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Thermosetting polymers are widely used as industrial materials due to good heat resistance,
dimensional stability and chemical resistance. Designing novel networks still remains an exciting
and emerging field of research. The present paper substantiates the applications of ionic liquids (ILs)
for the design of advanced thermoset derivatives. The peculiarities of the curing behavior of resins in
the presence of ILs and the main properties of the cured thermosets are analyzed. The utilization of ILs
in thermosetting polymers as catalytic agents, plasticizers, electrolytes or porogens is highlighted.
Diverse ILs can be incorporated into a polymer matrix to achieve better final properties. To make the
review more substantial, basic ideas about ILs are first outlined.
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Introduction.

Ionic liquids (ILs) are the subject of widespread inter-
est as green alternatives to conventional organic solvents.
Most of the ILs are commercially available from several
suppliers. Ideally, ILs are non-flammable, optically clear
and are relatively inexpensive to manufacture [1]. Many
ILs exhibit a wide temperature range of liquid state up to
about 300 °C, providing the opportunity to carry out high-
temperature reactions. Being composed entirely of ions,
these novel multifunctional agents so called as «designer
solvents» have extremely low vapour pressure and low
volatility. As a result of one or more of these characteris-
tic properties, ILs have already been found useful in the
polymer chemistry for diverse applications [2—5]. The
combinations of ILs unusual properties with cross-linked
polymers exhibit various interesting properties [6—12].
Unfortunately, if there is no any strong interection be-
tween polymer and IL a latter can easily exude from the
polymer network making the properties of the material
uncontrollable that is unacceptable from the viewpoint of
application.

In this way, herein, we are going to review the using of
ILs for a wide range of applications in thermoset materials
that could be important for further spread of ILs. The ap-
plication of ILs in thermosets has quickly advanced from
using them as a reaction media to application as function-
al additives. Certainly, innovation in this field requires the
control of their structure at nanoscale and addition of ILs
can be a new and facile method to manage the morpholo-
gy and properties of thermoset polymers as well as to
widen their application.

Ionic liquids.

ILs may be considered as a class of salts with a melt-
ing temperature below 100 °C. The story of ILs begins
with the first report of the preparation of ethylammonium
nitrate salt using the reaction of ethylamine with nitric
acid having melting point of 12 °Cin 1914 [13]:

EtNH, + NHO, =[EtNH,][NO,]. )

Despite this the interest have developed after the dis-
covery of binary ILs made from mixtures of aluminum (I1I)
chloride and N-alkylpyridinium [14] or 1,3-dialkylimidazo-
lium chloride [15]. Nevertheless, a major drawback of all
chloroaluminate (III) ILs, their moisture sensitivity re-
mained unresolved. In particular, Wilkes and Zawarotko
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Fig. 2. Schematical image of ionic structure of molten

salts and ILs

[16] prepared and characterized the air and water stable 1-
ethyl-3-methylimidazolium ILs with different anions.

Over the last two decades a large variety of ILs have
been investigated marked by an exponential growth in a
number of publications represented by the yearly increase
starting from near 10 in 1990 to more than 7000 papers
published last year (Fig. 1). The first publications on us-
ing ILs in polymers have appeared in 2002 and than in-
creased quickly in the last two decades and a summary
on their applications and properties may be found in a
number of review articles [17—23] and book [24]. There is
no doubt that this area of research has been an important
point of polymer chemistry as well.

ILs are self-dissociated and do not need a solvent to
dissociate into cations and anions that uniquely distin-
guish them from classical salts like NaCl, KBr. What is the
difference between a molten salt and an ILs? Both molten
salts and ILs are liquid salts containing only ions (Fig. 2).
However, in molten salts, there are symmetric cations and
anions making the lattice well packed and hence it re-
quires a large energy to break the lattice. In contradistinc-
tion to molten salts ILs cations have irregular shape pre-
venting crystal packing [25-27]. Therefore, molten salts
meltabove 100 °C (T =801°C, T =770°C), and

melt NaCl melt KCI
ILs melt much below that temperature (1n particular, Room
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Fig. 3. Structure of commonly used cations and anions
species for ILs

temperature ILs (RTIL) are liquid already at an ambient
temperature).

The most common classes of cations and anions are
illustrated in Fig. 3. The structural design of ILs is playing
avery important role as the major properties may be easily
controlled by composing of ionic pair (10'® potential struc-
tures [28]). In this way, their properties can be varied dra-
matically by creation of unique combinations of cations,
anions and chains lengths. The change of anion can dras-
tically affect physical properties of ILs such as hydrophilic-
ity, viscosity and melting point as well as thermal stability.
On the basis of reported data, the relative thermal stability
of imidazolium ILs containing some common anions de-
creases in the following order: [BF, ]~ (450 °C) > [I]" (303
°C)>[CI] (285 °C)>[N(CN),] (275 °C)>[SCN] (226 °C)
[29-32]. The purity of ILs is a very important issue and

Table. Comparison of ionic liquids with organic solvents [20]

Property Organic Solvents Ionic Liquids
INumber of solvents >1,000 >1,000,000
IApplicability Single function Multifunction
Catalytic ability Rare Common and tunable
Chirality Rare Common and tunable
\Vapour pressure Obeys the Clausius-Clapeyron Equation [Negligible under normal conditions
Flammability Usually flammable Usually nonflammable
Solvation [Weakly solvating Strongly solvating
Tunability Limited range of solvents available Unlimited range means «designer
solventsy
Polarity Conventional polarity concepts apply Polarity concept questionable
. . 2 to 100 times the cost of organic
Cost INormally inexpensive
solvents
Recyclability Green imperative Economic imperative
Viscosity/cP 0,2-100 22-40,000
Density/g cm™ 0,6-1,7 0,8-3.,3
Refractive index 1,3-1,6 1,5-2,2
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the influence of major contaminants such as water and
chlorine ion on some of their physical properties has been
discussed by Seddon et al. [33].

Most of ILs are considered as green solvents, due to
their ability to be reused/recycled, to replace toxical in-
dustrial volatile organic compounds (VOCs) [34], and to
solve the following problems: (i) loss of solvent by un-
controlled evaporation, and (7i) traces of solvent in final
product. In addition to the interactions existing in VOCs
(hydrogen bonding, dipole—dipole and van der Waals in-
teractions), ILs have ionic interactions (mutual electro-
static attractions or repulsion of charged particles), which
make them very miscible with polar substances. Generally
speaking, ILs have properties that are quite different from
those of organic solvents (cf. Table).

Applications of ILs in thermosetting polymers.

It is well known that highly crosslinked structures via
covalent bonds is directly responsible for the high me-
chanical strength and high thermal stability, but at the
same time provides a poor elasticity or elongation com-
pared with thermoplastics or elastomers (Fig. 4). Unlike
thermoplastics, thermosets retain their strength and shape
even when heated.

In this context, the generation of high performance
thermosetting polymers in the presence of ILs may thus
constitute an interesting challenge.

In the next sections the application of ILs in epoxy
based thermosets as catalysts, curing agents, electrocon-
ductive components, plasticizers, and porogens is pre-
sented. Additionally, using of ILs in high performance
Cyanate Ester Resins (CER) will be discussed as well.
Epoxy resins.

Ionic liquids as catalytic agents.

ILs represent an exciting new class of catalytic or/and
crosslinking agents for thermosetting polymers, especially
for epoxy resins [35-43]. First trial of using 1-butyl-3-meth-
ylimidazolium tetrafluoroborate [BMIM][BF,] IL for cross-
linking of epoxy resin was described by Kowalczyk and
Spychaj in 2003 [36].

Maka et al. prepared and investigated the epoxy com-
positions with ILs possessing the imidazolium cation with
alkyl chains of different length (butyl or decyl), and dif-
ferrent anion type ([N(CN), [, [BF,], [CI]"), the ILs con-
centration was varied as well (1, 3, or 9 phr) [41]. On the
basis of the results, the authors concluded that i) the
curing process started at lower temperature (120—150 °C)
when ILs with [N(CN),]” anion were applied, in compari-

son with those containg [BF,] anions (200-240 °C); ii)
the alkyl chain length of imidazolium cation influenced
slightly the onset temperature curing range: for decyl sub-
stituent, 200-240 °C, and butyl, 210-230 °C; iii) as arule
bimodal exotherms appeared on DSC thermograms, the
first was placed at a lower temperature range above 110
°C (compositions with ILs and basic [N(CN), ] anion) and
the second was placed above 250 °C (compositions with
ILs bearing [BF,]" anion). The observed bimodal exo-
therms and FTIR absorption bands at 1740—1750 cm™' were
explained by the proposed mechanism of epoxy resin an-
ionic polymerization initiated by thermal decomposition
products of 1,3-dialkylimidazolium liquids.

Palmese’s team [42] used 1-ethyl-3-methylimidazolium
dicyanamide [EMIM]N(CN), in a range of 1-9 weight parts
per 100 parts of epoxy resin and found a lower cross-
linking temperature than that reported by Kowalczyk and
Spychaj for[BMIM][BF,]. Maka et al. [44] performed com-
parison of two dicyanamide ILs with various cation types:
imidazolium, 7.e. 1-ethyl-3-methylimidazolium dicyanamide
([EMIM]N(CN),) and phosphonium, i.e. (trihexyltetrade-
cyl phosphonium dicyanamide ([THTDPIN(CN),). The
composition of neat epoxy resin with 9 wt. parts
[EMIM]N(CN), exhibited latency of above 45 days, where-
as the composition containing 9 wt. parts [THTDPIN(CN),
demonstrated a pot life of above 70 days. However, it
should be noted, that materials cured with 6 wt. parts
[THTDPIN(CN), showed higher transparency (= 85 %) in
comparison to that with 3 wt. parts [EMIM]N(CN), (black
opaque).

Until today, imidazolium-based ILs have been more
often applied in epoxy resin systems than phosphonium
ones [45]. On the contrary, the presence of phosphonium
salts exerted only a marginal effect on the curing process.
However, the reasons why one might be interested in phos-
phonium ILs, even in industrial processes, include their
availability and cost.

As discussed in the literature [35-36], imidazolium-
based ILs act as curing agents for the epoxy systems at
high temperature. Liebner ef al. [46] suggested that such
ILs may undergo a thermal decomposition leading to for-
mation of imidazole and other decomposition products.
In an early study, Farkas and Strohm, reported about high
catalytic activity of imidazoles for curing of epoxy resins,
proving that the imidazole became permanently attached
to the polymer chain [47]. The curing kinetics and mecha-
nisms of diglycidyl ether of bisphenol A (DGEBA) using
imidazole and 1-methyl imidazole as curing agents were
studied by Ghaemy and Sadjady [48]. Soares et al. [37]
noted that the imidazolium-based IL participated in the
curing process of the epoxy resin probably through its
decomposition products (imidazole) generated at high
curing temperature. Pyridinium-based ILs may also de-
compose at high temperature and produce pyridine, which
is reported to act as a crosslinking agent for epoxy sys-
tems [49-51]. Maka et al. [40] also reported that reaction
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activity of ILs toward epoxy resins was connected with
its thermal decomposition characteristics. Easy decom-
posing ILs with dicyanamide and chloride anions were
able to cross-link epoxy resin at 150 °C, whereas the reac-
tions of temperature resistant ILs containing tetrafluor-
oborate anion occurred at temperature above 200 °C.
Ionic liquids as ionic conducting agents.

ILs are promising candidates for novel high perform-
ance electrolytes for electrochemical devices such as lith-
ium ion batteries and electronic double layer capacitors.
ILs have excellent ionic conductivity up to their decom-
position temperature. Nevertheless, a drawback for prac-
tical application is that IL fluidity may cause liquid elec-
trolyte leakage. Ohno and co-workers attempted to po-
lymerize ILs composed of imidazolium substituted meth-
acrylates [52—54]. However, polymerization of ionic
compounds often reduces the molecular motion and pro-
vides low ionic conductivity. To solve this problem, poly-
mers which have three dimensionally highly crosslinked
structures and possess excellent physicochemical prop-
erties could be use.

Polymer networks confining an ionic liquid, 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) imide
(EMImTFSI), were prepared [55] by curing a mixture of
bisphenol A diglycidyl ether (BADGE) and tetrafunction-
al epoxy resins with tetracthylenepentamine (TEPA) in
the presence of ionic liquid. The ionic liquid confinement,
ionic conductivity, mechanical strength, and morphology
of the materials strongly depended on the ionic liquid
content. At a low EMImTFSI content (<40 wt.%), the ma-
terial tightly confined the ionic liquid and showed little
ionic conductivity with a high Young’s modulus. This
seems reasonable because there are no freely mobile ions
in the samples, in which rigid and glassy polymer network
locally confine ions. At a high IL content (>40 wt.%), the
material did not tightly confine the IL showing higher ion-
ic conductivity. The microphase separation between the
EMImTFSI and the epoxy networked polymer was ob-
served by scanning electron microscopy (SEM). The ion-
ic conductivity of the BADGE/Tetrad X/TEPA/(50 wt.%)
EMImTFSI was equal to 0,1-0,12 S/m in the frequency
range from 1to 100 KHz, which is quite high and corre-
sponds to about 1/8 of the reported bulk EMImTFSI con-
ductivity (0.84 S/m). Subsequently, Matsumoto et al. [56]
synthesized the highly flexible ion conductive films of
epoxy-based crosslinked polymer containing ionic liquid
having a quaternary ammonium salt structure. The poly-
mers having trimethylammonium bis(trifluoromethane-
sulfonyl)imide groups were synthesized by heating a mix-
ture of diepoxide, glycidyl trimethylammonium bis(tri-
fluoromethanesulfonyl)imide (GTMATFSI), and diamine
curing reagent. Ethylene glycol diglycidyl ether (EGGE),
poly(ethylene glycol) diglycidyl ether (PEGGE), and
poly(propylene glycol) diglycidy ether (PPOGE) were used
as diepoxides, and ethylene glycol bis(3-aminopropyl)
ether (EGBA), poly(ethylene glycol) diglycidyl ether bis(3-

Fig. 5. TEM micrographs of epoxy networks cured with:
a) 5 phr, b) 10 phr and c) 30 phr of phosphonium
dicyanamide IL [57]

aminopropyl ether) (PEGBA), and polypropylene glycol
bis(2-aminopropyl ether) (PPOBA) were used as diamine
curing reagents. The obtained networks having quater-
nary ammonium structure showed high thermal stability
(temperature of 5 wt. % decomposition above 270 °C), low
crystallinity, low glass transition temperature, and good
ionic conductivity. In particular, the crosslinked polymers
consisting of poly(ethylene glycol) segments showed high
ionic conductivity (>1,0-10" S/m) at room temperature and
reached 5,8-102 S/m for EGGE-GTMATFSI-1.2/PEGBA and
4,1-10% S/m for PEGGE/GTMATFSI-1.2/PEGBA at 90 °C,
which is also quite high for a solid polymeric material.
These networks were mechanically strong and tough
enough to produce self-standing thin films and will be
useful materials for application as ionic conductive mem-
branes in electrochemical devices.

Livi et al. designed IL-containing polymer networks,
which could be employed as new polymer electrolytes
[57]. They used trihexyl(tetradecyl)phosphonium IL with
dicyanamide counteranion as functional additives to syn-
thesize nanostructured epoxy networks with very high
mechanical properties and thermal stability (>400 °C). In
addition, TEM micrographs (Fig. 5) showed formation of
ionic clusters of the size of 20-30 nm with excellent distri-
bution (characterized by the white spots) for the epoxy
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network loaded with the highest concentration (30 phr) of
this IL. These results are promising and open new per-
spectives in the field of energy where the IL can be used
as ionic channels for lithium salts to ensure suitable con-
duction properties [57].

Shirshova et al. [58] prepared a series of epoxy resin-
ionic liquid composites to identify the optimum system
microstructure required to achieve a high level of multi-
functionality. Structural electrolytes based on fully for-
mulated commercially available epoxy resins (pure one
with trademark MVR®444 and toughened ones, MTM®57
and VTM2®66) were obtained by adding the mixture of
bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) and
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide (EMIM-TFSI) ionic liquid. At only 30 wt.% of struc-
tural resin and 70 wt.% of IL-based mixture, containing 17
wt.% of the Li salt, stiff monolithic plaques with thick-
nesses of 2—3 mm possessing room temperature ionic con-
ductivity of 0,8 mS cm™ and Young’s modulus of 0,2 GPa
were obtained. Detailed temperature-dependent ionic con-
ductivity measurements were carried out using dielectric
spectroscopy in a temperature range of -30 to 60 °C. The
ionic conductivity was extracted from the plateau region
of each dielectric spectrum (Fig. 6). The sample with the
highest ionic conductivity across the temperature range
was MVR®444 with 70 wt.% of IL-based mixture. Even at
-20 °C, the ionic conductivity was equal to 0,05 mS-cm™. The
room temperature conductivity was close to 1 mS-cm!, which
is not only a desirable value for supercapacitor applica-
tions, but is also high enough to potentially consider thin
films of MVR®444/30 as separation membranes for Li ion
batteries.

Ionic liquids as plasticizers.

A plasticizer is a substance incorporated into a poly-
mer to increase its flexibility, workability or distensibility.
Normally, plasticizers have a large influence on physical,
chemical, and electrochemical properties of modified poly-
mers: for instance, they reduce melt viscosity, tempera-

10°4
fa]
(W)
= 10°1
&)
1071
0 8 120 160 200

r,°C

ture of a second order glass transition (7 L) or elastic mod-
ulus of a polymer. The plasticizers used in the industry
are mostly derivatives of phthalates, which represent ap-
proximately 70 percent of the market. However, due to
their toxicity, academic and industrial researchers have
been looking for new plasticizers. In fact, RTILs have the
necessary qualities of a good plasticizer: i) excellent melt-
ing properties, i) minimal interaction with resins at room
temperature and ii7) non-volatility at ambient conditions.
As one can conclude, RTILs can be utilized as efficient
plasticizers to manage mechanical properties of thermo-
setting polymers, at that the chemical nature of organic
cations and anions plays a significant role in distribution
of ionic domains in the polymer matrix. According to the
literature, imidazolium and pyridinium ILs lead to the for-
mation of aggregates of ionic clusters, while phosphoni-
um ILs generate a structuration at a nanoscale denoted as
«spider-web» morphology [59]. Thus, it is possible to
control the plasticization effect of thermosets by varying
IL molar mass and chemical structure.

Lu et al. reported [60] a significant decrease in the 7' »
of epoxy networks by using several types of ILs, and this
effect was more pronounced in the systems modified with
imidazolium-based ILs, than that in the systems contain-
ing phosphonium-based ILs. Sanes et al. reported that
addition of the 1-octyl-3-methylimidazolium tetrafluoro-
borate [OMIM][BF,] to epoxy resins enhanced chain mo-
bility and provided a plasticizing effect as well as reduced
friction coefficient and wear rate of the final materials [61].

Soares and coauthors successfully synthesized and
used [37] N,N -dioctadecylimidazolium iodide with long
alkyl chains as a new additive for epoxy networks. The T

g
value as determined at the maximum of the tan® peak de-
creased as the amount of the IL increased. This behavior
suggested a plasticizing effect of the IL imparted by the
presence of the two long alkyl chains in its structure. The
authors [37] noted that the storage moduli at tempera-
tures below T’ , were higher in the thermosets containing
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Fig. 7. Dynamical mechanical properties of DGEBA/IL/MCDEA networks as a function of the IL content: 0 (a); 1,0

(b);2,5(c); 5,0 phr (d) [37]
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IL probably because of the good interactions between
the components (Fig. 7). At temperatures above T o the
modulus of the system containing 1 phr of IL was higher
than that of pure epoxy network, indicating high interac-
tions between the blend components. However, when in-
creasing the amount of IL, the moduli in this region de-
creased, suggesting that the plasticizing effect imparted
by the long alkyl groups in the IL molecules contributed
more for this property than the interactions between the
components. The T' . tendency found in DSC experiments
was similar to that detected by DMA analysis and also
confirmed the plasticizing effect of the IL.

Ionic liquids as porogens.

The novel peculiarity of ILs as «designer solvents» is
the possibility to design porous thermosets with the ne-
cessary properties for the specific applications. The basic
requirements to porogens are as follows: i) boiling point
higher than temperature of polymer synthesis; i) inert-
ness towards basic components of polymer synthesis;
iii) predetermined ratio of polarity and solubility parame-
ters of monomer, polymer, and porogen. The solubility
parameter is crucial for a porogen selection, and it is used
to compare the solvation, miscibility, and swelling prop-
erties of the components used. The consideration of na-
ture and possible interactions of porogen-polymer, poro-
gen-monomer(s), and porogen-initiator is also an impor-
tant issue during synthesis of porous materials.

Mohamed et al. [62] reported that the closer the solu-
bility parameters |Ad| of a porogen, reactants (monomer/
crosslinker), and polymer, the greater the surface area and
the smaller the pore volume, while the smaller surface area
and higher pore volume in porous polymers could be
reached for higher difference in solubility parameters of
the components used. The uni-modal (micro, meso, or
macroporous) polymer can be obtained by varying the
type and amount of a porogen. In addition to this, bi-
modal (micro-meso, meso-macro, or micro-macro) porosi-
ty can be generated using a porogen mixture or varying
the porogen ratio. A low molar mass porogen is generally
preferred to obtain the smaller pore size, which results

100
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Fig. 8. Time dependence of the extracted ionic liquid
fraction from films of BADGE/Tetrad-X/TEPA with
[EMIm][TFSI], [HMIm][TFSI] and [BMIm][TFSI]
(extraction solvent: acetone) [55]

into a greater surface area and vice-versa for a high molar
mass porogen [63]. However, increasing the molar mass
of a porogen increases the viscosity of the polymeriza-
tion reaction composition, and it is recommended to use
high molar mass porogens in combination with a porogen
of low molar mass [64]. Therefore, the use of RTILs as
porogens for the preparation of porous polymers [65-69]
has some distinct advantages: i) ILs are thermally stable
and nonvolatile and can be easily recycled; i) the mor-
phology and porous structure can be easily changed
through a proper selection of the structural features of
the IL used; iii) pore diameter can be managed by varying
the amount of IL used; iv) due to extremely low viscosity,
ILs can be used as porogens without using any addition-
al solvent.

Nowadays, several researchers have studied the ex-
traction of ILs from epoxy polymer networks, however
no-one has reported on characterization of porous ther-
mosets obtained thereof. Matsumoto and Endo [55]

Fig. 9. SEM micrographs of epoxy samples after extraction of different amounts of electrolyte (EMIM-TFSI +

LiTFSI): a) 60 wt.%; b) 70 wt.% [58]
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extracted the IL from polymer/IL composites in order to
examine the morphologies of the cross-linked materials.
Fig. 8 shows the results of acetone extraction of various
ILs from BADGE/TEPA/IL epoxy network systems. The
IL confinement was in the order EMImTFSI > HMImTFSI
> BMImTFSI, which was the opposite order of the steric
hindrance of the cations. The reason for this remained
unknown, but the authors assumed that the hexyl or ben-
zyl groups in the cationic part may increase the compati-
bility of the IL with the epoxy network that provides the
enhanced segmental motion of the network, so the IL can
easy escape from the network. Materials confining IL were
insulating with a high Young’s modulus, while those not
confining IL were ion conducting with a low Young’s
modulus. SEM observation revealed that the drastic
change of the fundamental properties of the epoxy mate-
rials could be due to the morphology transition of the
materials, in which the IL transformed discrete phases to
continuous phases in the epoxy-based networks. These
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results suggest that the addition of IL can be a new and
facile method to control the morphology of polymer net-
works.

Shirshova et al. [58] reported that there were no di-
mensional changes observed as a result of electrolyte
(EMIM-TFSI + LiTFSI) extraction removing more than >95
wt. % of the original IL-based electrolyte content from an
epoxy network (MVR®444). The SEM images of all the
samples showed a bicontinuous morphology (Figure 9).
It seemed likely that MVR®444 formed a fully miscible
one-phase system at the cure temperature, but that phase
separation occurred at an earlier stage during the polym-
erization as a result of its lower miscibility with the ionic
liquid. The authors concluded that this system based on
commercial components could be readily applied to the
development of structural electrical energy storage com-
posite devices.

Ionic liquids in Cyanate Ester Resins (CERs).

Throckmorton and Palmese in 2016 firstly reported [70]
a new way to accelerate CER polycyclotrimerization by

¢
Fig. 12. Typical SEM micrographs of CER-based samples: CER _ (a), CER

using dicyanamide (DCNA)-containing RTILs as a new
catalytic system alternative to conventional catalysts
normally based on metal acetylacetonates and nonyl phe-
nol. Novel ionic thermosetting polymers, i.e. polycyanu-
rates containing the ILs incorporated chemically directly
into the triazine network, were thus synthesized. The cat-
alytic effect was found in a number of dicyanamide-con-
taining ILs with diverse cations, namely 1-ethyl-3-methyl
imidazolium dicyanamide, 1-(3-cyanopropyl)-3-methyl im-
idazolium dicyanamide, 1-(2-hydroxyethyl)-3-methylimida-
zolium dicyanamide, 1-butyl-1-methyl-pyrrolidinium dicy-
anamide, and 1-butyl-3-methyl pyridinium dicyanamide.
For comparison, the non-dicyanamide RTIL, 1-ethyl-3-
methyl imidazolium tetrafluoroborate ((BMIM][BF,]) was
tested as a catalyst for CER polycyclotrimerization. It was
found that the reaction kickoff temperature in CER/
[BMIM][BF,] system was significantly higher than that
for the DCNA containing ILs. The following conclusions
could be done on the basis of these results: i) RTILs of
varying structures and concentrations accelerated curing of

(b), CER (¢), CER,_ (d)[72]

ext 20ext
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Fig. 13. a) Pore area distributions derived from SEM data for the nanoporous CER-based samples and b) Pore size
distribution profiles derived from DSC-thermoporometry [72]

CERs; ii) dicyanamide ILs were incorporated directly into
the triazine network; #ii) plasticization effect was fixed
depending on RTIL content (0-10 wt.%) due to decrease
in cross-linking density (nearly 100 °C decrease in T ,at
10 wt. % IL loading). Finally, the ionic thermoset structure
presented a cured resin with ionically bound species that
provided an excellent subject for future research in iono-
mers and nanocomposites.

Although the reaction mechanism of CER curing in
the presence of DCNA-based ILs was investigated thor-
oughly, the mechanism of catalysis by non-dicyanamide
RTILs was not discussed. Based on the studies mentioned
above, one can conclude that in order to develop novel
CER-based materials with new properties, research on
application of other ILs should be continued.

These results prompted us to investigate the effect of
other non-dicyanamide ILs on the kinetics of the CER
system [71]. We found that small additions (0,5 — 5,0 wt.%)
of l-octyl-3-methylimidazolium tetrafluoroborate
([OMIm][BF,]) significantly accelerated the kinetics of CER
polycyclotrimerization. For samples containing
[OMIm][BF,], polycyclotrimerization of monomer took
place even at the heating stage at 150 °C, while for pure
monomer polycyclotrimerization practically did not occur
(Fig. 10). A reaction mechanism was newly proposed via
the involvement of a [CN]® --- [OMIm]?® complex as a key
intermediate (Fig. 11). We assume that such catalytic ef-
fect of imidazolium-based ILs would take place with any
dicyanate monomer.

To the best of our knowledge until 2017, no systemat-
ic studies on using ILs as porogens for producing porous
CER networks have been reported. In our recent research
[72], 1-Heptylpyridinium tetrafluoroborate IL ([HPyr][BF,])
was chosen as a porogen for CER-based films. Complete
IL removal was confirmed by determination of gel fraction
contents, FTIR, '"H NMR, and EDX spectroscopic analy-
ses. Typical SEM images of CER films before extraction of

[HPyr][BF,] (CER,)) and after extraction of the latter
(CER,, ) are presented in Fig. 12. As it was expected,
both CER __ (pure CER after extraction) and CER, samples
(Fig. 12a and Fig. 12c, respectively) exhibited compact
and non-porous structures, whereas CER,, and CER,
samples (CERs containing 20 and 40 wt.% IL after extrac-
tion, Fig. 12b and Fig. 12d, respectively) displayed a nan-
oporous structure with pore diameters ranging from 25 to
170 nm, depending on their CER/IL composition. SEM
and DSC-based thermoporometry were used as comple-
mentary techniques for nanopore characterization. De-
pending on the IL porogen content, the average pore di-
ameter values were found in the range of 45-60 nm with
pore size distributions of ~20—180 nm (Fig. 13). It is also
noteworthy that an increase in the [HPyr][BF,] content
resulted in increasing pore diameters. The TGA curves
showed high thermal stability of the nanoporous films
obtained with an onset decomposition temperature near
300 °C. It should be stressed that the synthesis of CERs
in the presence of IL was carried out without using any
additional solvents or specific catalysts.

Conclusions.

Our review emphasizes the urgent need for understand-
ing the role, efficiency and perspectives of an innovative
class of componets, namely ILs with the potential to im-
pact across many areas of thermosetting polymers. In the
reviewed studies, we have found that ionic liquids can be
effectively used as catalytic agents, plasticizers, electro-
lytes or porogens, thus providing a new route to the de-
sign of high performance materials. However, many chal-
lenges remain to be overcome, such as 7) a better under-
standing of the interactions between the ILs and the pol-
ymer network; i7) suitable functionalization of the ILs for
reactive modification of thermosets, and #ii) separation/
sorption properties of IL-based thermosets before and
after extraction for membrane technologies; iv) compati-
bilizing effect of ILs in the hydrophobic polymer networks
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filled with hydrophilic fillers.
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Cimuacmi nonimepu 3a805Ku GUCOKITE MePMOCMIUKOCMI, CMabLIbHOCMI pO3MIPIS | XIMIYHITE CMIUKOCME
SHAUWAU WUPOKE 3ACMOCY8AHHS 6 DIZHUX 2any3sax npomuciogocmi. OOHak, po3pobra HOux
MepmMopeaKmusHUX Mamepianie 00Ci 3aIUMAEMbCL AKMYalbHoo. Y yii pobomi 00IpDYHMOBAHO
NepCnekmueHicms 6UKOPUCMAHHsL iIoHHUX pioun (IP) ons cmeopenHs mepmMopeakmueHux nONiMepHUx
Mamepianie 3 NOKpawjenumu xapakmepucmuxamu. Taxosc npoananizosano ocobrueocmi ghopmyeanns
cimuacmux noaimepie 3a HasigHocmi IP ma ocHo6HI enacmueocmi ompumManux mamepianie. 32i0Ho 3
npoeedeHum anarizom nimepamypu, IP mooicna suxopucmogysamu sSK Kamanizamopu,
nracmugikamopu, enekmponimu abo nopoeenu. Lllnsxom esedenns pisnomanimnuux IP y nonimepny
MAMpUuyto MOXNCHA 00CAZHYMU NOKPAUeH S KiHYyesux e1acmugocmeti mamepianie. Bapmo 3ayseaxcumu,
WO CnOYamKy HABOOSIMbCsl OCHOBHI xapakmepucmuxu IP.

Kio4oBi cii0Ba: TepMopeakTHBHI TOJIIMEPH, 10HHI piIMHH, KaTali3arop, HOPOreH, i0H-MPOBiHNI HAIOBHIOBAY.
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Cemuacmoie noaumepuvl 61a200aps GblCOKOU MEPMOCMOUKOCMU, CMAOUIbHOCMU DASMEPO8 U
XUMUYECKOU CIOUKOCIU HAWIY WUPOKOE NPUMEHEHUe 8 PA3HBIX OMPAaciax npomviunennocmu. Oonaxo,
pazpabomka HOBbIX MEPMOPEamUSHbIX MAMePUaIog npooodcaem Oblmy akmyaibHou. B oannoil
pabome 060CHOBAHO NEPCHEKMUBHOCHb UCNONIb308AHUAL UOHHBIX dxcuokocmell (MJK) ona coszoanus
MmepmMopeakmueHblX NOIUMEPHLIX MAMEPUaiLos ¢ YryduernHbiMu xapakmepucmukamu. Taxoce
NPOAHANUSUPOBAHBL OCODEHHOCMU (OPMUPOBANUS cemuamblx noaumepos 6 npucymcmeuu VK u
OCHOBHbIE C8OCMEA NOYyHeHHblx Mamepuanos. Co2iacho npoeedeHnomy anaiusy aumepamypuol, VK
MO2Yym UCNONb308AMbCA KAK KAMAIUZAMOPbL, NAACMUPUKAMOPYL, IEKMPOIUMbL ULU NOPOSEHD.
Beeoenue pasnuunvix HXK 6 nonumepuyio mampuyy npugooum K NOAYYEHUIO MAMEPUATLO8 C
VAYHUWEHHBIMU KOHeYHbIMU ceoticmeamu. Cmoum ommemums, 4mo CHA4aia npueoosmcsi OCHOGHbLE
xapaxmepucmuxu VK.

KiroueBble cj10Ba: TEpMOPEAKTHBHBIC MOJIMMEPBI, HOHHBIE JKUAKOCTH, KaTalU3aTop, MOPOTEH, HOH-TTPOBOAAIINI
HaIOJHUTEIb.
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