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We report the curing process of epoxy oligomers by using isomethyltetrahydrophthalic anhydride catalyzed with 1-butyl-3-
methylimidazolium salts. Catalytic action has been ascertained to be dependent on the nature of anion. Salts with (Br−) and (PO

4

−)

anions appeared to be most active. Formation of salt adducts with epoxy resin and anhydride is shown. Polymers having higher
values of strength and glass transition temperature—as compared with similar epoxy systems cured in the presence of tertiary
amines as catalysts—are prepared.

1. Introduction

Epoxy-anhydride hot curing binding agents and polymers on
the basis are widely applicable in the composite materials’
production, in particular, in production of multipurpose
organo-, nano- and coal-plastic products [1]. Unlike amine
curing binding agents and to binding agents produced in
accordance with homopolymerization mechanism, epoxy-
anhydride binding agents have more advanced technologi-
cal properties. However, they are effectively cured only in
the presence of catalysts such as tertiary amines, Mannich
bases, Lewis acids, boron fluoride complexes with ani-
line, monoethanolamine, and a-naphthylamine [2–4]. Many
amines used in production processes are volatile and toxic
matters and do not meet modern ecological requirements.
In addition, tertiary amines, being active compounds, cat-
alyze the polyaddition reaction of epoxy groups immediately
after reaction components are mixed, thus leading to their
increased viscosity and to shortened pot life. In a number
of cases, this phenomenon troubles technological processes
of massive production. It has been ascertained also that
polymeric materials based on widely used diglycidyl ether of
diphenylolpropane (ED-20 resin) produced in the presence
of tertiary amines are not sufficiently heat resistant [5, 6],

whereas polymers produced by means of cation polymeriza-
tion in the presence of boron fluoride complexes are not heat
resistant [4, 7, 8].

Imidazoles appear to be promising curing catalysts [9–
11]. It has been shown in [10, 12] that polymers synthesized
using imidazole catalysts and curing agents have larger heat
resistance, adhesion, and water resistance. While investigat-
ing kinetics and interactionmechanism of epoxides with acid
anhydrides in the presence of imidazoles, these imidazoles
were shown to be comparablewith tertiary amines in catalytic
action. For example, 2-ethyl-4-methylimidazole, being highly
active curing agent while blended with epoxy resins, does
not provide necessary pot life. This fact makes the use of this
compound impossible in production of single-package com-
positions (long-lived at room temperature blends comprised
epoxy resin, anhydride, and a catalyst) [13].

To resolve this technological problem, imidazole adducts
and their salts withmetals (Cu, Ni, and Co) were synthesized.
The mentioned compounds have latent reactivity (latency)
at low temperatures and disintegrate at high temperatures
into initial constituents of adducts, while catalyzing curing
reactions of polymers [12–14]. 1,3-Dialkylimidazole salts, as
being ionic liquids, can, arguably, also be regarded as adducts
of this kind. In line with up-to-date ideas, ionic liquids based
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on imidazolium salts are permolecular polymeric structures
with a high degree of self-organization. These ionic liquids
are comprised only of ions and have lipophilic properties in a
wide temperature diapason [15].

Recently, one of priority trends of the modern “green
chemistry” is the use of ionic liquids as promising medi-
ums for organic reactions [16]. The use of ionic liquids as
catalysts and curing agents for epoxy resins and production
of multipurpose materials is one of trends in this field
[17–22]. For example, the work [23] describes a unique
result attained by using ionic liquid. An ionic liquid type
imidazolium catalyst enhanced the conductivity of epoxy-
anhydride resin based electrical conductive adhesives (ECAs)
by more than two orders of magnitude compared with com-
mon imidazole compounds. Percolation growth dynamics
study combined with epoxy curing kinetics results indicates
that the enhancement of conductivity was attributed to the
higher percolation efficiency within ionic liquid catalyzed
ECAs. In work [24], ionic liquids differing in the length
of alkyl chain at imidazolium cation (butyl or decyl) with
various ions, for example, N(CN)

2

−, (BF
4

−

), and (Cl−), were
used as curing agents for epoxy compositions. By using
various physical methods, thermal and thermomechanical
properties of polymers were ascertained to be influenced by
the nature and by concentration of an anion.The highest glass
transition temperature (170∘C) was attained for materials
cross-linkedwith ion liquid containing dicyandiamide anion.
Molecular ionic liquid, that is, 1-ethyl-3-methylimidazolium
chloride ([EMIM]Cl), and eutectic mixture of imidazole with
choline chloride (IM + ChCl) have been used as epoxy
resin hardeners. An influence of [EMIM]Cl and IM + ChCl
content on pot life of epoxy compositions and runs of cross-
linking process has been evaluated using DSC and ARES
rheometry techniques. Epoxy compositions with [EMIM]Cl
showed latent properties (pot life up to 50 days) while the
systems with IM + ChCl gelled after few days. Composite
epoxy materials cross-linked with [EMIM]Cl exhibited more
elastic properties (lower 𝑇

𝑔

and higher tan𝛿 values) and
generally better mechanical features than those hardened
with imidazole + choline chloride eutectic mixture [25].

This work aims at investigating 1-butyl-3-methyl imida-
zolium salts as latent catalysts for anhydride-cured epoxy
oligomers and at studying the properties of polymers pro-
duced on their basis.

2. Experimental Method

Preparation of epoxy polymers was performed by using
chemical interaction of epoxy oligomers: diphenylolpropane
diglycidylether (ED-20 resin) and oligodienetetraurethane
diepoxide (PDI-3AK), with isomethyltetrahydrophthalic
anhydride (IMTHPA) under the action of catalysts (salts
of 1-butyl-3-methylimidazolium, hereinafter as SBMI) in
accordance with general formula as follows:

H3C N N+

CH3
X−

(1)

where X stands for Br, BF
4

, PO
4

, and HSO
4

.

The mentioned salts with various ions were synthesized
on the basis of 1-methylimidazole in accordance with the
upgraded method described in [26].

Epoxy-anhydride compositions comprised epoxy oligo-
mer, curing agent (IMTHPA) taken in equimolar ratio, and
catalyst (0.5–1 wt.) were mixed in laboratory mixer at 40–
50∘C under vacuum for 15–20min. The reaction mix was
casted into metallic fill-out forms and kept in thermostat
until complete curing. The curing was performed at tem-
perature values determined from reaction kinetics by using
the DSC method on the DSC 822e calorimeter (Mettler
Toledo, Switzerland) in dynamic mode at 5∘C/min heating
rate in temperature interval of 25–300∘C. Initial temperature
(𝑇initial), temperature of maximal heat-evolution (𝑇max), and
heat-evolution power versus time were registered in tem-
perature profiles. These data resulted in calculation of heat
efficiency of the reaction (based on peak area) and of the
effective activation energy (E).

Strain-strength characteristics of the cured polymers,
namely, tensile strength and relative elongation, were deter-
mined at a set-point temperature and at 0.056 s−1 stretching
rate on the Instron 3565 universal testing machine (Instron,
Great Britain).

The glass transition temperature 𝑇
𝑔

was determined by
the method of thermomechanical analysis on the UIP-70
device (Russia) in temperature interval 20–200∘C at the
scanning rate 5∘C/min in the dilatometry regime.

Thermal characteristics of polymers were determined
on the MOMQ-1500D (Paulik-Paulik-Erdey) derivatograph.
The programmed heating was performed at 5∘C/min rate in
interval of 20–1000∘C in the air. Aluminium oxide was used
as a standard. Heat resistance of polymers was appraised from
5% and 10% loss of mass.

The water uptake of polymers was appraised from an
increase in a specimen’s mass in water at 25∘C for 24 h.

Pot life 𝑡∗ (inductive effect) of mixed reaction composi-
tions was appraised from a variation in viscosity while using
the rotational rheotest-2 viscometer (Germany) with cone-
plate unit at constant 180 s−1 shear rate at 25 ± 0.5∘C.

Chemical interaction between 1-butyl-3-methylimidazo-
lium salts and epoxy composition’s components (ED-20, PDI-
3AK, and IMTHPA) was investigated by means of FTIR-
spectroscopy method using IFS-66 spectrometer (Bruker,
Germany).

3. Results and Discussions

Due to availability of pyridine and pyrrole atoms in the
structure of imidazole molecules, these molecules exhibit
both acid and basic properties. This fact enables using these
compounds in various chemical reactions. In [27, 28], reac-
tions of mono- and diepoxy compounds with various imi-
dazoles are investigated; also, a bimodal curing mechanism
for polymers supposing formation of intermediate adducts
(epoxide-imidazole) being true catalysts of curing reactions
is offered. Recently [10], the nonsubstituted imidazoles were
ascertained to form adducts also with acid anhydrides cat-
alyzing polyaddition reaction of oligomer’s epoxy group with



International Journal of Polymer Science 3

Ex
o.

 u
p

75 125 175 225 275

1

2

3

4

T (
∘C)

Figure 1:DSC curves of curing reaction of IMTHPA-curedED-20 resin in the presence of catalysts: (1) 1-butyl-3-methylimidazoliumbromide;
(2) 1-butyl-3-methylimidazolium orthophosphate; (3) 1-butyl-3-methylimidazolium tetrafluoroborate; (4) 1-butyl-3-methylimidazolium
sulfate.

Table 1: Kinetics parameters of interaction reaction of ED-20 resin and IMTHPA under the action of 1-butyl-3-methyl imidazolium salts
with various inorganic anions in molecule, of 1-methyl imidazole and of 2,4,6-tris(dimethylaminomethyl)phenol.

Catalyst 𝑇in,
∘C 𝑇pic,

∘C 𝑄, J/g 𝐸, kJ/mol
1-Butyl-3-methylimidazolium tetrafluoroborate 120 214 387 100
1-Butyl-3-methylimidazolium sulfate 120 222 317 102
1-Butyl-3-methylimidazolium phosphate 82 156 331 95
1-Butyl-3-methylimidazolium bromide 70 137 322 92
1-Methylimidazole 45 125 350 75
2,4,6-Tris(dimethylaminomethyl)phenol 75 145 312 87

anhydride epoxy group followed by formation of a cross-
linked polymer. Investigation of interaction kinetics of ED-20
andPDI-3AK epoxy oligomerswith IMTHPAcuring agent in
the presence of 1-butyl-3-methyl imidazolium salts by using
DSC method has shown these oligomers to be catalysts of
polyaddition reaction. Their catalytic activity is somewhat
lower as compared with tertiary amines and imidazoles.
The DSC temperature profiles (Figure 1) have enabled ascer-
taining temperature-time conditions for the curing reaction.
Kinetics parameters are presented in Table 1. As is apparent
from the obtained data, initial temperature of reaction and
maximal heat-evolution are dependent on the nature of anion
in salt molecule. 1-Butyl-3-methylimidazolium bromide and
1-butyl-3-methylimidazolium phosphate proved to be most
active catalysts (𝑇in = 70∘C and 82∘C, resp.). Salts with BF

4

and HSO
4

anions start catalyzing the interaction reaction
between resin and anhydride at a higher temperature (120∘C).
1-Butyl-3-methylimidazolium bromide, as the most active
catalyst, was selected for further investigations.

As expected, catalytic action of 1-butyl-3-methylimidazo-
lium bromide is lower as compared with that of 1-methy-
limidazole being initial product of the given salt (Figure 2).
This is attributed to the fact that the salt has latent properties
to a greater extent as compared with 1-methylimidazole; also,
interaction mechanism during synthesis of epoxy-anhydride
polymers has certain distinctions. To ascertain these dis-
tinctions, interaction between 1-butyl-3-methylimidazolium
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Figure 2: DSC curves of curing reaction of IMTHPA-cured ED-20
resin in the presence of catalysts: (1) 1-methylimidazole; (2) 1-butyl-
3-methylimidazolium bromide.

bromide and epoxy compositions’ components (ED-20, PDI-
3AK, and IMTHPA oligomers) was investigated by using the
FTIR-spectroscopy method. The FTIR spectra of reaction
mixes are presented in Figures 3, 4, and 5. Analysis of the
spectra has shown that, on interaction between 1-butyl-3-
methyl imidazolium bromide and IMTHPA at 100∘C, the
reaction proceeds with participation of anhydride group with
subsequent formation of oligoamides, polyanhydrides, and
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Figure 3: FTIR-spectrum of reaction mixture “1-butyl-3-methyli-
midazolium bromide – IMTHPA”: (1) initial mixture; (2) kept for
5 h at 100∘C.
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Figure 4: FTIR-spectrum of reaction mixture “1-butyl-3-methyli-
midazolium bromide – ED-20 resin”: (1) initial mixture; (2) kept for
5 h at 100∘C.

ketones. The produced adducts are stable viscous liquids
and active catalysts of the epoxy-anhydride binding agent’s
curing process (Figure 6). Most likely, these adducts can
be regarded as complexes with the charge transfer. Similar
complexes were produced in [23], on interaction between
dicarboxylic acid anhydrides and tertiary amines. They can
transform to polyanhydrides, polyesters, oligoamides, and
oligoalkyl(aryl)ketones with a system of conjugate bonds.
Judging from the DSC diagrams of the same type, the curing
reaction’s mechanism of catalysis in the presence of adducts
produced on the basis of 1-butyl-3-methylimidazolium bro-
mide and on the basis of the earlier investigated 2-ethyl-4-
methylimidazole [10] is the same mechanism.

A more complicated character is observed in interaction
mechanism between 1-butyl-3-methylimidazolium bromide
and ED-20 epoxy oligomers, especially with PDI-3AK con-
taining four urethane groups and two end-capped epoxy
groups in its molecule. This is attributed to peculiarities
in their structure and to the difference in reactivity of
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Figure 5: FTIR-spectrum of reaction mixture “1-butyl-3-methyli-
midazolium bromide-PDI-3AK”: (1) initial mixture; (2) kept for 5 h
at 100∘C.
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Figure 6: DSC curves of curing reaction of ED-20 resin with
IMTHPA hardener in the presence of interaction products: (1) 2-
ethyl-4-methylimidazole + IMTHPA; (2) 1-butyl-3-methylimida-
zolium bromide + IMTHPA.

the end-capped epoxy groups. With this connection, we
had set optimal temperature regimes for these reactions. It
was expedient to do this, while also keeping in mind that
compounds for electronic and radioengineering devices, as
well as polymeric and sealing materials for various purposes,
were designed on the basis of the given polymers [28–30].

Distinction in reactive capability of catalysts exerts appre-
ciable influence on rheological properties of reaction mixes.
Comparable results are presented in Figure 7. As is apparent
from viscosity curves registered at room temperature, reac-
tion mixes’ pot life regarded as a period of time needed for
the mixes to attain viscosity value of 140 Pas was appreciably
dependent on the nature of the catalyst. The lowest pot life
(𝑡
∗

1

= 30 h) has a composition containing tertiary amine—
2,4,6-tris(dimethylaminomethyl)phenol. The N-substituted
1-methyl imidazole as a high-temperature catalyst enables
extending pot life of the epoxy-anhydride composition up to
𝑡
∗

2

= 72 h at room temperature. Pot life of the composition
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Figure 7: Dynamic viscosity variation of epoxy-anhydride compositions at T = 25∘C versus time in the presence of catalysts: (1) 2,4,6-
tris(dimethylaminomethyl)phenol; (2) methylimidazole; (3) 1-butyl-3-methylimidazolium bromide.

with the SBMI-Br catalyst (𝑡∗
3

) attains 178 h; that is, this
catalyst can be regarded as a latent catalyst.

Action mechanism of the known amine catalyst, namely,
2,4,6-tris(dimethylaminomethyl)phenol, is represented in
(2).

C
C

C C
C

C

C

CO

O

O

O

O

O

O O

O

O

O

O

O O
O

NR3
NR3

R

R

HC
HC

CH2

CH2

CH2CH CH

C C

CC

O

O
O

O

OO

O

O

O NR3

NR3 R HC CH2CHH2C

R . . .

R . . .

R . . .

R . . . R . . .

R . . .

+

(2)

Formation/action mechanism of adducts with participa-
tion of 1-substituted imidazoles differs from that of tertiary
amine. In [28], formation outline of an adduct resulting from
reaction of 1-methylimidazole with phenyldiglycidyl ether at

1 : 1 ratio is represented. In this reaction, the epoxy group is
attacked by more basic pyridine group of nitrogen:

N N
N

R

R

R

R

CHCH R RCH2

O

O
N+

+H2C (3)
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Table 2: Rheological, physic-mechanical, thermal properties of epoxy polymers.

Composition, wt.% 𝑡
∗, h Synthesis

conditions
𝑇
𝑔

, ∘C
Physic-mechanical properties

under stretching
Water

absorption, 24 h,
25∘C, % mas.

𝑇, ∘C
mass loss

𝜎, mPa 𝜀, % 5% 10%
ED-20—55,5
IMTHPA—44,0
SBMI-Br—0,5

178 120∘C, 3 h
160∘C, 3 h 135 60 12 0,17 330 360

ED-20—55,5
IMTHPA—44,0
2,4,6-Tris(dimethylaminomethyl)ahenol—0,5

30 120∘C, 3 h
160∘C, 3 h 105 55 10 0,11 335 360

PDI-3AK—93
IMTHPA—6
SBMI-Br—1

240 80∘C, 72 h
120∘C, 3 h −82 4 415 — 300 340

PDI-3AK—93
IMTHPA—6
2,4,6-Tris(dimethylaminomethyl)ahenol—1

40 80∘C, 72 h
120∘C, 3 h −76 2,2 142 — 305 340

The adduct initiates further polymerization of phenyldi-
glycidyl ether.

The work [31] shows how reaction between ionic liquid
(N,𝑁-dioctadecylimidazolium iodide) and bisphenol digly-
cidylether A (DGEBA) forms adducts:

R

R

R R

R
R

R

R

R
R

R

N N

N

N

N

N

N

N

N

H

H

H

Heat
N : +

N : N :+

 other compounds

CH

CH

CH

CHCH O

O

O

CCH2

CH2

CH2CH2

CH2

CH2

OH

OH

OH

I−

O−

OH (4)

By using the FTIR-spectroscopy, the reaction between
DGEBA and amine curing agent (4,4-methylenebis(3-
chloro-2,6-diethylaniline) was shown to proceed at higher
temperatures (140–180∘C).

Currently, formation/action mechanism of SBMI-Br
adducts, namely of epoxy oligomer and of anhydride, has
not been studied. Conditionally, the following outline for the
curing of epoxy oligomers by means of acid anhydride under
the action of SBMI-Br can be presented. On the first stage,
variously comprised adducts of oligomer and of anhydride
with SBMI-Br catalyst are formed. On the second stage,
catalysis initiated by adducts occurs followed by formation
of linear and branched polymers. On the third stage, the
structure of a cross-linked polymer and its physic-mechanical
properties are finally formed.

While using the SBMI-Br catalyst, a number of polymers
were synthesized. Their physic-mechanical, thermal, and
thermal-physic properties, as well as water-resistance were
investigated (Table 2).

Compositions with the 2,4,6-tris(dimethylaminomethyl)
phenol are presented for comparison. These data indicate
physic-mechanical, thermal, and thermal-physic properties
of polymers synthesized using the SBMI-Br and 2,4,6-
tris(dimethylaminomethyl)phenol catalysts to be approxi-
mately at the same level.

As regards the influence of catalysts on structure for-
mation, an increase in glass transition temperature by 30∘C,
and, respectively, an increase in heat resistance of polymers
produced in the presence of the SBMI-Brwere revealed.Thus,
the 1-butyl-3-methyl imidazolium bromide salt can also be
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regarded as a structural modifier. Strength and critical strain
values of elastomer based on PDI-3AK and SBMI-Br increase
almost 2-fold as compared with an elastomer synthesized in
the presence of tertiary amine.

The increase in strength is, probably, attributed to for-
mation of strong intermolecular interaction within polymer,
in particular, of donor-acceptor bonds with energy values
attaining 40 kcal/mol. This phenomenon leads to an increase
in cohesion and, respectively, in strength properties of poly-
mers. Glass transition temperature of polymers is −76∘C and
−82∘C; this fact enables classifying the given polymers as
frost-resistive.

4. Conclusions

Results of investigations in 1-butyl-3-methylimidazolium
salts (ionic liquids) as catalysts in synthesis of epoxy-
anhydride polymers have enabled ascertaining the following:
(a) these salts are comparable with tertiary amines in catalytic
action; (b) unlike tertiary amines, they are latent catalysts.
Due to this, pot life of reactive mixes containing the given
salts increases 5- to 6-fold at 20±5∘C, thus enabling producing
the so-termed single-package compositions featured by high
stability. Chemical interaction of one of most promising
salt, namely, 1-butyl-3-methylimidazolium bromide, with (a)
ED-20, (b) oligodienetetraurethane diepoxide (PDI-3AK),
and (c) IMTHPA as curing agents, was investigated by
DSC and FTIR-spectroscopy methods. Formation of respec-
tive adducts being true catalysts and curing agents for
epoxy oligomers was shown. Physic-mechanical, thermal,
and structural characteristics of epoxy polymers curedwith 1-
butyl-3-methylimidazolium bromide were determined: ten-
sile strength of polymers based on ED-20 resin, IMTHPA,
and 1-butyl-3-methyl imidazolium bromide—60mPa, rel-
ative elongation 10–12%, and glass transition temperature
−135∘C. Physic-mechanical characteristics are appraised as
being at the level of polymers produced in the presence of
tertiary amines; for example, in glass transition temperature,
polymers based on ionic liquid outperform these by 30∘C.

Thus, 1-butyl-3-methylimidazolium bromide can be
regarded also as a structural modifier which, during
synthesis of polymer, is embedded into polymeric chain,
while imparting more strength and density of package to it.
This leads to an increase in glass transition temperature and,
respectively, in heat resistance. The obtained results are in
accordance with literature data.

Thermal properties of polymers, judging from data of
differential thermal analysis, are not dependent on the nature
of the used catalyst but mainly depend on the nature of epoxy
oligomer. It was shown that polymers on the basis of the
PDI-3AKwere frost-resisting elastomers with glass transition
temperature −76∘C ÷ −82∘C.
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