed by
constant values of dynamic moduli (G’ ~ G’) of ~250 Pa with a
slight prevalence of G'. Such weak gel behavior could be
understood as an intermediate between the properties typical of
liquids (sols) and properties peculiar to strong gels. As already
mentioned, single-(EO), belongs to single end-capped
compounds that, due to the presence of the alkoxysilyl termi-
nating group on only one side of the precursor molecule,
obstructs the formation of a firm interconnecting silica
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c

20 2 30

0 5 10 15
time (h)

Fig. 5 Time course of the gelation process in the linear viscoelastic
range for electrolytes based on ILs. All compositions also contained I,
to form the Is7 /I redox pair and sol—gel catalyst, i.e. glacial AcOH.
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Fig. 6 Time dependence of the phase shift angle. Symbols represent
experimentally determined values, while curves signify the fitted values
obtained by a five-parameter logistic function (egn (2)).

network. In contrast, gels with highly expressed storage
modulus were detected for samples (Fig. 5B and C), based on bis
end-capped ILs. Moreover, three electrolytes with the MPIm'T~
co-solvent (Fig. 5C) exhibited a noticeable loss modulus, a
considerably long time after the gel-point, while the loss
modulus for the bis-(EO);-based electrolyte without the co-
solvent (Fig. 5B) dropped to zero immediately after the gel-
point. For this electrolyte, the rheological properties indicated
the formation of a strong and brittle gel.

Another promising demonstration of the progression of the
sol-gel process is the presentation of phase shift angle ¢ as a
function of gelation time (Fig. 6A and B). The tan ¢ value is
calculated as the quotient of the lost and stored deformation
energy; it reveals the ratio of viscous and elastic contribution to
viscoelastic behavior. In general, the ideal-elastic behavior,
where G’ completely dominates G”, is specified in terms of 6 =
0, while ideal-viscous behavior is expressed as ¢ = 90° since G”
completely dominates G'. 6 equals 45° for materials where
viscous and elastic contributions exactly balance (i.e. G = G”).

The point when 6 = 45° is an important analysis criterion for
gel formation,* because it indicates the sol-to-gel transition
point. For the IL samples used in our study, three different
shapes of ¢ vs. t curves were observed (Fig. 6). The longest time
of gelation and the gentlest decrease of ¢ from 90° (ideal
viscous) towards lower values (gel state) were observed for the
electrolyte based on the single end-capped IL (single-(EO),,
Fig. 6A). 6 reached the value of ~40° after 120 h of the gelation
process and remained constant for another 60 h. At this time,
the state of approximately balanced viscous and elastic portions
of the viscoelastic behavior, typical of weak gels, was reached.
Moreover, two steps of the gelation process can be determined
for this electrolyte (Fig. 6A). At the first step, the ¢ value was
constant (at 90°) for ~40 h; it then sharply decreased for ~10 h
to intermediate 6 ~ 65° where a second plateau was observed.
The next step of the gelation process began with the decrease of
0 from the second plateau value, which was slower, and the
lowest value of 6 ~ 40° was achieved after 70 h of decrease. The
slow gelation process of this electrolyte led to the final weak gel,
which could be applied in DSPECs or hybrid EC devices,
enabling penetration into the pores of the electrode coatings
and thus good contact.

For electrolytes based on bis end-capped precursors, a one-
step gelation process and fast formation of gels were observed
(Fig. 6B). The sharpest drop of §, i.e. the fastest gelation, was
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observed for the bis-(EO); + I, + AcOH electrolyte, which was
also the only mixture for which ¢ reached the value of § = 0°,
indicating a solid state rigid behavior of this gel. Electrolytes
with 3 and 8 repeating units (Fig. 6B) showed a very similar
sharp decrease of ¢ with the time of solvolysis. For both elec-
trolytes, the curves were almost parallel; 6 reached similar final
values (6 ~ 5°) of solvolysis, while the time needed to reach the
final gel structure was not the same. The electrolyte based on IL
bis-(EO)g with the co-solvent gelled in 5.7 h (Table 1), while the
electrolyte on the basis of bis-(EO); with the co-solvent gelled in
4.6 h. Different shapes of the 6 vs. time were observed for the
electrolyte bis-(EO)-co. The drop of § from the initial value close
to 90° was sharp at the beginning, while the approach to the
lowest value at the end of the gelation process was slow and the
shape of the curve was gentle (Fig. 6B). The asymmetry of this
curve was the highest.

In order to evaluate and quantify the parameters important
for the sol-gel process, the experimental asymmetric depen-
dences of phase shift angle ¢ on the time of solvolysis were the
best fitted with the five-parameter logistic function:**

(6max - 6min)

where 0;,ax and 0,y are the highest (initial) and the lowest (the
end) values of phase shift angle, respectively, ¢, is the time of
sol-gel transition, while s jointly with W controls the rate of
approach to the d,,i, asymptote.

Due to the two-step gelation process, the curve of the single-
(EO), electrolyte was fitted with additional parameters. The
results (Fig. 6) showed excellent agreement of the experimental
data with the predicted values for all electrolytes used. The five-
parameter logistic model enabled the exact determination of
the time, at which the sol-gel transition occurred ¢, together
with precise viscoelastic properties of the formed gels 0,.
Moreover, the model can be used for accurate prediction of the
total rate and time of the gelation process (W, s) of alkoxysilyl-
functionalised IL-based electrolytes (Table 1).

6= Omax — (2)

3.3 Conductivity measurements

The redox I~ /1™ electrolytes studied in this work were prepared
for their application in DSPECs and hybrid electrochromic

Table1 The parameters of the five-parameter logistic model (egn (2))
for the investigated electrolytes

Single-EO,  Bis-EO;  Bis-EOg-co  Bis-EOz;-co  Bis-EO-co

Omaxt 90.0 88.8 89.1 86.3 87.0
Omaxa 67.5

Bmin 65.9 0.003 5.7 4.6 6.3
Ommina 39.6

ta () 463 1.0 2.9 5.6 6.5
te (h)  112.1

Wi 1.8 26.4 17.8 30.0 6.2
W, 4.8

S1 1.5 1.19 1.17 1.18 3.1
S, 0.12
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devices. One of the objectives was to define the eventual corre-
lation between rheological measurements and conductivity
(Fig. 7). Similar to the rheological characterization (Fig. 3-6),
three distinctive types of time-dependent curves were observed
for conductivity values (Fig. 7).

The rheological properties of bis-(EO); as the electrolyte with
the most brittle and rigid gel structure were reflected in the
lowest values of conductivity. Immediately after the addition of
glacial AcOH, the conductivity of this electrolyte was 1.01 x
107* S em™?, but dropped to 5.1 x 10°° S em™* after 10 h. The
electrolyte on the basis of single end-capped IL single-(EO),
revealed an ionic conductivity of 1.82 x 107> S em ™' at the
beginning of solvolysis, while the conductivity decreased to a
constant value of 1.1 x 10~* S em™ " during the formation of the
weak gel. The electrolytes with co-solvents exhibited the highest
values and similar time-dependent behavior of conductivities.
After the addition of the sol-gel catalyst, the conductivity of
these electrolytes varied between 2.4 x 10~ and 2.6 x 107> S
cm™ % it then slowly increased to a stabilized value of 9.8 x 1073
S em ™" for bis-(EO)-co, 3.8 x 107 S em™" for bis-(EO)g-co and
3.3 x 107* S em™" for the bis-(EO);-co electrolyte gel. The final
values of conductivity regarding the type of electrolyte were in
the same order as the final consistencies of electrolyte gels,
obtained from rheological measurements (Fig. 5) ranging from
234, 1500 to 4340 Pa s for electrolytes made from precursors
with 1, 8 and 3 EO units, respectively.

The bis-(EO); + I, + AcOH gel with the lowest conductivity
exhibited high mechanical stability with extremely high values
of elastic modulus G’ (G’ > 10°> Pa) and negligible viscous
contribution (6 = 0°). Such viscoelastic behavior indicates the
presence of a three-dimensional network typical of strong gels.
Due to the dense structure, the values of conductivity decreased
significantly as a consequence of suppressed diffusion of I3~
ions. Moreover, the quick formation of a compact siloxane
network resulted in the inability of polyiodides to form charge
carrier paths for Grotthuss-type transfer mechanisms. In
contrast, the highest conductivity values were observed for the
three electrolyte gels with the MPIm'I~ co-solvent characterized
not only by a high elastic modulus but also noticeable viscous
contribution (6 > 0°). The sol-to-gel transition for these gels

0.1

bis-(EO)-co
bis-(EQ)s-co
0.01
£ )
K bis-(EO)-co
¢ 0.001
=
>
£
2
% 0.0001
E single-(EO),
c
80.00001
: bis-(EO),
0.000001 : :
0 50 100 150 200 250
time (h)

Fig. 7 Time-dependent conductivity measurements of redox elec-
trolytes. All compositions also contained I, to form the Is7/I” redox
pair and sol—gel catalyst, i.e. glacial AcOH.
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occurred in ¢, ~ 2.9 to 6.5 h (Fig. 5 and Table 1), while ¢, for two
gels with lower conductivity and without co-solvents was either
faster (1 h) or extremely slow (46.3 h). In the case of the single
end-capped single-(EO),-based electrolyte, the formed network
provided significant elastic as well as viscous contribution to
the viscoelastic properties. The formed gel was soft and able to
easily flow under shear, which is the consequence of the single
end-capped character of the precursor IL. Due to the smaller
consistency (viscosity) and lower mechanical stability, the
diffusion of the formed I~ ions was most probably responsible
for charge transfer and the measured conductivity stabilized at
~1.1 x 10~* S em ™! after approximately 160 h. Presumably, due
to the soft gel structure and consequent relatively high mobility
of the weakly bonded network, the conduction was most prob-
ably limited to the diffusion of ions.*** In contrast, the elec-
trolytes prepared from bis end-capped ILs and the MPIm'T~ co-
solvent were characterized by strong gel-like viscoelastic prop-
erties. The gels provided high elastic contribution G' with
noticeable viscous effects G”. The result was the highest
conductivity of this type of gel, which might have arisen either
from diffusion of I;~ ions via a liquid co-solvent or also by
establishing polyiodide paths for a Grotthuss-type transfer
mechanism. The stabilized values of conductivities for these
gels were obtained after 10-20 h, i.e. the time as measured to
obtain gels with stable properties (Fig. 3).

We conclude that the rheological properties and conductivity
of the formed solid-like electrolytes depend strongly on the
chemical structure of functionalized ionic liquids, the addition
of MPIm'T™ and the gelation time. Electrolytes based on the
single end-capped ionic liquid (single-(EO),) exhibited a long
gelation time and weak solid-like behaviour resulting in poor
conductivity. On the other hand electrolytes based on the bis
end-capped ionic liquid (bis-(EO)3) exhibited solid-like proper-
ties with a lack of viscous contribution (6 ~ 0°) resulting in fast
gelation time and extremely low conductivity values. The addi-
tion of MPIm'I™ to bis end-capped ionic liquids (bis-(EO)g-co,
bis-(EO);-co, bis-(EO)-co) resulted in a moderate solvolysis time
and viscoelastic solid-like properties with ¢ from 2.9° to 6.5°,
which enabled the highest values of conductivity.

In order to achieve high conductivity values, the time of
gelation is important, but viscoelastic properties, especially the
value of elastic modulus G/, and the presence of viscous
contribution of the solid-like electrolyte are significant.

Finally, as a result of these findings, the stabilized conduc-
tivity values were compared to the elastic properties of the
formed gels (Fig. 8). Interestingly, a good correlation between
the conductivity and G’ was obtained for the electrolytes
prepared with the addition of co-solvent MPIm'I~, which also
exhibited similar rheological properties and high conductivity
values. Nevertheless, the results showed that the increase in G’
(i.e. strong gel structure) exponentially decreased the values of
conductivity.

4 Conclusions

The study of the sol-gel process with rheological measurements
has shown the great importance of viscoelastic properties for
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Fig. 8 Variation of conductivity with elastic contribution G’ for gels,
used in the study.

the high conductivity of electrolytes based on ILs. Rheological
properties enabled an in situ study of the changes in the
structure during transition from sol to gel. The dynamic
measurements in the oscillatory mode showed that the initial
sol state was characterized by G’ ~ w” and G" ~ w, while the
formed gel structure showed G' ~ G ~ «° dependence. The
intermediate gel point was characterized by the power-law
dependence (G’ ~ G" ~ »°*?) of both moduli on the frequency of
oscillation.

It has been shown that not only the viscosity, but also the
viscoelastic properties, i.e. elastic and viscous contribution, are
particularly important factors responsible for good conduc-
tivity. The results have shown that high elasticity and the lack of
viscous contribution lead to extremely dense structures result-
ing in decreased mobility and hence poor conductivity. More-
over, it has been shown that the conductivity of the formed gel
structures could be correlated with viscoelastic properties, i.e.
elastic contribution (G') of the gel. The in situ rheological
measurements and fitting of the experimental results with a
five-parameter logistic function enabled the precise determi-
nation of the time for sol-gel transition, the viscoelastic char-
acteristics of the formed gel, and the rate of the sol-gel process.
The fast gelation process of (bis-(EO);) led to a gel with a very
dense network and rigid gel structure reflected in decreased
conductivity. In contrast, a slow gelation process of the single-
(EO), based electrolyte resulted in a viscoelastic weak gel with
sol-gel networks that can undergo a progressive breakdown as
the deformation increases. The system can flow with flow
properties typical of a disperse system and, due to the decreased
viscosity, the mobility is increased and conductivities are
higher. The highest values of conductivity, however, were ach-
ieved with gels exhibiting viscoelastic behavior with high elastic
contribution and a noticeable viscous modulus at the end of
solvolysis.
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