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Abstract: Sulfonate-based ionic liquids (ILs) with allyl-containing cations have been previously ob-
tained by us, however, the present study aims to investigate the thermal, electrochemical and curing
properties of these ILs. To determine the temperature range in which ionic liquid maintains a liquid
state, thermal properties must be examined using Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA). Melting, cold crystallization and glass transition temperatures
are discussed, as well as decomposition temperatures for imidazolium- and pyridinium-based ionic
liquids. The conductivity and electrochemical stability ranges were studied in order to investigate
their potential applicability as electrolytes. Finally, the potential of triflate-based ILs as polymeriza-
tion initiators for epoxy resins was proven.

Keywords: ionic liquids; allyl-based ionic liquids; thermal properties; conductivity; electrochemical
window; epoxy resins

1. Introduction

In the search of new chemicals that can be seen as replacements for traditional sol-
vents, ionic liquids (ILs) emerged at the beginning of 2000 as promising solution [1]. Since
then, it appears that they have been tested for almost every application possible, and in
some cases they have already been implemented as a better solution for certain companies
[2]. ILs present appealing properties, such as low volatility, high thermal stability and
high ionic conductivity; however, the most important feature of ILs is their tunability for
specific applications [3]. The ionic structures can be limitless, therefore, they have been
one of the most studied subjects in green chemistry for the last few years [4].

The attractiveness of ILs to ever-expanding research areas is dictated by the low vol-
atility of these compounds and their non-flammability, high chemical inertness, high ionic
conductivity and thermal stability [5]. Possibilities of tuning the properties of ILs by
changes in ion structures are endless, and thus they are used as solvents designed for a
special purpose [3]. Ionic liquids are considered as green solvents, which cannot be said
about standard organic solvents used in organic synthesis. In addition, they can be recy-
cled, and they are immiscible with most organic solvents (easy separation) [1].

Further modification of cation structure can offer pathways to more applications
[6,7]. Compounds having an unsaturated group in their structure are a special group of
ionic liquids. The introduction of a group with a terminal double bond, e.g., allyl [8], 4-
vinylbenzyl [9], makes them multifunctional ILs, with the possibility of further transfor-
mations. The main reaction which such monomers are subjected to are polymerization
reactions, e.g., Atom Transfer Radical Polymerization (ATRP) [10] and Reversible
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Addition Fragmentation Chain-Transfer polymerization (RAFT) [11]. Such modifications
allow to obtain Polymerized Ionic Liquids (PILs) [12]. ILs containing a polymerizable
group in the cation structure can serve as a kind of building block of ionic polymers [13],
the potential applications of which include, for example, CO2 capture [14], adsorption of
metal ions [15], electrochemical devices [16] or ionogel preparation [17].

Additionally, anions can also be tailored to the desired application of ionic liquids
[18]. For a special group of anions we can consider sulfonate-based anions, such as me-
thylsulfate (MeSO4), methanesulfonate (MeSOs), triflate (OTf) and tosylate (OTs) [19]. In
our previous work, we demonstrated a simple and extremely effective method of the syn-
thesis of ILs with the abovementioned anions [20]. The main advantage of the proposed
metathesis reaction is the ability to obtain ionic liquids with very high purities, with no or
negligible halide impurities. Furthermore, the described method allows to obtain com-
pounds with no restrictions to the cation structure in comparison to the widely used syn-
thetic route, where the tertiary amine undergoes a quaternization reaction with methyl-
ated ester of sulfonate-based acid. As a result, the obtained salt always has an alkyl group
(methyl or ethyl) in the cation structure. This is quite important disadvantage, because it
limits the possibilities of ionic liquids and their potential applications. In electrochemistry,
purity is the most important feature of an electrolyte [21]. It has been previously shown
that ILs with trifluoromethanesulfonate, methanesulfonate, methylsulfate and p-tol-
uenesulfonate anions have found their dominant application in the field of electrochem-
istry [22]. They are used as electrolytes in (i) novel energy storage devices [23]; (ii) batteries
as gels [24]; (iii) electrochemical cells with salt-based metal [25]; (iv) supercapacitors [26].

Moreover, ionic liquids have been found to be a new wave of hardeners for epoxy
resin polymerization [27]. The typically used amines or anhydrides present many draw-
backs for modern applications [28], where ILs provide better solutions [29]. Firstly, the
mixture of ionic liquid/epoxy resin can be stored at room temperature for a long time
because the polymerization process starts only at elevated temperature. Additionally, the
quantity of IL needed for the successful hardening process is much lower than the above-
mentioned compounds, at around 5% weight (or in many cases even less) [30]. The vast
majority of scientific research has focused on imidazolium-based ionic liquids with dicy-
anamide (DCA) and acetate anions [31-33], because of their liquid state at room tempera-
ture (which makes it easy for mixing with resins), their aromatic imidazolium ring and
highly active anions, which determine the peak polymerization temperature for the pro-
cess. The effect of different anions, such as tetrafluoroborate (BFs) [34], have also been
studied. On the other hand, phosphonium-based ILs are promising new hardeners for
commercially available epoxy resins, as well as DGEBA molecules, while simultaneously
being flame retardants [35,36].

Herein, we present the physicochemical properties of 12 ionic liquids based on three
aromatic rings (two imidazolium and one pyridinium) with an allyl group in the cation
structure and sulfonate-based anions (OTf, OTs, MeSOs and MeSOs). The present study
showecases the electrochemical properties of high-purity ionic liquids, alongside their ther-
mal properties. Finally, all ionic liquids were employed in the polymerization process of
epoxy resin.

2. Results and Discussion

The synthesis of eight ionic liquids discussed in this paper has already been reported
by us [20]. We showcased the versatile method of obtaining ILs with sulfonate-based an-
ions, with high purities and high atom economies. All ionic liquids were new in the liter-
ature, and to this day there is no report on their physiochemical properties. The only data
that are available originate from our paper, and it was limited to chromatographic data
and NMR spectroscopy. Synthesis of the four ionic liquids that were not included in the
previous article follows the same preparation method. Experimental information can be
found in the Supplementary Material alongside NMR spectra (51-54).
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2.1. Differential Scanning Calorimetry Analysis of Allyl-Based lonic Liquids

All ionic liquids presented in this research were characterized by Differential Scan-
ning Calorimetry (DSC) to determine the presence of any thermal transitions. The melting
temperature for ionic liquids represents the lower limit of the liquid gap and alongside
decomposition temperature defines the temperature range in which ILs are liquid and
therefore can be used as a solvent.

The first group of ionic liquids comprises of 1-methylimidazole ring equipped with
one unsaturated group (allyl) and four different anions. Figure 1 presents the chemical
structures of the abovementioned ILs. For ionic liquid with methylsulfate anion 1, only
glass transition temperature at -54.55 °C is observable. This can be explained by the liquid
state of this compound at room temperature. For the second IL with methanesulfonate
anion 2, similarly only T is observable at -39.87 °C. Compound 3, 1-allyl-3-methylimid-
azolium triflate, presents no thermal transitions in the considered temperature range. The
fourth ionic liquid from this group is characterized by the presence of a tosylate anion (4),
and the only existing phase transition is Tg at —37.41 °C. All four ionic liquids with a 1-
allyl-3-methylimidazolium-based cation are liquid at room temperature, therefore display
neither melting or crystallization temperature. For compounds 1, 2 and 4, only glass tran-
sition temperature is observed. The vitrification process occurs, which transforms the sub-
stance into a glass state upon cooling [37]. The glass transition temperature is the midpoint
of a small heat capacity change upon heating from the glassy solid to a liquid, where be-
low Ty materials are glassy and above Ty are liquid [38].
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Figure 1. Structures of ionic liquids based on 1-allyl-3-methylimidazolium cation.

To compare the effect of H-bonding interactions between the ions, the thermal phase
transitions for 1-allyl-2,3-dimethylimidazolium-based ionic liquids (Figure 2) were meas-
ured. In four ionic liquids with an imidazolium ring, the C2-H proton is replaced by the
methyl group. In Table 1 thermal transitions for all 12 ILs are presented. For compounds
5 and 6 with methylsulfate and methanesulfonate anions respectively, only one thermal
transition is observable, and it is Tg for IL 5 (—63.26 °C). Ionic liquids 7 and 8 both have in
their anion structure a CFs group. The IL with a trifluoromethanesulfonate anion presents
with two phase transitions, typical for ionic liquids, with a melting temperature at 51.20
°C and cold crystallization at 29.71 °C. The compound with the most sterically demanding
anion 8, p-toluenesulfonate, has a melting temperature higher than the one recognized for
the possibility to be affiliated with ionic liquids (100 °C). However, since the 100 °C tem-
perature is contractual, the 126.06 °C melting temperature of compound 8 still classifies 1-
allyl-2,3-dimethylimidazolium tosylate as an ionic liquid. Additionally, the cold crystalli-
zation temperature is also observable at 47.72 °C. With only two ionic liquids displaying
melting temperatures, it can be concluded that their solid and liquid phases are in equi-
librium [39].
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Figure 2. Structures of ionic liquids based on 1-allyl-2,3-dimethylimidazolium cation.
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Table 1. Thermal transitions obtained with DSC measurements for 12 ionic liquids.

IL Number Tm (°C) T. (°C) Tg (°C)
1 - - -54.55
2 - - -39.87
3 ; . .

4 - - -37.41
5 - - -63.26
6 i - -
7 51.20 29.71 -
8 126.06 47.72 -
9 _ . .
10 73.06 1.75 -57.19
11 1.34 -15.46 -
12 96.90 4.16 -33.70

Tm — melting temperature; Tc — crystallization temperature; T — glass transition temperature.

The final group of ionic liquids discussed within this paper has a different aromatic
amine as a base for cation formation (Figure 3). Compound with methylsulfate as an anion
(9) has no thermal transitions present on the DSC thermogram. 1-Allylpirydinium me-
thanesulfonate (10) has a melting (76.03 °C) and cold crystallization (1.75 °C) as well as a
glass transition temperature (-57.19 °C). The ionic liquid with the triflate anion (11) on the
DSC chart is characterized by a melting temperature at 1.34 °C and a cold crystallization
temp. at —15.46 °C. Ionic liquid 12, with a tosylate anion, has similar temperature values
as IL 10, with a melting temp. at 96.60 °C, cold crystallization temp. at 4.16 °C and glass
transition temp. at -33.70 °C.

) o
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Figure 3. Structures of ionic liquids based on 1-allylpyridinium cation.

For all ionic liquids discussed within this paper, there are no data available for which
to compare the obtained results. However, thermal transitions for each cation paired with
either chloride or bis(trifluoromethanesulfonyl)amide have been previously determined
by our group, and the results can be found in Table 2. The halide salt of 1-allyl-3-me-
thylimidazolium cation (1 [Cl]) has only a glass transition temperature at -65.8 °C, and
the bis(trifluoromethane)sulfonimide salt (1 [NTf:]) presents with a melting temperature
at =10 °C [8]. 1-Allyl-2,3-dimethylimidazolium chloride (5 [Cl]) is characterized by the
melting temperature at 116.6 °C, whilst the NTf2 analogue (5 [NTf2]) had no observable
phase transitions in the considered temperature range [8]. Finally, the chloride salt of the
1-allylpirydinium cation (9 [Cl]) has a melting temperature at 109.8 °C, and 1-allylpiryd-
inium bis(trifluoromethanesulfonyl)amide (9 [NTfz]) has a Tm value of =19.6 °C.
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Table 2. Thermal transitions for chlorides and bis(trifluoromethanesulfonyl)amides of three exam-
ined cation groups.

IL Number T (°C) T. (°C) T, (°C)
1[Cl] - - —65.8
1 [NTf] -10 - -
5 [CI] 116.6 - -
5 [NTf] - - -
91[C1] 109.8 - -
9 [NTf] -19.6 - -

Tm - melting temperature; T - crystallization temperature; Tg - glass transition temperature.

The presented data above show that the ionic liquids based on the 1-allyl-3-me-
thylimidazolium cation present no melting or crystallization affinity, which occurs in both
other cation groups. The most phase transition resistant are the compounds with methyl-
sulfate as an anion. The highest melting temperatures were displayed in the two ionic
liquids with a p-toluenesulfonate anion (8 and 12), whereas the lowest were the triflate-
based ILs (7 and 11). This can be explained by the sufficient steric hindrance that disrupts
the packaging efficiency, furthermore minimizing the H-bonding interactions between
ions [40].

2.2. Thermogravimetric Analysis of Allyl-Based Ionic Liquids

To determine the thermal stability of the ionic liquids, Thermogravimetric Analysis
was employed, as it is the most used tool for the determination of such properties. All
obtained results are presented in Table 3.

Table 3. Thermal decomposition temperatures obtained with TGA measurements for all ionic lig-
uids presented in this study.

IL Number Tonset (°C) Tonsets% (°C) T1 (°C)
1 208.08 179.38 309.92
2 328.11 300.80 -

3 234.97 191.80 390.48
4 330.50 316.45 -
5 290.83 - -
6 341.81 316.81 -
7 225.33 174.71 404.68
8 337.03 315.11 -
9 276.02 240.97 -
10 255.20 222.44 307.54
11 234.36 202.22 351.58
12 288.30 264.25 -

Tonset - onset temperature for decomposition; Tonsets% - onset temperature of the decomposition of the
first 5% of the sample; T - onset temperature of the second decomposition step.

For ionic liquids with one methyl group present in the imidazole ring (1-4), the onset
of decomposition temperatures range from 208.08 °C to 330.50 °C. 1-Allyl-3-methylimid-
azolium tosylate (4) has the highest Tonset value, while 1-allyl-3-methylimidazolium me-
thylsulfate (1) has the lowest value. Compounds 1 and 3 are also characterized by second
decomposition steps at 309.92 °C and 390.48 °C, respectively. Subsequently, employing
the same method, the thermal stabilities of 1-allyl-2,3-dimethylimidazolium-based ILs (5-
8) were determined, with the Tonset ranging from 225.33 °C to 341.81 °C. In contrast to the
other imidazolium-based ionic liquids, for this group, the compound with trifluoro-
methanesulfonate anion (7) has the lowest onset decomposition temperature, while the
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highest one is attributed to the IL with methanesulfonate as an anion (6), but not far be-
hind is 1-allyl-2,3-dimethylimidazolium tosylate (8) with Tonset at 337.03 °C. Lastly, the
compounds with pyridine as an amine base for quaternization reactions (9-12) were stud-
ied, and the decomposition temperature range is from 234.36 °C to 288.30 °C. Likewise, 1-
allylpirydinium tosylate (12) has the highest onset decomposition temperature of 288.30
°C, but the lowest is attributed to the triflate (11) analogue at 234.36 °C.

Based on the obtained results, it should be noted that ILs based on pyridine are less
stable compared to those based on an imidazole ring, which is in agreement with the pre-
vious literature reports [41]. Furthermore, the replacement of the acidic C2 hydrogen in 1-
methylimidazole causes the increase in the thermal stability, except in triflate-based ionic
liquids, where the onset decomposition temperature decreased by 9.64 °C. Compounds 1,
3, 7,10 and 11 present second decomposition steps, with all three ionic liquids with tri-
fluoromethanesulfonate as their anion. Moreover, it is well known that the thermal stabil-
ity of ionic liquids depends heavily on the type of anion [42]. The most resistant to high
temperatures are ionic liquids 4, 8 and 12, which possess tosylate anions in their structure.
This can be explained by the poor coordinating nature of the p-toluenesulfonate anion, as
well as its size. The degradation temperature is higher for ionic liquids with anions con-
taining sulfonyl groups and lower for halide anions, which are highly coordinating moi-
eties [43]. Additionally, the thermal stability of ILs is influenced by the water affinity,
where the higher values of decomposition temperatures are characteristic for hydropho-
bic anions [44].

2.3. Electrochemical Properties of Allyl-Based Ionic Liquids

As ionic liquids can be used in many electrochemical applications, the best way to
assess their electrochemical properties is to determine the width of the electrochemical
window, referred to as the range in which ionic liquid is electrochemically inert, expressed
in volts [45]. From the presented compounds in this research only seven are liquid at room
temperature (RTILs), and their conductivity and electrochemical stability values are pre-
sented in Table 4.

Table 4. Conductivity values and electrochemical stability ranges for the RTILs.

Electrochemical Stability Range (V)

IL Number Conductivity (mS/cm) Pt GC
1 1.48 2.0 4.0
2 1.95 1.1 1.9
3 451 2.6 3.8
4 0.26 2.8 4.6
5 0.28 1.8 5.8
9 2.34 1.3 3.5
11 5.62 1.7 3.6

Pt — platinum electrode; GC — glassy carbon electrode.

Every ionic liquid with a 1-allyl-3-methylimidazolium-based cation (1-4) is liquid,
and therefore the conductivity measurements were possible. From the remaining three
compounds, two of them have methylsulfate as an anion (5 and 9), whereas the last one is
1-allylpyridinium triflate (11). The lowest conductivities were displayed by 1-allyl-3-me-
thylimidazolium tosylate at 0.26 mS/cm (4) and 1-allyl-2,3-dimethylimidazolium methyl-
sulfate at 0.28 mS/cm (5). On the other hand, the highest value was presented by the 1-
allylpiridynium trifluoromethanesulfonate (11) ionic liquid. The other five ILs have con-
ductivities in the range of 1.48 to 4.51 mS/cm. Since ionic conductivity is correlated to the
viscosity of ionic liquid, it explains the low values for ILs 4 and 5. However, other factors
also need to be considered for having an impact on the conductivity values, namely den-
sity, ion size or charge delocalization [46].
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The electrochemical stability window (ESW) was also determined using two different
electrodes, platinum, and glassy carbon. The lowest ESW value is observed for IL 2 and
the highest for IL 4, when the experiments were conducted with a Pt electrode. The range
of all obtained results is relatively small, from 1.1 V to 2.8 V. Both ionic liquids have 1-
allyl-3-methylimidazolium as a cation, but the first one is characterized by the methyl-
sulfonate anion and the second one by the tosylate anion. On the other hand, the electro-
chemical stability ranges for the glassy carbon electrode presented the best result for 1-
allyl-2,3-dimethylimidazolium methylsulfate at 5.8 V (5) and the lowest for 1-allyl-3-me-
thylimidazolium methanesulfonate at 1.9 V (2). In every case, the range of electrochemical
stability is notably smaller on the platinum electrode than on the glassy carbon electrode.
It is a well-known phenomenon that Pt is a better catalyst, characterized by low values of
decomposition overpotentials [47]. The results of the electrochemical stability ranges are
shown in Figure 4.
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Figure 4. Electrochemical stability ranges for 7 ionic liquids: platinum electrode (Pt) — red lines,
glass-like carbon electrode (GC) — black lines.

It should be noted that compound 5, while having the widest electrochemical stabil-
ity range on the GC electrode, is also characterized by the broad side of negative poten-
tials. Cations generally determine the cathodic stability limits, while the anodic limit is
determined by anions [48]. Nonetheless, they may influence each other. The abovemen-
tioned case may be explained by the presence of the methyl group in the C2 position in
the imidazole ring. 1-Allyl-3-methylimidazolium tosylate (4) has the widest ESW on the
side of positive potentials, not only for the glassy carbon electrode but also for the plati-
num one. From the obtained results, it can be concluded that ionic liquids based on an
imidazole ring have bigger electrochemical stability ranges than ILs based on pyridine.
The one exception is the 1-allyl-3-methylimidazolium methanesulfonate (2) ionic liquid,
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which has the narrowest ranges for both electrodes. Two compounds (4 and 5) with the
lowest conductivity values have the widest electrochemical stability ranges for Pt and GC
electrodes.

2.4. Curing Properties of Allyl-Based Ionic Liquids

Ionic liquids have been found to be an interesting alternative to the commercially
available epoxy resin hardeners. The final objective of presented research was to examine
the obtained ionic liquids for their potential hardening activity towards the Bisphenol A
diglycidyl ether (DGEBA (M = 340 g/mol)) molecule, which is a constituent of epoxy res-
ins. The curing activity of sulfonate-based ionic liquids has been examined using DSC
measurements. From all the compounds presented in this paper, only trifluoro-
methanesulfonate-based ILs (3, 7 and 11) displayed any polymerization capability to-
wards the Bisphenol A diglycidyl ether molecule. Table 5 presents characteristic temper-
atures and enthalpies for triflate-based ionic liquids.

Table 5. Curing properties of triflate-based ionic liquids.

IL Number Tonset (°C) Tmax (°C) Tendset (°C) AH (J/g)
3 176.70 179.01 179.25 380.27
7 149.52 216.85 231.89 480.42
11 168.35 172.84 173.58 554.58

Tonset — Onset temperature of polymerization; Tmax — maximum temperature peak of polymeriza-
tion; Tendset — end temperature point of polymerization; AH — enthalpy of polymerization.

The onset temperatures are within the range of 149.52-176.70 °C, while the end tem-
perature points of polymerization are from 173.58 °C to 231.89 °C. However, the most
important temperature value seems to be the temperature at which the polymerization
reaches its peak (Tmax). 1-Allyl-3-methylmidazolium triflate (3) and 1-allylpirydinium tri-
flate (11) have very similar temperature values across all measured points. On the other
hand, compound 7 has the lowest Tonset value but the highest Tmax and Tenaset values. All
ionic liquids were used at 2% wt, hence the reaction enthalpies can be compared. The
highest enthalpy presented ionic liquid based on the 1-allylpyridine cation (11), at 554.58
J/g. The triflate anion is the initiator for anionic homopolymerization in all cases, and the
cation structure also has an impact on the exothermic value of the reaction.

Both pyridine and imidazole, in the form of pure amines, can initiate the polymeri-
zation of epoxy resins. Each of them cures the resin according to a different mechanism,
but in the case of the tested ionic liquids, the cationic curing initiation pathway involving
the cation structure of the ionic liquid is dominated by the anion pathway involving the
OTf anion. The energy of the process expressed in the form of enthalpy of thermal trans-
formation is so high that the triflate anion dominates the curing process, which has a much
greater affinity for the DGEBA molecule than cations of ionic liquids. Moreover, it shows
the great potential of sulfur anions in applications as curing initiators. On the other hand,
the process of epoxy polymerization initiated by the triflate is a rapid and high-energy
process, which forces the polymerization process to be carefully controlled because ex-
ceeding the thermal peak temperature too quickly may cause the curing process to pro-
ceed uncontrollably and lead to excessive overheating of the system, and consequently
poor parameters of the final, hardened material. Figure 5 proposes a pathway for the
polymerization reaction between epoxy resin and 1-allylpyridinium triflate (11).
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Figure 5. Proposed pathway of epoxy resin polymerization, initiated by triflate-based IL.

3. Materials and Methods

Ionic liquids used in this paper were previously obtained by us. Other chemicals
were of high purity and purchased form Merck and used as received.

Melting points (Tw), crystallization temperatures (Tc) and glass transition states (Ts)
for pure ionic liquids and/or organic salts were determined using Differential Scanning
Calorimetry (DSC). The procedure was as follows: (i) 1st heating cycle from 25 °C to 130
°C; (ii) 1st cooling cycle from 130 °C to -80 °C; (iii) 2nd heating cycle from —80 °C to 200
°C; (iv) 2nd cooling cycle from 200 °C to 25 °C. The heating and cooling rate was 10 °C/min.

The polymerization process for the ionic liquid/epoxy resin systems was determined
using DSC. All the samples were freshly prepared by mixing ionic liquids (0.1 g) with
epoxy resin (5 g) in a glass vial. Each sample was approximately 10 mg. The procedure
was as follows: (i) 1st heating cycle from 25 °C to 250 °C; (ii) 1st cooling from 250 °C to 25
°C. The heating and cooling rate was 10 °C/min.

All the DSC data were collected by the same calorimeter, a Mettler-Toledo DSC 1
STARe System differential scanning calorimeter, cooled with a Huber TC100 immersion
cooler. All data were collected at atmospheric pressure, with nitrogen as a purge gas, and
an empty sample pan as the reference.

Thermal stabilities were investigated using a TA Instrument TGA Q50 thermogravi-
metric analyzer, precise to within 0.1 °C in temperature and to within 0.01% in weight.
The TGA experiments were conducted under nitrogen atmosphere and measured in the
dynamic heating regime. Samples between 5 and 10 mg were heated from 25 °C to 600 °C
with a heating rate of 5 °C/min with a 10 min isotherm at 85 °C. This isotherm step was
intended to remove any remaining water present in the samples. Decomposition temper-
atures reported for all materials were established as the onset temperature for decompo-
sition of the first 5% of the sample (Ts%onset), as the regular onset temperature for decom-
position (Tonset) for the whole sample and as the onset temperature of the second decom-
position step (T1).

Conductivity measurements were conducted by placing ca. 1 mL of the IL into the
conductivity cell. The conductivity cell was built of two parallel platinum plates of ca. 5
mm diameter embedded in a glass container with a water jacket. The Electrochemical Im-
pedance Spectroscopy (EIS) technique was used to determine electrolytic conductivity.
The spectra were measured in the frequency range from 100 kHz to 1 mHz, at a voltage
amplitude of 10 mV. From EIS spectra, the resistance values were determined and used
to calculate the specific conductivity of the ionic liquids. The conductivity cell was cali-
brated by the commercial 0.01 M KCl calibrating solution (Hydromet, Gliwice, Poland).
The electrolytic cell constant was 0.188 cm™.

Determination of the ranges of electrochemical stability of ionic liquids was per-
formed by measuring linear voltammetry in a 3-electrode system. The test electrodes were
a platinum electrode (disc with an area of 0.202 cm?) and (alternatively) a glassy carbon
electrode (area of 0.0785 cm?). The reference electrode was a cryptic electrode (Ag +222 in
acetonitrile), while the counter electrode was a platinum plate with an area of about 2 cm?.
The measurement consisted of a linear change in potential with a shift speed of 5 mV/s
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until the specified current value (1 mA/cm?) was exceeded, which is considered to be the
value at which redox reactions (electrolyte decomposition) occur.

4. Conclusions

The series of 12 ionic liquids containing allyl groups in the cation structure paired
with sulfonate-based anions were tested for their thermal, electrochemical and curing
properties. Until now, there were no research data available on the properties of research
compounds. From three different cation groups with four different anions, the most ther-
mally inert are ionic liquids with methylsulfate as an anion, presenting only glass transi-
tion temperatures in two out of three cases. Furthermore, 1-allyl-3-methylimidazolium-
based compounds also are the most resistant to phase transitions (only T for ILs 1, 2 and
4). Ionic liquids with tosylate anions displayed the highest melting temperature values,
and the lowest was attributed to the triflate-containing compounds. The most thermally
stable are ionic liquids 4, 8 and 12 with a p-toluenesulfonate anion, because of its poor
coordinating nature and big size. In addition, pyridine-based ILs are less resistant to high
temperatures than imidazolium-based ILs. For ionic liquids with methylsulfate and me-
thanesulfonate anions, the obtained results point to the lowest thermal stabilities, which
are most likely caused by the nature of the leaving group and the structure of the acid that
anions originate from. The same explanation can be transferred to DSC results, where ILs
with an MeSOs anion display only glass transition temperatures (or in one case no phase
transition), whereas the MeSO:s-based ionic liquids have very similar properties, with one
exemption, 1-allylpyridinium methanesulfonate (10), which is solid at room temperature
and presents on the DSC chart a melting temperature, crystallization temperature and
glass transition temperature. This anomaly can be attributed to the nature of the pyridine
cation. The lowest conductivity values are exhibited by compounds 4 and 5, which are in
correlation to their high viscosity. The best electrochemical stability on the platinum and
glassy carbon electrodes was shown by 1-allyl-3-methylimidazolium tosylate (4) and 1-
allyl-2,3-dimethylimidazolium methylsulfate (5), respectively. All ESW values were
higher for the GC electrode. Imidazolium-based ionic liquids have better electrochemical
properties than pyridine-based. Despite their low conductivities, compounds 4 and 5 have
the widest electrochemical stability ranges for both electrodes. Finally, triflate-based ionic
liquids were found to be exhibit curing activity towards the constituent molecule of epoxy
resins (DGEBA). All three ILs presented similar temperature values for onset, max and
endset polymerizations. In contrast, the highest exothermic energy was characteristic for
1-allylpyridine triflate (11). In conclusion, the obtained results for the thermal and electro-
chemical properties of the sulfonate-based ionic liquids are reported for the first time in
the literature. This knowledge can enhance the possibilities of further investigation of the
researched ionic liquids in possible applications, such as battery or supercapacitor elec-
trolytes, as well as a new class of epoxy resin hardeners.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28020709/s1, NMR analysis and spectra of com-
pounds 1-4 (S1-54).
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