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Abstract
In recent years the low-molecular-weight gelators (LMWG) started to be used as a hardener for liquid electrolytes to create
ionogels (OIG). The characteristic properties of gels created by LMWG, like thermal reversibility, very low critical
concentration of the gelator, and huge versatility of possible compounds that can be used, were thought to give them
advantage over commercial polymer gel electrolytes (PGE). However, the PGE are still dominating, mainly thanks to its
superior mechanical resistance and wide temperature range when compared to OIG. The narrow temperature range of the gel
phase existence in case of OIGs is the biggest disadvantage. This paper reports the interdisciplinary study on physical
properties of created ionogels with nonaqueous electrolyte solutions of quaternary ammonium salts (TAMBr, TEABr,
TBABr) and low-molecular-weight gelators for different molar concentrations of the electrolyte. It will be shown how the
self-assembly aggregation phenomenon can be used to extend the temperature range of the ionogel phase existence. The
thermal scanning conductometry (TSC) method was used to investigate the electric properties of the ionogels. To investigate
the transport properties of the cations and solvent molecules in the gel and sol phase, the NMR diffusometry method was
used. For identification of intermolecular interaction in studied systems, the NMR spectroscopy method was used and to
study how the different salts influence on the properties of used solvent, the tuning-fork vibration viscosimetry method was
used.

Graphical Abstract
An enhanced thermal stability effect in renewable organic ionic gels (OIGs) achieved by controlling the self-assembly
process during gelation stage.
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Highlights
● The thermal scanning conductometry (TSC) method was used to provide more details in investigations of thermally

reversible ionic gels with respect to classical conductometry. Based on obtained data, the enhancement of thermal
stability was detected.

● Performed studies showed that the microstructure of the 3D gel matrix created by self-assembly process based on
hydrogen bonding is responsible for thermal properties of the ionogel phase.

● The detailed NMR diffusometry studies showed that translational motion of the investigated cations has a mobility
comparable but lower in the gel phase with respect to liquid electrolyte. On the basis of obtained data it was concluded
that 3D gel matrix does not compose any geometrical restrictions for ions in the gel phase.

● In this paper it has been shown how the tuning-fork vibration viscometry measurements can deliver information about
stability of created electrolyte solutions.

● Appropriate thermal processing (possible to achieve with TSC method) during gelation stage determines the self-
assembly process leading to formation of different gel matrices with enhanced thermal properties or different optical
appearance of the ionogel phase (transparent or opaque).

Keywords Ionic gels ● Thermal scanning conductometry (TSC) ● Diffusion NMR ● Self-assembly aggregation

1 Introduction

In recent years, the use of low-molecular-weight gelators to
create ionogels gave hope for obtaining new materials for
energy storage, transmission, and conversion that can be
used in electronic devices. The liquid electrolytes, which are
commonly used in various applications, are known some-
times to cause leakage problems, so they need to be
encapsulated. Therefore searching for mechanically rigid
quasi-solid or solid alternative is desirable. The commercial
polymer gel electrolytes solve many problems, however,
introduce some shortcomings that need to be solved in the
near future. Some of the main disadvantages of PGE are
slowly deteriorating internal structure, what limits the life-
time of the device, low conductivity, complicated manu-
facturing and necessity for long-term storage of used or
damaged devices on a garbage dump. Looking for a cause
of these limitations, one has to mention the mechanism
creating the polymer gel electrolyte phase, which is che-
mical polymerization reaction. To solve the mentioned
problems, one has to think about a different way of creating
the gel phase. An alternative solution is to use non-covalent
interactions between the molecules of the gelator, rather
than the covalent ones. This approach leads to physical
gelation and thermally reversible systems which can be
renewed every time it is needed to restore the initial prop-
erties. In the current literature, there are many examples of
low-molecular-weight gelators that can be used to create
different physical gel phases. Many of them can be used to
create thermally reversible ionogels in some cases with
temperature range around 100 °C [1–7]. Another advantage
of the LMWG is its natural origin what makes them neutral
to the environment and biodegradable. The mechanism of
the gelation in case of physical gels is hierarchically orga-
nized self-assembly process macroscopically expressed in

the creation of 3D matrix composed of gelator molecules
based on non-covalent interactions. As the final thermal
stability and temperature range of the gel phase is depen-
dent on the rigid skeleton made of gelator molecules which
self-support the liquid phase, therefore making it stronger
should result in extending the phase transition temperature.
The driving forces responsible for gelation could be the
electrostatic interaction, van der Waals interaction, π–π

stacking, coordination, London forces, but mostly hydrogen
bonds [8]. Depending on the chemical structure of the
gelator it is possible that more than one kind of interactions
are active and take part in gelation. Therefore, controlling
and influencing on them can lead to a change of the matrix
and improvement of the structural parameters like size and
shape of the aggregates, to form a stronger and durable gel
matrix. Fortunately, these interactions are dependent on the
external conditions, what can be used to control the gelation
process by setting appropriate gelation temperature and
temperature change rate. In this paper, we have studied the
influence of mentioned parameters on the type of the
molecular aggregates creating the gel matrix, no other
modification into the structure of the gelator or electrolyte
solution was made. The growing significance of the phy-
sical gels can be observed on the basis of their practical
applications in a variety of different fields of industry (in
pharmaceutics, medicine, enginery, electronics, etc.) [9–17].
In case of the ionogels, the weakest point is low phase
transition temperature (even much below 100 °C) what
makes them lose with PGE, even if using polymers have
some drawbacks (e.g., disposal of used elements). The high
mechanical strength and wide temperature range of exis-
tence in case of polymer gel electrolytes make them desir-
able product already present on the market [18, 19].
Therefore, if OIGs are going to be an alternative for PGEs,
its temperature range of the gel phase existence have to be
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extended. This paper will demonstrate how the change of
thermal parameters during the gelation process influence on
the self-assembly mechanism, leading to extending the
temperature range of the gel phase existence. In the studied
system, we have achieved an enhancement of 10–25°,
depending on the composition, approaching and going
beyond the 100 °C of the gel to sol Tgs phase transition
temperature.

2 Experimental section

2.1 Materials and preparation procedures

Methyl-4,6-O-(p-nitrobenzylidene)-α-D-glucopyranoside
(1) was used as a low-molecular-weight gelator (LMWG) to
prepare the ionogels with a nonaqueous solution of tetra-
methylammonium, tetraethylammonium, and tetra-
butylammonium bromide in a wide range of the salt molar
concentration. The chemical synthesis of 1 was described
elsewhere [20].

The electrolyte solutions were prepared by mixing
appropriate amounts of the TMABr, TEABr, and TBABr
salts with glycerol to obtain solutions at a molar con-
centration of the salt in the range from 0.5 to 2.0 M. During
preparation process the mixtures were heated and stirred to
obtain complete dissolution of the solute, followed by
cooling at ambient temperature. Next, such prepared elec-
trolytes were investigated for stability by viscosity and TSC
measurements. Afterwards were used as reference samples
and to prepare ionogels with 1.

The ionogels were prepared by dissolving the gelator 1 in
the electrolyte solution of given molar concentration. Dur-
ing this process the mixture was heated and stirred in a
flame-sealed glass tube. The gelation process takes place
during cooling down of the mixture, which at this point
turns from sol to gel phase. To obtain transparent, thermally
reversible and stable gels the cooling rate has to be fast.
Moreover, due to the nature of physical gelation, it is crucial
to remain exactly the same cooling conditions for all sam-
ples, as the properties of obtained gel phases depend on the
thermal treating. To ensure the reproducibility of ionogel
samples, we used TSC protocol to perform the cooling at
given external conditions. To investigate the influence of
cooling procedure on final properties of created ionogels,
the gelation temperatures were set to 10 or 60 °C achieved
with 7 or 2 °C/min cooling rates.

2.2 Thermal scanning conductometry (TSC)
measurements

The ionic conductivity of electrolyte solutions and ionogels
was investigated using a thermal scanning conductometry

(TSC). This unique method allows to follow dynamical
changes of the samples’ state during heating and cooling
stages, what enables us to observe how the properties of the
ionogel change when coming to the sol phase and back to
the gel phase. To measure conductivity the Mettler-Toledo
S230 SevenCompact digital conductivity meter equipped in
InLab 710 four-electrode conductivity cell was used. The
cell constant was calibrated using 1.413 mS/cm standard
(aqueous solution of KCl 0.01M). The investigated samples
were put to polypropylene vials closed by screw caps with a
rubber ring. The vials can be heated up to 120 °C, the tight
and firm closing allows to avoid evaporation of water at
high temperatures and the inner diameter of the vials match
the outer diameter of the InLab 710 sensor. All measure-
ments were performed with the use of the home-build
temperature controller allowing to change the temperature
of the sample linearly on heating and cooling with different
temperature change rates. The sample in polypropylene
vials with InLab 710 sensor was placed in a chamber which
controls the samples’ temperature. The heating/cooling
medium was nitrogen gas flowing through the temperature
chamber. The initial temperature of the nitrogen gas was
lowered down to 263.15 K with the aid of AirJet XR
refrigerator. The TSC measurements were carried out in
heating–cooling cycles with a set temperature change rates
(0.5 °C/min during heating and ~7 or 2 °C/min during
cooling). The basics of the TSC method are given elsewhere
[21].

2.3 NMR spectroscopy and diffusometry
measurements

The NMR diffusion measurements were performed on a
Bruker Avance III HD spectrometer operating at 500MHz
of 1H Larmor frequency and coupled to 11.4 T super-
conducting magnet. The system is equipped with gradient
unit and diffusion probe with the coil of 5-mm diameter
allowing to perform pulse field gradient (PFG) 1H NMR
diffusion experiments using maximal gradient strength in z
direction of 30 T/m. The measurements were performed as a
function of temperature from 293.15 to 353.15 K, with the
use of a pulse gradient stimulated echo (PGSTE) sequence
for both electrolyte solution and ionogel samples. The
recorded signal is attenuated due to molecules’ motion
taking place during so-called diffusion time Δ leading to
phase encoded echo signals. The relation between observed
signal attenuation and experimental parameters is given by
the following equation:

A gð Þ
A 0ð Þ ¼ exp �γ2δ2g2D Δ� δ

3

� �� �
ð1Þ

where A(g) and A(0) are echo signal intensities, respectively
with and without magnetic field gradient pulse applied, γ is
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the gyromagnetic ratio and D is the self-diffusion
coefficient. The measurements were conducted as a function
of the magnetic field gradient strength g, which was varied
in 32 steps from 0 to 2 T/m. The parameters δ and Δ were
equal to 2 and 75 ms, respectively, and were kept constant
for all experiments. The diffusion coefficient D can be
directly related to the mean-square displacement <z2>
observed in the direction of applied PFG, by the equation:

z2 ¼ 2Dt ð2Þ

where t=Δ–δ/3, is equal to so-called diffusion time Δ.
Because of very low concentration of the gelator mole-

cules and rigidity of the gel matrix, the measured signals
originate only from residual water and cations protons from
the used salts.

In first approximation concerning the cation size and
shape, the measured diffusion coefficient D can be related to
the viscosity using Stokes–Einstein relation in the following
form:

D ¼ kBT
6πηr

ð3Þ

where kB is the Boltzmann constant, T is the temperature, η
is the viscosity coefficient, and r is the radius of the
spherical approximation of the cation.

2.4 Vibrational viscometry measurements

The static viscosity was measured with tuning-fork vibra-
tion viscometer SV10 from A&D Weighting, Japan. The
temperature was regulated by home-built variable tem-
perature controller and changed linearly in cooling and
heating cycles. The sample volume of 10 ml was used for all
measurements and the viscometer was calibrated using
Milli-Q distilled water and S600 viscosity standard from
Paragon Scientific Ltd. The basics of the tuning-for vibra-
tional viscometry method are given elsewhere [22].

3 Results and discussion

3.1 Chemical composition and physical stability of
investigated electrolyte solutions for OIGs

One of the limiting factors which, from definition, influence
on the usable temperature range is the boiling point of the
solvent used to prepare the electrolyte solution. Therefore,
in current research we have used a glycerol to prepare all
electrolytes, because its boiling temperature is around 160 °
C and glycerol it-self is harmless to human organism. As
source of the charge carriers we have chosen quaternary
ammonium salts as they are known from good solubility

what allowed us to obtain high concentrations of ions in our
electrolyte solutions. The chosen salts were: tetra-
methylammonium bromide (TMABr), tetraethylammonium
bromide (TEABr), and tetrabutylammonium bromide
(TBABr), prepared in concentrations from 0.5 to 2.0 M.
Figure 1 shows the experimental 1H NMR spectra obtained
for all three salts at 1.0 M concentration and 20 °C, together
with theoretical ones used for line assignments. As can be
seen the NMR lines are recognizable and quite well

Fig. 1 The experimental 1H NMR spectra of TMABr, TEABr, and
TBABr electrolyte solutions together with its theoretical simulations
used for line assignments

674 Journal of Sol-Gel Science and Technology (2018) 88:671–683



separated what will be important in further analysis of the
self-diffusion coefficients for both liquid electrolyte and
ionogel phases. To check whether the created electrolytes
are chemically stable, all samples were investigated in
function of temperature from 20 to 80 °C, which is the
highest possible to achieve in our NMR setup. The tem-
perature dependence of the NMR spectra of investigated
electrolyte solutions are presented on Fig. S1 in supporting
information. On their basis, we can conclude that ions of
used salts are stable in glycerol. To verify if prepared
solutions are stable in time, we have investigated the time
and temperature dependence of the static viscosity. In case
of any change in the electrolyte solution state, e.g., resulting
from precipitation process the viscosity of sample should
change. Figure 2 shows the temperature dependencies of the
static viscosity recorded for all three salts and three molar
concentrations of the ions. As can be seen in all cases
except one, we can observe nice dependencies without any
disturbances. Figure S2 in supporting information shows the
viscosity of a electrolyte solution at given concentration in
function of the ion type. In case of 2.0 M concentration of
TMABr/Glyc electrolyte solution a precipitation occurred.
To investigate this case in more details, we have measured
the static viscosity of 1.0 M TMABr/Glyc electrolyte solu-
tion in function of time, to check when the precipitation
process starts. Figure 3 shows how the system under
investigation evolve in time. At the beginning, the electro-
lyte solution was heated to 100 °C to ensure total dissolu-
tion of the salt, next the temperature was stabilized at 23 °C
and the viscosity was measured over time.

As can be seen almost immediately after reaching 23 °C,
the viscosity was gradually increasing, although macro-
scopically no change was observed. This increase of static
viscosity is the evidence for slow precipitation process
taking place in the system. At the end of measurements, the
precipitated salt was seen with naked eye. This behavior
will be confirmed by TSC measurements, presented in
following sections. On the basis of the viscosity measure-
ments, we have found that only electrolyte solution with
TEABr will give the best results in ionogel phase. The
electrolyte solution with TMABr is precipitating from the
solution and the electrolyte solution with TBABr shows
increase of the viscosity what would apply directly on
conductivity of created OIG.

In case of the TEABr salt, we observe decrease of the
static viscosity with increase of the ion concentration. This
effect can be understood if we take into account that gly-
cerol molecules forms effectively strong hydrogen bonds
between themselves. The presence of the charged species in
form of dissociated salt ions disturb this hydrogen bond
network what leads to smaller glycerol aggregates and in
result decrease the static viscosity of the electrolyte

solution. The effect of tailoring the glycerol aggregates and
increasing the dynamics was also observed on the tem-
perature dependence of the TEABr/Glyc 1H NMR spectra
(Fig. 5), where the signals from hydroxyl groups with
increase of temperature are averaging and approach them-
selves to create one line at the highest temperature. Whereas
for pure glycerol, where the hydrogen bond network
between glycerol molecules is strong and developed, we can
see two lines from the hydroxyl groups up to the highest
temperatures (Fig. 4). In rest of the studies only the elec-
trolyte solution with TEABr and ionogel with it will be
discussed. As a reference system a pure glycerol (as solu-
tion) and physical gel with it will be used.

Fig. 2 The temperature dependence of the static viscosity recorded for
all investigated electrolyte solutions at 0.5, 1.0, and 2.0 M con-
centrations (GLY glycerol, TMA tetramethylammonium bromide a,
TEA tetraethylammonium bromide b, TBA tetrabuthylammonium
bromide c)
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3.2 Molecular interactions and dynamics
investigated by NMR spectroscopy and
diffusometry method

The intermolecular interactions occurring between mole-
cules of the electrolyte solutions and ionogel phases were

investigated with NMR spectroscopy method. The mea-
surements were performed on protons (1H) therefore,
observed signals in the spectra correspond to glycerol
molecules and TEA+ cations only. Also a trace of water
molecules has been detected, as glycerol is hygroscopic.
The anion, which for all salts is the same (Br−), is not
detectable under our experimental conditions. All mea-
surements were conducted for three molar concentrations
(0.5, 1.0, and 2.0 M) as a function of temperature. Addi-
tionally a reference sample with pure glycerol was also
measured. For better clearance, only data for 1.0 M con-
centration of the electrolytes will be presented as repre-
sentative results. Figure 4 presents the spectra recorded for
pure glycerol as a function of temperature (for assignments
of the lines please refer Fig. 1). As can be seen, only the
lines coming from hydroxyl groups are displaying change
of the chemical shifts. This can be understood as those
groups in glycerol are taking part in hydrogen bonding,
which are sensitive to temperature change. Figure 4b shows
the relative difference in chemical shifts Δδ between side
and apical hydroxyl group. The linear dependence of Δδ
observed for pure glycerol in liquid state was also observed
for all electrolyte solutions at liquid state. Figure 5 shows
the temperature dependence of the NMR spectrum recorded
for 1.0 M concentration of TEABr/Glyc electrolyte solution
(for assignments of the lines please refer Fig. 1).

As can be seen, lines from both components (glycerol
and TEABr) are well separated. The addition of salt did not
have an influence on the starting Δδ between hydroxyl
groups, but increases the chemical shift of the apical
hydroxyl group at higher temperatures. This effect can be
understood if we take into account the presence of dis-
sociated ions of the salt. In the studied case, the cation TEA
+ has protons that can also take part in hydrogen bonding;
moreover, both ions introduce an electrostatic potential
which also has an influence on a created network of
hydrogen bonds between glycerol molecules. This conclu-
sion remains in agreement with the results from viscosity
measurements, where we observed a decrease of the static
viscosity upon addition of TEABr salt. The decreased
viscosity would imply that molecules are more free to
move, this can be understood if we assume that the presence
of the salt ions disturbs the network of hydrogen bonds
between glycerol molecules leading to smaller aggregates of
solvent molecules. The reduced size of glycerol aggregates
induces an increase of freedom of what is implied for higher
dynamics with an increase of temperature, making the sig-
nals from hydroxyl groups more averaged in what can be
observed as corresponding lines coming closer to each other
in the NMR spectra. In the studied case, the difference in
chemical shifts of the hydroxyl groups in TEABr/Glyc
electrolyte is twice as small as in pure glycerol at 80 °C. In
Fig. 6, the recorded NMR spectra for a molecular gel with

Fig. 3 The time dependence of the static viscosity recorded for 1.0 M
TEABr/Glyc electrolyte solution

Fig. 4 The temperature dependence of 1H NMR spectrum of glycerol
a, together with analysis of the hydroxyl groups chemical shift b
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glycerol (reference system) as a function of temperature are
presented.

As can be seen in the gel sample, we observe similar
behavior with one difference which is visible at low tem-
peratures. In the temperature range from 20 to 40 °C, the Δδ
between hydroxyl groups is kept constant. This was not
observed in liquid state, therefore, this effect has to be
connected with the existence of the gel matrix which gives
the whole system additional rigidity and transforms it to gel
phase. From Fig. 6a, we see that all three hydroxyl groups
are changing its chemical shifts with temperature, however
at the beginning in the same way. This can be explained by
assuming that the hydrogen bonds in which they are
involved are affected in the same way by temperature. Such
behavior would mean that the gel phase is stable and all
interactions are kept in balance, what is possible if we
assume that the extent of energy that we deliver to sample is
taken over by the gel matrix. When we cross certain energy
(temperature) which cannot be handled by the matrix, we
observe that the chemical shifts start to behave as in the
liquid state. This means that we might be approaching the
temperature when the phase transition process starts.
However, it needs to be kept in mind that such gel matrices

are inhomogeneous; therefore, the phase transition is not a
sharp one and can start before we will see a liquid in a
sample. This also proves how sensitive is the NMR tech-
nique. Figure 7 presents the same data but this time for an
ionogel, and the analysis points to the same conclusions as
for the reference system. The only difference is that the Δδ
is kept constant to higher temperatures. This would mean
that the ionogel system is more stable. We have observed
such behavior earlier for other ionogel systems created by
the same LMWG, of which the detailed studies were pub-
lished elsewhere [23].

The translational dynamics of the solvent and ions was
studied with a pulse gradient stimulated echo (PFGSTE)
NMR method. The NMR diffusometry has already
been proved to be a very precise tool in observation of
diffusion behavior of small molecules of a liquid in physical
gels [24–26].

The measurements were performed as a function of
temperature for all investigated cases. Figure 8 shows an
example of echo signal decay recorded at 20 °C for TEABr/
Glyc electrolyte solution at 1.0 M concentration. The data
for the reference system as well as for the ionogel system
are presented in supporting information in fig. S3 and fig.

Fig. 5 The temperature dependence of 1H NMR spectrum of 1.0 M
TEABr/glycerol electrolyte solution a, together with analysis of the
hydroxyl groups chemical shift b

Fig. 6 The temperature dependence of 1H NMR spectrum of a mole-
cular gel made with glycerol - a reference system a, together with
analysis of the hydroxyl group chemical shift b
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S4. As can be seen, all echo signal are well visible and
separated, and solid lines in Fig. 8b represent the best fits of
Eq. 1 to experimental points. For a reference system (with
pure glycerol), we have observed a mono-exponential
behavior for glycerol molecules and bi-exponential beha-
vior for water signals. In all investigated cases of electrolyte
solutions as well as for ionogels, we have seen a bi-
exponential behavior of all lines except for the highest
temperatures. Figure 9 shows the self-diffusion coefficient
D obtained by fitting Eq. 1 to experimental points for a
reference system, 1.0 M electrolyte solution, and ionogel
system as a function of temperature.

The bi-exponential echo decay can be explained by the
existence of two different diffusion coefficients for inves-
tigated molecules. The situation concerning translational
motion in studied systems is rather complicated due to the
effective hydrogen bonding process between glycerol and
water and high probably also with cation molecules. This
very dynamic hydrogen bonding pattern leads to a situation
where we have the same molecules in different surround-
ings. In the simplest case for the reference system (Fig. 9a),
we observe bi-exponential behavior only for water mole-
cules. This can be easily understood if we keep in mind that

observed water comes from hygroscopic properties of gly-
cerol; therefore, we can treat this situation as an analog to
water-in-oil microemulsion, where water creates small
droplets of liquid surrounded by glycerol. This situation is
possible as the water content is very small in relation to
glycerol. In such case, we have water which interacts
directly with glycerol molecules and the one which is inside
the droplet. The diffusion coefficient of water interacting
with glycerol through hydrogen bonds is equal to the dif-
fusion coefficient of glycerol molecules, whereas diffusion
of water inside the droplets interacts only with other water
molecules and has a higher diffusion coefficient. This
situation is reflected by experimental data in Fig. 9a. In the
case for an electrolyte, the situation becomes more com-
plicated as we have additional components which bring in
an electrostatic potential. Thus, the dissociated ions are
surrounded by a solvation shell composed of solvent
molecules. As a result, in the case of electrolyte solution
(Fig. 9b) at low temperatures, we observe two diffusion
coefficients for the cation. One comes from cations sur-
rounded by glycerol and the second from cations

Fig. 7 The temperature dependence of 1H NMR spectrum of an
ionogel made with 1.0M TEABr/glycerol electrolyte solution a,
together with analysis of the hydroxyl group chemical shift b Fig. 8 The echo signal attenuation observed for 1.0M TEABr/glycerol

electrolyte solution at 20 °C a, together with the best fit of Eq. 1 to
experimental points b
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surrounded by water. What is interesting is that the bi-
functional behavior disappeared at higher temperatures and
based on the value of the observed self-diffusion coefficient,
we observed only cations surrounded by glycerol. Probably
at higher temperatures, the water droplets are becoming too
small for the cation to fit. The bi-functional behavior of
glycerol is preserved to much higher temperatures, which
means that we have glycerol in the solvation shell and
outside it. At the highest temperatures, these two self-
diffusion coefficients average out. In the case of the ionogel
system (Fig. 9c), the scenario is the same, only this time the
bi-exponential behavior of glycerol is preserved up to the
highest (possible to achieve in our setup) temperatures,
meaning that the gel phase makes everything more rigid and

stable. These results are in agreement with data obtained in
NMR spectroscopy. As will be shown in the next section,
the gel to sol phase transition temperature Tgs of a 1.0 M
TEABr/Glyc ionogel can be found in the range from above
80° to above 90 °C. For this reason, it is completely
understandable why we see the bi-exponential behavior for
glycerol observed at 80 °C in NMR diffusometry experi-
ment, as the system is still in the ionogel phase.

By the use of Stokes–Einstein relation and the correlation
between measured diffusion and viscosity coefficients, we
have predicted that the system based on tetra-
ethylammonium bromide is the one with the highest
potential to achieve the highest ionic conductivity. As will
be shown below, the 2.0 M ionic gels with TEABr were
characterized by the highest conductivity and stability in
time. However, one has to keep in mind that there can be
other limiting factors besides geometrical and motional
restrictions, which can lead to a decrease or saturation of the
observed conductivity. The ion-pairing effect is one of such
processes, which was observed for TBABr but not in the
case of TEABr.

3.3 The ionic conductivity properties and gel to sol
phase transition temperature of the ionogel
phase

The organic ionic gels (OIGs) are characterized with high
ionic conductivity on the level of liquid electrolytes from
which they are made of. The critical gelation concentration
which is the minimum amount of the gelator molecules
needed to create the ionogel phase can be as low as a couple
of weight%; thus, the solid matrix is only a very small
addition to the liquid phase. On the contrary, the polymer
gel electrolytes need much more of the gelator agent
(polymer) which can constitute from 30 to 70% of the total
weight. However, the most spectacular feature of the OIGs
is their thermal reversibility which allows them to self-heal
or reconstruct the internal structure to obtain nominal
parameters after usage period or damage. As can be seen
from the NMR diffusion experiments, the gel matrix does
not introduce any obstacles or geometrical restrictions to
mobility of the ions, when compared with liquid electro-
lytes. This conclusion is also confirmed by the TSC mea-
surements, where the conductivity of an ionogel phase is on
the same level as observed for liquid electrolyte. Moreover,
in our other study concerning ionogels we observed the
same behavior [27]. To determine which of the investigated
electrolyte solutions of quaternary ammonium salts gives
the best results, temperature dependences of the ionic con-
ductivity for all salts at all electrolyte concentrations were
measured and compared with themselves and each other.
The obtained results are presented in supporting information
in fig. S5 and fig. S6, and are in agreement with viscosity

Fig. 9 The temperature dependence of the self-diffusion coefficient D
obtained from fitting the procedure for all components of glycerol
(reference sample) a, 1.0 M TEABr/glycerol electrolyte solution b, and
ionogel with 1.0M TEABr/glycerol electrolyte solution c. The solid
lines are only eye guides
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measurements pointing that the best performance was
observed for TEABr salt. For a quick overview of the
conductive properties of investigated electrolyte solutions in
Fig. 10, the ionic conductivity of a given electrolyte solu-
tion at 80 °C as a function of molar concentration of the ions
is presented.

To confirm that the TMABr salt precipitates from solu-
tion at 1.0 M concentration, what was observed as a change
of the viscosity measured at 23 °C as a function of time, the
conductivity of that sample was measured in the same
conditions. The obtained results are presented in supporting
information in fig. S7 and are in agreement with viscosity
data. Figure 11 presents the TSC curves recorded for
TEABr/Glyc ionogel and reference data for a molecular gel
with glycerol and the same LMWG. The TSC curves for the
ionogels and the corresponding electrolyte solution at dif-
ferent molar concentrations are presented in fig. S8 in
supporting information, showing that conductivity in the
ionogel phase is on the same level as for liquid electrolyte
for investigated concentration of ions.

As OIGs are physical gels, we have studied how the
external conditions during the gelation stage will affect the
final properties of the obtained ionogels. Thanks to the use
of the TSC method, we could perform the full character-
istics of ionic conductivity during the heating–cooling cycle
and observe the self-assembly process which takes place
and leads to creation of the 3D matrix of gelator molecules.
We have programmed three different scenarios in which we
changed the gelation temperature and cooling rate, influ-
encing in this way on the kinetics of the self-assembly
process which was based on hydrogen bonding. All
experiments were measured independently three times
giving the same results. Below, we discuss the ionogel
sample created with 1.0 M TEABr/Glyc electrolyte solu-
tion. In the first scenario, we used standard settings for the

cooling stage, which stands for fast cooling from the sol
phase (gelation temperature 10 °C and cooling rate of 7 °C/
min). As a result, we obtained a transparent ionogel phase.
In the second scenario, we have decreased the cooling rate
from 7 to 2 °C/min but the gelation temperature was kept at
10 °C. As a result, we got an ionogel phase which was a
mixture of a transparent and opaque gel phase. In the third
scenario, we have kept the cooling rate at 2 °C/min but we
have changed the gelation temperature to 60 °C. As a result,
we obtained a fully opaque ionogel phase. Figure 12 shows
the TSC heating curves recorded after cooling from the sol
phase in mentioned conditions.

As can be seen, no differences in conductivity of iono-
gels have been observed in the whole temperature range.
Except for an anomaly which changes its position. The
mentioned anomaly originates in phase transition from gel
to sol phase and a start of bulk flow in the sample. The
details of this analysis are explained in our previous work
[25]. Figure 12b presents the analysis of the first derivative
which in more detail shows the phase transition tempera-
ture. As can be seen for scenario no. 1 (transparent ionogel
phase), there is only one phase transition with Tgs= 83 °C,
for scenario no. 2 (mixed gel phase), two phase transition
temperatures were detected, Tgs= 83 °C and Tgs= 94 °C,
and for scenario no. 3 (opaque ionogel phase) again, we
observed one phase transition temperature at Tgs= 95 °C.
Based on the obtained data, we can conclude that the
aggregate type (size and shape) from which the gel matrix is
composed, determines the thermal properties of the gel
phase. By changing the gelation temperature and kinetics of
the cooling stage, we can have an influence on the self-
assembly process leading to the creation of different gelator
aggregates. By slowing down the kinetics of the cooling, we
allow the self-assembly process to act longer, giving more

Fig. 10 The ionic conductivity of electrolytes made with TMABr,
TEABr, and TBABr salts recorded at 80 °C

Fig. 11 The TSC curves recorded for ionogel with TEABr/glycerol
electrolyte solutions at 0.5, 1.0, and 2.0M concentrations together with
the reference system (molecular gel with glycerol)
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time to build hydrogen bonds between gelator molecules,
what results in building aggregates as much bigger and
thicker rods. Because of the much bigger size of gelator
aggregates, the gel phase stops to be transparent and starts
to scatter the visible light, what results in the opaque state.
During fast cooling, there is much less time to build the
hydrogen bond network between gelator molecules; thus,
created aggregates are much smaller and do not scatter the
visible light, so we obtain a transparent gel phase. This
means that by only changing the kinetics of the self-
assembly process which takes place during gelation, we
were able to increase the phase transition temperature by 12
°C in the case of 1.0 M TEABr/Glyc electrolyte solution
and obtain an ionogel with different optical properties, as
illustrated in fig. S9 in supporting information. In the case
of 0.5 M TEABr/Glyc electrolyte, we have observed the
transparent gel phase obtained in scenario no. 1 and the
opaque gel phase obtained in scenario no. 3. However, there
was no efficient creation of a mixed gel phase in scenario
no. 2. In the case of a transparent gel phase, we have
determined the gel to sol phase transition temperature to be
Tgs= 84 °C (which is very close to what has been observed
for a higher concentration of the electrolyte solution),
whereas in the case of the opaque gel phase, we were not

able to detect the gel to sol phase transition as our TSC
setup allows to measure only up to 100 °C. In order to
determine where the phase transition temperature is, the
sample was subjected to phase transition temperature mea-
surements by visual inspection. According to our previous
study about the nature of the anomaly observed in TSC
method, we have defined the gel to sol phase transition
temperature, the temperature when the bulk flow starts, this
happens at the point where 40–60% of the gel matrix is
melted. For the ionogel with 0.5 M TEABr/Glyc electrolyte
solution in an opaque gel phase, the phase transition tem-
perature was determined to be Tgs= 109 °C. As for the case
with 2.0 M TEABr/Glyc electrolyte solution, we were able
to create only a transparent gel phase and even extending
the time for gelation significantly at high temperature
(scenario no. 3), we were not able to obtain an opaque
ionogel phase as the sample stayed at the sol phase. Based
on this observation, we can conclude that the high con-
centration of ions disturbs the self-assembly process
between gelator molecules at high temperatures. However,
it still allows obtaining a transparent ionogel sample with
rapid cooling. Nevertheless, the gel to sol phase transition
temperature in this case was detected at Tgs= 54 °C. The
decrease of the phase transition temperature confirms that a
high concentration of ions disturbs the self-assembly pro-
cess based on hydrogen bonding between gelator molecules
and leads to weakening of the gel matrix. The TSC curves
together with first derivative analysis for an ionogel with 0.5
and 2.0 M TEABr/Glyc electrolyte solution are presented in
fig. S10 and fig. S11 in supporting information,
respectively.

3.4 The microstructure of the gelator 3D matrix in
the ionogel phase

The self-assembly process leading to the creation of the 3D
gel matrix composed of the gelator molecules is based in
current studies on the hydrogen bonding, and thus can be
affected by external conditions. By setting different gelation
temperatures and temperature change rates (as described in
the previous section), we were able to obtain a macro-
scopically different ionogel phase (fig. S9 in supporting
information). Figure 13 shows the microstructure of trans-
parent and opaque ionogel phases displaying differences
between them.

As can be seen, both the addition of the salt as well as the
different type of thermal treating makes changes in the way
the aggregates are built. First, the addition of ions makes
that in reference microstructure, which looks like some
liquid crystal texture, a new phase is growing which is
characterized by much smaller domains. For 0.5 M TEABr/
Glyc electrolyte in the transparent gel phase, we can see
domains characteristic of the reference system, resulting in

Fig. 12 The heating curve of TSC measurements recorded for 1.0 M
TEABr/glycerol ionogel after different scenarios of cooling a, together
with analysis of the first derivative b
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much smaller domains for the ionogel phase. For a 1.0 M
concentration of ions, the microstructure is created only
from very small domains. Therefore, we can conclude that
by adding ions, the size of a single aggregate and thus also a
domain created by gelator aggregates is decreasing, what is
a consequence of disturbing the hydrogen bond network
between gelator molecules by the presence of TEABr ions.
By changing the thermal treating of an ionogel during
gelation, the form of aggregates is changing significantly
from LC like to thin long fibers. Again, addition of salt
changes the size of gelator aggregates and makes the fibers
shorter and thicker with an increase of the ion concentra-
tion. On the basis of the obtained data, we can say that the
presence of ions has an influence on the size of a single
aggregate and the thermal treating has an influence on the
shape of a single aggregate. From our observations, the
molecular aggregates in the form of fibers have better
thermal properties and higher phase transition temperatures
than LC-like textures. Simultaneously, the microstructure
(in the sense of size and shape of the aggregates of the gel
matrix) does not have an influence on the ionic conductivity
properties, showing that LMWG does not disturb the ion
mobility. However, the type of the 3D gel matrix

determines the temperature range of the ionogel phase
existence and can be controlled to obtain either higher phase
transition temperatures or desired optical properties of the
ionogel phase (transparent or opaque).

4 Conclusions

The present work was focused on the study of the external
conditions influence on the physical properties of nonaqu-
eous ionogels made with a quaternary ammonium salt and
LMWG. The effect of the 3D gel matrix microstructure on
the ions’ mobility and thermal properties was investigated.
It has been shown that the physical gels obtained with low-
molecular-weight gelators form matrices with sufficiently
large pores to not restrict the motion of investigated ions.
On the other hand, the size and shape of the gelator
aggregates can be changed depending on the thermal
treating during the gelation stage, what influences directly
on the temperature range of the gel phase occurrence and
gel to sol phase transition temperature. The NMR spectro-
scopy studies have shown that the hydrogen bond network
between glycerol but also between gelator molecules is

Fig. 13 The microstructure of the reference system (molecular gel with glycerol) and ionogels with TEABr/glycerol electrolyte solutions after
different scenarios of the cooling stage
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affected by the presence of the ions. In the case of TEABr,
this influence is constructive and leads to a decrease of the
static viscosity of the prepared electrolyte solution what
positively influences on ionic conductivity. In the case of
TBABr, the influence of the ions is negative, leading to an
increase of the static viscosity and as a result to a decrease
of the conductivity. The NMR diffusometry has shown that
some fraction of glycerol creates the solvation shell around
the ions and that the solvation shell is preserved at higher
temperatures in the ionogel phase than in electrolyte solu-
tion. The viscometry technique was successfully used to
determine the stability of electrolyte solutions and interac-
tions of ions with glycerol determining the best composition
of electrolyte for utilization in ionogels. The TSC method
has shown that the ionogels based on LMWG can have
tunable properties controlled by the kinetics of the self-
assembly process taking place during the gelation stage.
With the high precision of a TSC protocol, it is possible to
obtain in a highly reproducible way a thermally reversible
ionogel with different gel microstructures resulting in a
wider temperature range of the gel phase or different optical
properties (transparent or opaque samples).

By the obtained results, we can conclude that with the aid
of the LMWG, it is possible to create ionogels with high
conductive properties and a tunable microstructure. The
gelation process is fully reversible allowing to renew the gel
structure damaged mechanically or just used in time.
Renewed systems are characterized with full reproducibility
of nominal parameters. In our opinion, ionogels based on
LMWG, thanks to the diversity of chemical compounds, the
thermal reversibility of the gelation process, high con-
ductivity, easy manufacturing process, functionality features
(tunable temperature range or physical occurrence), and
recycling ability can constitute a strong alternative solution
for commercially available polymer electrolytes.
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