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Abstract 
A strong catalytic effect of 1.0 wt.% ionic liquids (ILs) on kinetic peculiarities of dicyanate 

ester of bisphenol E (DCBE) polycyclotrimerization was evidenced, and structure-property 

relationships of resulting densely cross-linked cyanate ester resins (CERs) were investigated. 

Three different ILs with contrasted reactivity were employed as a catalysts: an aprotic IL, i.e. 

1-octyl-3-methyl imidazolium tetrafluoroborate ([OMIm][BF4]), a protic IL, i.e. 2-

(hydroxyethylamino) imidazolinium chloride ([HEAIm][Cl]), and a protic polymeric IL, i.e. 

poly(hexamethylene guanidine) toluene sulfonate ([PHMG][TS]). Both [HEAIm][Cl] and 

[PHMG][TS] were reactive towards DCBE monomer, whereas [OMIm][BF4] was chemically 

inert, as confirmed by FTIR spectroscopy. Noticeably, the conversion (cof cyanate groups 

in the presence of ILs dramatically increased, and a significant dependence of c values on IL 

chemical structure was found. The corresponding mechanisms of DCBE 

polycyclotrimerization in the presence of different ILs were proposed. All the CER/IL 

networks exhibited a high thermal stability inherent to neat CER, as shown by TGA, whereas 

unexpected significant changes of the viscoelastic characteristics for CER/IL networks 

compared to pure CER analogue was observed using DMTA. 

Keywords: cyanate ester resins, ionic liquids, kinetics, catalytic effect, thermal 

stabilityviscoelastic properties 
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1. Introduction 

 

Cyanate ester resins (CERs) represent a family of thermosetting polymers possessing 

attractive intrinsic features, such as excellent dimensional stability, high glass transition 

temperature (Tg > 250°С), low dielectric constants (2.5-3.2), flame-retardancy, and high 

adhesion to conductor metals and composites. Therefore, they are promising materials for 

aerospace and microelectronic applications, especially as polymer matrices for structural 

composites, adhesives, potting resins, and coatings that work under severe conditions (high 

temperature, humidity, corrosive media, etc) [1-6]. Dicyanate ester monomers undergo 

thermal polycyclotrimerization to generate high Tg polycyanurate networks (PCNs), i.e. 

cyanate ester resins (CERs), without releasing volatile products. Figure 1 describes the 

reaction scheme of polycyclotrimerization of one of the widely used monomers, i.e. dicyanate 

ester of bisphenol E (DCBE). 

 

Dicyanate ester homopolymerization occurs at high temperature in the presence or the 

absence of a specific catalyst. The rate of non-catalyzed polycyclotrimerization is generally 

slow, and it depends on the concentration of impurities (traces of phenols and other residues 

from synthesis) [1]. Using a catalyst is necessary to achieve a controlled 

polycyclotrimerization process, which is a key factor for producing materials with excellent 

properties. This reaction is generally catalyzed by a combination of salts of transition metals, 

like acetyl acetonates of Cu, Co, Zn, Fe, Mn, Cr, etc. and an active hydrogen containing 

initiator like nonylphenol. Because of the well-known toxicity of phenolic compounds, 

attempts to find new effective catalysts for dicyanate ester polycyclotrimerization are of 

scientific and practical interest. In this regard, Throckmorton and Palmese [7] have found an 

acceleration of cyanate ester trimerization by dicyanamide-containing ionic liquids (ILs). 

 

ILs are salts with melting points at temperatures below 100
○
C. They have attracted much 

attention due to their interesting properties, including negligible vapour pressure, large choice 

of salts liquid at room temperature, tunable physico-chemical characteristics, excellent 

thermal and chemical stability, selective solubility, ease of synthesis and good stability to 

oxidative and reductive conditions [8]. Since they are non-flammable, non-volatile and 

recyclable, they are greener alternatives to conventional organic solvents. Furthermore, they 

may be used as effective and reusable catalysts in some polymerization reactions [9-13] and 
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as initiators of free-radical [14,15] or cationic [16,17] polymerization processes. Thus, ILs 

have attracted widespread interest in polymer chemistry, due to their versatile properties 

[18,19]. In addition, ILs can also be suitable as porogens for producing nanoporous films and 

membranes, due to their high thermal stability and chemical inertness. In this regard, our 

teams have indeed successfully used 1-heptyl pyridinium tetrafluoroborate [HPyr][BF4] as 

inert porogenic agent to produce nanoporous thermostable CER films [20]. 

Recently, our consortium has also found that an addition as small as 1.0 wt.% of the latter 

aprotic IL significantly accelerated the kinetics of DCBE polycyclotrimerization, which was 

explained by the formation of a [CN]
δ+

[HPyr]
δ–

 complex as a key intermediate [21]. 

 

In the present paper, we thoroughly investigate the catalytic behaviour of three ILs with 

contrasted reactivity, namely an aprotic IL, i.e. [OMIm][BF4], a protic IL, i.e. 2-

(hydroxyethylamino) imidazolinium chloride ([HEAIm][Cl]), and a protic polymeric IL, i.e. 

poly(hexamethylene guanidine) toluene sulfonate ([PHMG][TS]), in thermosetting polymers. 

A comprehensive investigation of their effect on kinetic peculiarities (induction time, reaction 

time, monomer conversion degree, etc) of DCBE polycyclotrimerization as well as on thermal 

stability and viscoelastic properties of the resulting CERs is addressed. 

 

2. Experimental 

 

2.1. Materials 

1,1-bis(4-cyanatophenyl) ethane (dicyanate ester of bisphenol E, DCBE), under the trade 

name PRIMASET™ LECy was kindly supplied by Lonza (Switzerland), and was used as 

received. The following chemicals (Fluka) were used as received for the synthesis of ILs: 1-

methylimidazole, 1-bromooctane, 2-ethanolamine, tetrafluoroboric acid (50% in H2O), ethyl 

acetate, hexane, methylene chloride, sodium sulfate, isopropanol, potassium hydroxide, 

guanidine hydrochloride, hexamethylenediamine, 0.1 N sodium chloride, sodium 

toluenesulfonate, and ethanol. 

 

2.2. Synthesis of ionic liquids 

2.2.1. Synthesis of 1-octyl-3-methyl imidazolium tetrafluoroborate ([OMIm][BF4]) 

[OMIm][BF4] ionic liquid was synthesized using literature methods previously described 

[22,23]. The stirred mixture of 1-bromooctane (27 g, 0.14 mol) and 1-methylimidazole (10 g, 
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0.12 mol) was heated at 140°C for 2 h under argon atmosphere. The viscous liquid of light 

brown color obtained was cooled to room temperature and washed with ethyl acetate-hexane 

mixture (3:1 (v/v), 3×100 mL). Residual solvents were removed at reduced pressure and the 

obtained product was dissolved in 150 mL of water. Tetrafluoroboric acid (25 mL) was added 

to the solution followed by stirring for 1 h. The immiscible aqueous layer formed was 

extracted with methylene chloride (2×100 mL), and dried overnight with sodium sulfate. The 

solvent was distilled off, and the resulting ionic liquid was dried under reduced pressure of 1 

mbar at 80°C for 12 h. The product yield was equal to 72 %. 

1
H NMR (300 MHz, CDCl3): δ (ppm): 0.86 (t, 3H, CH3, J=7.2 Hz), 1.25-1.31 (m, 9H, CH2), 

1.86 (m, 3H, CH2), 3.94 (s, 3H, NCH3), 4.16 (t, 2H, NCH2, J=7.2 Hz), 7.27-7.38 (m, 2H, 

NC(H)C(H)N), 8.78 (s, 1H, NC(H)N). 

19
F NMR (188 MHz, CDCl3): δ (ppm): -151.4. 

1
H NMR (300 МHz, DMSO-d6, TMS): δ (ppm): 0.85 (t, 3H, CH3), 1.25 (m, 10H, 

CH3(CH2)5), 1.78 (m, 2H, NCH2CH2), 3.85 (s, 3H, NCH3), 4.16 (t, 2H, NCH2), 7.67 (br s, 1H, 

C4-H), 7.74 (br s, 1H, C5-H), 9.06 (s, 1H, C2-H). 

19
F NМR (188 MHz, DMSO-d6, CFCl3): δ (ppm): -148.8 (s, 4F, BF4). 

 

2.2.2. Synthesis of 2-(hydroxyethylamino) imidazolinium chloride ([HEAIm][Cl]) 

2-methylmercaptoimidazoline-2-chlorohydrate was obtained according to a literature method 

[24]. 

1
H NMR (300 MHz, DMSO-d6): δ (ppm): 2.71 (s, 3H, CH3), 3.84 (s, 4H, CH2), 10.64 (2H, br 

s, NH). 

The stirred mixture of 2-methylmercaptoimidazoline-2-chlorohydrate (5 g, 0.032 mol) and 2-

ethanolamine (2.1 g, 0.035 mol) in 50 mL of isopropanol was heated to boiling for 6 h. 

Methylmercaptane formed as by-product was absorbed by 20 % water solution of potassium 

hydroxide. The solvent was removed at reduced pressure and the obtained solid residue of 

[HEAIm][Cl] was purified by double recrystallization from isopropanol. Yield: 85 %.
 

1
H NMR (300 MHz, DMSO-d6): δ (ppm): 3.25 (m, 2H, CH2OH), 3.56 (m, 6H, 

NHCH2CH2OH), 7.64 (4H, br s, NH, OH)  

 

2.2.3. Synthesis of poly(hexamethylene guanidine) toluene sulfonate ([PHMG][TS]) 

The mixture of guanidine hydrochloride (10 g, 0.104 mol) and hexamethylene diamine (11.7 

g, 0.1 mol) was heated at 100°C for 4 h under constant stirring. Further, the reaction was 

carried out for 4 h at 140°C, 4 h at 180°C and 3 h at 200°C to obtain a highly viscous liquid. 
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After cooling the reaction mixture to room temperature, the vitreous solid of 

poly(hexamethylene guanidine) hydrochloride obtained ([PHMG][Cl]) was dissolved in water 

(150 mL), filtered and precipitated by addition of saturated water solution of sodium chloride 

(50 mL). The polymer was isolated by decantation of water solution, dried at 140°C for 24 h 

and ground in a porcelain mortar. The intrinsic viscosity was equal to 7 cm
3
/g for 

[PHMG][Cl] solution in 0.1 M sodium chloride at 25°C. 

1
H NMR (300 MHz, DMSO-d6): δ (ppm): 1.3-1.44 (m, 8H, (CH2)4,), 3.14 (m, 4H, (N-CH2)2), 

7.15-7.8 (br s, 4H, C-NH, C=NH2
+
). 

Elemental analysis: (C7H16N3Cl)x (177.5)x: calculated (%): C 47.3, H 9.0, N 23.6, Cl 20.0; 

found (%): C 46.7, H 8.6, N 24.1, Cl 20.6. 

 

Sodium toluene sulfonate (11.4 g, or 0.058 mol) was added to a solution of [PHMG][Cl] (10 

g, 0.056 mol) in 100 mL of ethanol, and the mixture was stirred for 20 h at room temperature. 

The resulting sodium chloride precipitate was filtered off, and the filtrate was poured into 

water (300 mL). The white slurry was separated by decantation, followed by washing with 

water. It was dried at 120-130°C for 24 h and ground to obtain [PHMG][TS] as a powder. 

1
H NMR (300 MHz, DMSO-d6): δ (ppm): 1.24 (m, 4H, (CH2)2), 1.42 (m, 4H, NCH2CH2), 

2.29 (s, 3H, TsO-CH3), 3.14 (m, 4H, (NCH2), 7.14 (d, 2H, H-3, H-5), 7.3-7.35 (br s, 4H, C-

NH, C=NH2
+
), 7.53 (d, 2H, H-2, H-6).  

Elemental analysis: (C14H23N3O3S)x (313)x: calculated: C 53.6, H 7.3, N 13.4, S 10.2; found: 

C 53.1, H 7.0, N 13.8, S 10.5. 

 

The chemical structure and some physico-chemical characteristics of individual components 

used in this study are summarized in Table 1. The solubility parameters (δ) of DCBE and ILs 

were calculated according to Fedor's Group Contribution Method [25]. 

 

2.3. Preparation of CER-based networks 

 

Mixtures of DCBE with 1.0 wt.% IL were first stirred until homogeneous state as follows. 

DCBE monomer was mixed with [OMIm][BF4], [HEAIm][Cl] or [PHMG][TS] at T  150°C 

for 3 min, then the homogeneous DCBE/IL mixtures were polymerized by a step-by-step 

curing procedure with the following successive heating conditions: 150°C/8 h, 180°C/3h, 

210°C/3 h, 230°C/1 h. 
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The effect of IL chemical structure on the resulting CER/[OMIm][BF4], CER/[HEAIm][Cl] 

or CER/[PHMG][TS] networks was studied by FTIR to detect possible chemical reactions 

between OCN groups of DCBE and functional groups of ILs. A model composition for 

DCBE/IL equal to 50/50 wt.% was used at 150°C for 3 min to obtain homogeneous mixtures, 

followed by a step-by-step curing procedure with the following heating conditions: 150°C/8 h, 

180°C/3 h, 210°C/3 h, 230°C/1 h. 

 

2.4. Physico-chemical techniques 

 

1
H NMR and 

19
F NMR techniques were used to characterize the ionic liquids synthesized. 

The spectra were recorded with a Varian (300 MHz) NMR spectrometer at 23°C using 

DMSO-d6 as the deuterated solvent. 

 

Elemental analysis of the ionic liquids synthesized was performed using classical approaches 

described elsewhere [24]. 

 

For kinetic measurements by FTIR, neat DCBE or DCBE/IL mixtures of 99/1 wt.% 

compositions were poured directly onto NaCl windows, followed by their isothermal heating 

in a temperature-controlled oven at 150°C for 8 h with periodic sampling out (every 30 min). 

FTIR spectra were recorded at room temperature between 4000 and 600 cm
-1

 using a Bruker 

Tensor 37 spectrometer. For each spectrum, 32 consecutive scans with a resolution of 4 cm
-1

 

were averaged. 

 

The IR band at 1500 cm
-1

 of benzene ring vibrations was used as an internal standard. DCBE 

conversion was determined by monitoring the disappearance of –O–C≡N stretching band at 

2266 cm
-1

. The conversion (c) of cyanate groups was calculated using Equation 1: 

 

100)
/

/
1(

1500)0(1500)(

2266)0(2266)(
c 

II

II

t

t
      (1) 

where I(t)2266 is the intensity of C≡N vibration band in –O–C≡N at 2266 cm
–1

 at time t; I(t)1500 

is the intensity of carbon-carbon stretching vibrations in aromatic ring band at 1500 cm
–1

 at 

time t; I(0) is the intensity of corresponding vibration bands in the initial DCBE-containing 

mixture. 
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Thermogravimetric analysis (TGA) measurements were performed using a Setaram SETSYS 

evolution 1750 thermobalance. Samples were heated in a platinum crucible from 20 to 700°C 

at a heating rate of 10°C∙min
−1

 under argon atmosphere. The sample mass was about 10 mg. 

 

Dynamic mechanical thermal analysis (DMTA) was carried out using a DMA-Q800 

equipment (TA Instruments) in a temperature range from 20 to 350°C at a heating rate of 

4°C/min and frequency values of 1, 3, 5, 10, 15 and 20 Hz using single cantilever bending 

mode. Rectangular samples of size 40×5×1 mm were tested. 

The apparent activation energy (∆Ea) for  relaxation was determined by applying the Vogel-

Fulcher-Tammann (VFT) equation as follows (Equation 2) [26-29]: 

 

(2) 

where f represents the frequency, fo is analogous to the rate constant and pre-exponential 

factor of Arrhenius Equation, R is the gas constant (R = 8.314·10
-3

 kJ·mol
-1

·K
-1

), T stands for 

absolute temperature, TVFT is about 50°C lower than the  transition temperature T. 

 

The shift of relaxation temperatures (T1 and T) due to changes in the test frequencies (f1 

and f2) allows for the determination of ∆Ea values by using Equations 3, 4 and 5 [30]: 

 

(3) 

4) 

 

(5) 

 

3. Results and discussion 

 

3.1. Kinetic investigation by FTIR 

Kinetics of neat CER formation and DCBE polymerization in the presence of [OMIm][BF4], 

[HEAIm][Cl] or [PHMG][TS] was investigated by FTIR. The normalized FTIR spectra of 

corresponding networks during their isothermal curing at 150°C are shown in Figure 2. The 
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absorption doublet at 2266-2237 cm
-1

 corresponding to OCN group stretching vibrations 

diminished with the curing time for pure CER as well as for all the CER/IL networks, while 

the bands at 1565 and 1369 сm
–1

, respectively corresponding to valence vibrations of C=N 

bonds (C=N) in C=N–C groups and N–C bonds (N–C) in N–C–O groups of cyanurate cycles, 

appeared [1,2]. 

 

The time dependence of cyanate group conversion (cand reaction rate (W = d/dt) for neat 

CER and CER/IL networks is shown in Figure 3. For pure CER, the induction period of 

DCBE polycyclotrimerization was equal to about 60 min, whereas for CER/[OMIm][BF4], 

CER/[HEAIm][Cl] and CER/[PHMG][TS], the induction period was by 1.5-3.0 times shorter, 

depending on IL structure (Table 2). In addition, the maximal rate of reaction, Wmax, 

increased by 10-20 % and the time to maximal rate of reaction, tmax, decreased by 7-42 % 

(Table 2). Therefore, the introduction of ILs into the DCBE reaction medium significantly 

accelerated the conversion of –O–C≡N groups from the early stages of CER network 

formation. It should be noticed that conversion of –O–C≡N groups reached the value 

ofc0.98 for all the CER networks synthesized after the complete curing schedule. 

 

Further, for all CER-based systems, the reaction rate increased dramatically in the kinetic-

controlled stage (linear part of conversion vs. time curve in Figure 3a) until it reached a 

maximum Wmax (Figure 3b). After reaching the gel point, the reaction rate decreased 

drastically as the polymerization process became diffusion-limited. For all the CER/IL 

networks, the reaction was faster compared to neat CER (completion after about 360 min). 

 

3.2. CER/IL curing mechanisms 

The curing mechanisms of CER/IL composites were studied on model reactions starting from 

DCBE/IL mixtures with a 50/50 wt.% composition. The spectrum of CER/[OMIm][BF4] 

showed only characteristic absorbance bands of both individual components (see Figure 4, 

curve 3) that evidenced the chemical inertness of [OMIm][BF4] towards DCBE. In a previous 

work [31], we have already proposed the mechanism of DCBE polymerization in the presence 

of [OMIm][BF4] via the formation of a [CN]
δ+

–[OMIm]
δ–

 complex as a key intermediate 

(Figure 5). 
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One could suppose the same mechanism for DCBE polymerization in the presence of 

[HEAIm][Cl]. However, in the latter case, the competition between the catalytic complex 

formation and the covalent bonding through the reaction of cyanate groups of DCBE with –

OH and >NH groups of [HEAIm][Cl] should be considered. Thus, a three-step mechanism 

was proposed for the formation of cyanurate cycles from DCBE polymerization being 

catalyzed by [HEAIm][Cl] (Figure 6). Our hypothesis was based on the well-known 

mechanisms of polycyclotrimerization of CERs in the presence of hydroxy [1,32-35] and 

amino [36,37] compounds. First, during the mixing procedure, the –OCN groups of DCBE 

could react with hydroxyl groups of [HEAIm][Cl] with formation of imidocarbonate O–

C(=NH)–O fragment (Figure 6, compound 2), which further reacted with a second DCBE 

molecule with formation of a stabilized dimer (Figure 6, compound 3). A third DCBE 

molecule reacted with the dimer 3, thus giving rise to the intermediate 4, which was further 

transformed into the triazine ring. This transformation could be potentially followed by two 

mechanisms: either [HEAIm][Cl] release leading to product 5 (cyanurate cycle) or 

[HEAIm][Cl] incorporation directly into the cyanurate network (Figure 6, compound 6) with 

release of ROH (monocyanate of bisphenol A). According to Grigat and Putter [36] as well as 

our previous works [33-35], the more acidic phenol compared to alcohol was released, and 

thus, a substituted triazine ring should be obtained with the release of a monophenol derived 

from DCBE. Moreover, we presumed that [HEAIm][Cl] could also increase the polarization 

of the C=N bond in the imidocarbonate (Figure 6, compound 2), thus making the carbon 

atom of this functional group more electrophilic. This was confirmed by FTIR through the 

appearance of a shoulder at 1440 cm
-1

 attributed to N–С=О asymmetric vibrations along with 

a band at 1706 cm
-1

, which could be related to С=О stretching vibrations in the urea linkage 

of imidazolidinone (Figure 6, compound 4’; see Figure 4, curve 6) [38]. The formation of 

compound 4’ from 2 might be possible upon releasing of monophenol derivative through the 

formation of iminooxazolidine 3’, which could also be accompanied by its partial 

isomerization into compound 4’. Furthermore, the reaction between the secondary >NH 

groups of [HEAIm][Cl], which were less reactive than –OH groups, was possible as well. The 

occurrence of structure 3’ was confirmed by FTIR with the appearance of a shoulder at 1633 

cm
-1

 assigned to the N–H in the isourea linkage [39] (see Figure 4, curve 6), which seemed to 

be formed together with the cyanurate-based compounds (Figure 6, compounds 5 and 6). 

Accordingly, hybrid chemical structures with additional network junctions could be produced 

for the CER/[HEAIm][Cl] system. 
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The proposed mechanism of DCBE polycyclotrimerization process in the presence of 

[PHMG][TS] was also based on the reactivity of secondary amino groups towards cyanate 

groups, as represented schematically in Figure 7. The new strong absorption FTIR bands 

around 1565 and 1369 cm
-1

 could be attributed to the C=N–C and O–C–N stretching 

vibrations in cyanurate groups. Two routes of grafting of [PHMG][TS] polymer chains onto 

the CER network structure were possible. Meanwhile, the existence of a new group 

conjugated to a triazine ring was proved by the FTIR bands at around 1544 cm
-1

 (vC=N)
 
[40] 

and 1512 cm
-1

 attributed to aromatic ring stretching vibrations (Figure 7, compound 3’; see 

Figure 4, curve 9). The absorption band at 1391 cm
-1 

could be assigned to the stretching 

vibrations vN–C [41] associated with groups bridging the triazine rings (Figure 7, compound 

4). All these observations confirmed the [PHMG][TS] incorporation into the polycyanurate 

network structure. 

 

Additionally, a band at 1772 cm
-1

 attributed to С=О stretching vibrations appeared in the 

FTIR spectra of both initial DCBE/[PHMG][TS] mixture and CER/[PHMG][TS] after 

complete curing (see Figure 4, curves 8 and 9). We could suppose that the reaction of cyanate 

groups from DCBE and CER with traces of water [42] or phenolic impurity could occur to 

generate an imidocarbonate intermediate (Figure 8). 

 

3.3. Thermal stability of CER-based networks by TGA 

The thermal stability of CER/IL networks as well as individual components (i.e., neat CER 

and ILs) was investigated by TGA (Figure 9, Table 3). It is noteworthy that all CER/ILs 

networks exhibited high thermal stability, similarly to pure CER, as no visible mass loss was 

observed at temperatures below 420°C. For all the CER-based networks, the main degradation 

stage occurred in a temperature range from Td onset ≈ 420-427°C to Td end ≈ 450-460°C, 

depending on IL structure. One could also observe some weak degradation stage in a 

temperature range of T ≈ 500─640°C for all the samples under investigation, which could be 

attributed to CER mass loss due to the elimination of alkenes and hydrogen, leaving a 

carbonaceous char containing residual oxygen and nitrogen [43,44]. 

 

The thermal stability of CER/[OMIm][BF4] and CER/[HEAIm][Cl] was quite similar to that 

of neat CER (see Figure 9, Table 3). This meant that using 1.0 wt.% of corresponding ILs did 

not change significantly the chemical structure and cross-linking density of the CER network. 

We considered that one such behaviour resulted from the fact that [OMIm][BF4] had no 
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chemical bonds with the CER network (cf. Figure 5). [HEAIm][Cl] had a covalent grafting 

with the cyanurate network but the molecular mass of the IL molecules was too small (M = 

164 g/mol, see Table 1), and above all, an amount of 1.0 wt.% was too low to significantly 

change the chemical structure and notably the cross-linking structure of the CER matrix. 

Interestingly, despite a thermal stability of pure [HEAIm][Cl] substantially lower than that of 

other ILs and neat CER (Figure 9b, Table 3), the careful analysis of the TGA curve of the 

CER/[HEAIm][Cl] network did not show the corresponding mass loss (i.e. 1.0 wt.%) of the 

IL in the temperature range in which the main degradation of pure IL occurred. Therefore, the 

highly crosslinked CER network might prevent the IL from regular thermal degradation, 

probably due to its chemical incorporation into the CER matrix (see Figure 6). 

 

On the contrary, the CER/[PHMG][TS] network was characterized by a lower thermal 

stability compared to the other analogues (cf. Table 3). Obviously enough, one such 

behaviour might arise from the formation of a CER network with lower cross-linking density 

and structural regularity, due to the chemical incorporation of relatively long linear polymer 

fragments of [PHMG][TS] (Mn = 12,520 g/mol, see Table 1) into the CER matrix. 

 

3.4. Viscoelastic properties of CER-based networks by DMTA 

Figure 10 shows the temperature dependence of storage modulus (E′) and loss factor (tanδ) 

for neat CER and CER/IL networks. All the samples were characterized by high  relaxation 

temperature values (T240°C, Table 4), as typically found for thermostable cross-linked 

polymers, due to high temperature resistance of cross-links and high cross-linking density of 

polymer networks [1-6,32-35]. 

 

Unpredictably, a significant effect of the low IL content (i.e., 1.0 wt.%) on the viscoelastic 

properties of all CER/IL networks was found compared to those of pure CER (Figure 10, 

Table 4). As expected, the lowest changes were observed for the CER/[OMIm][BF4] network. 

This was probably due to the fact that the IL was not chemically embedded into the CER 

network structure. Nevertheless, a slight decrease in Tand E values as well as an increase in 

tanmax and ∆T values were evidenced, thus demonstrating a higher mobility of the kinetic 

segments between the cross-links of the CER matrix.


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On the contrary, the chemical incorporation of [HEAIm][Cl] and especially [PHMG][TS] into 

the CER matrix resulted in a substantial decrease in the values of T as well as a significant 

rise in values of tanmax and ∆T compared to those for neat CER. Again, these facts evidenced 

the increase in mobility of the kinetic segments within the CER matrix, due to the reduced 

cross-linking density of the polycyanurate network in the CER/IL samples. Such changes 

turned out to be more drastic for the CER/[PHMG][TS] network, due to the chemical 

incorporation of polymeric chains from the IL into the CER network compared to the grafting 

of small molecules of [HEAIm][Cl] into the corresponding CER matrix. For the 

CER/[PHMG][TS] network, a dramatic decrease in E′ values was observed in the whole 

glassy region up to 235°C (Figure 10a, Table 4), which confirmed the aforementioned 

conclusion on the formation of a CER matrix with more structural defects compared to all 

other analogues. 

 

Furthermore, the changes in values of apparent activation energy of  relaxation (∆Ea) 

calculated for all the samples (Table 4) confirmed the aforementioned observations. First of 

all, the temperature dependence of frequency, i.e. plots of logf vs. (1000/T) (Figure 11), 

displayed a steep linearity in the region close to 1 Hz (f = 1.0-20.0 Hz), which is typical of the 

 relaxation. For higher f values (at around 10
3
 Hz and above), this linearity was lost. From 

these plots, reliable values of ∆Ea were determined. Indeed, the Ea value can be translated as 

the amount of energy required to activate the molecular motion and rearrangement of some 

molecular segments around T [45,46]. The Ea value for the CER/[OMIm][BF4] network was 

very close to that for pure CER (∆Ea  286 kJ/mol and ∆Ea  292 kJ/mol, respectively), thus 

corroborating a similar main transition process related to similar cross-linked structures in both 

samples because the IL was not chemically embedded into the network. The observed decline 

in ∆Ea values for CER/[HEAIm][Cl] (∆Ea  255 kJ/mol) and CER/[PHMG][TS] (∆Ea  196 

kJ/mol) was consistent with the hypothesis of the formation of hybrid CER/IL networks with 

lower cross-linking density and more mobile kinetic segments between junctions due to the 

chemical incorporation of the ILs into the CER matrix. 

 

For the CER/[PHMG][TS] network, it is noteworthy that in the tanδ = f(T) curve, a second tan 

peak was also observed at 284°C, which could be explained by the post-curing process 

occurring in the CER matrix, while heating the sample during DMTA measurements above T 

(T > 240°C) [47], due to reaction of high mobility residual –O–C≡N groups in the hybrid 
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CER/[PHMG][TS] network. Interestingly, a noticeable increase in the E′ modulus above T 

(Figure 10a) for all the networks was also caused by a post-curing effect which occurred upon 

heating the samples during DMTA measurements, resulting in some increase in the final cross-

linking density of CER/IL networks. As it could be seen from Table 4, the post-curing started 

at different temperatures (Tpc(onset)) for the different samples: one could assume that the lower 

the cross-linking density of the cured network, the higher the mobility of the residual –O–C≡N 

groups from CER, and the lower the onset temperature of post-curing. 

 

 

4. Conclusions 

 

This paper thoroughly discussed the kinetic peculiarities of DCBE polycyclotrimerization in 

the presence of very small amounts (i.e. 1.0 wt.%) of ionic liquids with contrasted reactivity, 

i.e. an aprotic IL ([OMIm][BF4]), a protic IL ([HEAIm][Cl]), and a protic polymeric IL 

([PHMG][TS]). Further, the relationships between the structure of the densely cross-linked 

CER/IL networks and their thermal and viscoelastic properties were compared to those 

associated with neat CER. A strong catalytic effect of all ILs used on DCBE 

polycyclotrimerization leading to CER network formation was found, and the IL catalytic 

activity could be ranked as follows: aprotic [OMIm][BF4] > protic [HEAIm][Cl] > protic 

polymeric [PHMG][TS]. Plausible mechanisms for all the DCBE/IL systems were proposed 

to explain the acceleration effect of the ILs. 

 

One such acceleration effect was significantly higher in the presence of [OMIm][BF4], due to 

its chemical inertness towards DCBE monomer. In the case of [HEAIm][Cl] and 

[PHMG][TS], the chemical grafting of the ILs to CERs might occur. The polymer segment 

mobility and activation energy (Ea) for  relaxation were studied using DMTA for neat CER 

and CER/ILs networks. All the samples exhibited a high T (i.e., 242-262°C at 1.0 Hz). It was 

found that the physical incorporation of [OMIm][BF4] into the CER network had no 

significant influence on T value compared to that of neat CER. On the contrary, the chemical 

incorporation of both [HEAIm][Cl] and [PHMG][TS] resulted in the significant decrease of 

T values for corresponding CER/IL networks caused by the formation of hybrid chemical 

structures with lower structural regularity that that of neat CER. Nevertheless, TGA results 
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revealed that the catalytic amounts of ILs had no major influence on the thermal stability of 

CER-based networks compared to pure CER. 

 

Accordingly, catalytic amounts of ILs used for the synthesis of CER thermosetting materials 

do not impair their main thermal characteristics, thus keeping their applicability as suitable 

matrices for aerospace composites or microelectronic devices. 
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Table 1. Chemical structure and basic physico-chemical characteristics of components under 

investigation 

Component Structure Characteristics 

1,1-bis(4-cyanatophenyl) 

ethane 

DCBE  

M = 264 g/mol 

Tm  29°С 

Td  434°С 

 = 24.5 (J/cm
3
)
1/2

 

1-octyl-3-

methylimidazolium 

tetrafluoroborate 

[OMIm][BF4] 

 

M = 282 g/mol 

Tm  88°С 

Td  401°С 

 = 18.8 (J/cm
3
)
1/2

 

2-(hydroxyethylamino) 

imidazolinium chloride 

[HEAIm][Cl] 

 

M  = 164 g/mol 

Tm  97-98°С 

Td  244°С 

 = 28.9 (J/cm
3
)
1/2

 

Polyhexamethylene 

guanidine toluene 

sulfonate 

[PHMG][TS] 
 

Mn = 12,520 g/mol (n ~ 40-50) 

Tm  110-115°C 

Td  371°С 

 = 25.6 (J/cm
3
)
1/2
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Table 2. Kinetic parameters of DCBE polymerization in the absence and the presence of 1.0 

wt.% IL 

Network ti 
a
 

(min) 

Wmax x10
3 b

 

(min
-1

) 

tmax 
c
 

(min) 
c 

d
 

(%) 

Neat CER 60 8.4 89 89 

CER / [OMIm][BF4] 20 10.2 52 91 

CER / [HEAIm][Cl] 34 9.7 68 82 

CER / [PHMG][TS] 40 9.2 83 78 
a
 induction period 

b
 maximal rate of reaction (W = d/dt) 

c
 time to maximal rate of reaction 

d
 maximal conversion of OCN groups 
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Table 3. Thermal stability of CER-based networks and pure ILs as investigated by TGA 

Sample 

Td onset 
a 

(
○
C) 

Td max 
b 

(
○
C) 

m 
c
 

(%) 

Char residue  

at 680
○
C 

(%) 

Neat CER 427 441 33.7 47.5 

CER / [OMIm][BF4] 425 443 33.1 46.7 

CER / [HEAIm][Cl] 424 443 35.1 45.7 

CER / [PHMG][TS] 420 438 34.3 45.4 

[OMIm][BF4] 396 439 91.3 0.0 

[HEAIm][Cl] 240 295 94.2 1.3 

[PHMG][TS] 372 403 78.1 13.0 
a 
Td onset: onset temperature for intensive degradation stage considered 

b 
Td max: temperature of maximum degradation rate for intensive stage considered 

c 
m: mass loss for intensive degradation stage considered 
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Table 4. Viscoelastic properties of CER-based networks as investigated by DMTA 

 

Network T
a


(
○
C) 

tanmax ∆T 
b
 

(
○
C) 

Ea 
c 

(kJ/mol) 

E′ (GPa) Tpc(onset) 
d 

(
○
C) 

20°C 200°C 250°C 

CER 263 0.38 33 292 2.2 1.6 0.60 288 

CER / [OMIm][BF4] 262 0.52 40 286 2.1 1.4 0.56 277 

CER / [HEAIm][Cl] 248 0.67 40 255 2.3 1.5 0.10 268 

CER / [PHMG][TS] 242 0.68 42 196 1.6 0.8 0.02 260 
a
 T:  relaxation temperature 

b
 ∆T: temperature width at ½ tan max height 

c
 Ea: apparent activation energy of  relaxation 

d
 Tpc(onset): onset of temperature of CER post-curing as determined from E = f (T) 
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Figure Captions 
 

Figure 1. Reaction scheme of DCBE polycyclotrimerization 

Figure 2. Typical FTIR spectra in 2320-1290 cm
-1

 region during curing procedure for: (a) 

neat CER, (b) CER/[OMIm][BF4], (c) CER/[HEAIm][Cl], and (d) CER/[PHMG][TS]. The 

spectra were shifted vertically for the sake of clarity 

Figure 3. Kinetic curves at T = 150 
o
C: time dependence of (a) conversion (c) of –OCN 

groups from DCBE and (b) reaction rate (d/dt). Neat CER (1), CER/[OMIm][BF4] (2), 

CER/[HEAIm][Cl] (3), and DCBE/[PHMG][TS] (4) 

Figure 4. FTIR spectra in 1780-1350 cm
-1

 region for: (1) neat CER, (2) [OMIm][BF4], (3) 

CER/[OMIm][BF4] 50/50 wt.%, (4) [HEAIm][Cl], (5) DCBE/[HEAIm][Cl] 50/50 wt.% 

before curing, (6) CER/[HEAIm][Cl] 50/50 wt.% after curing, (7) [PHMG][TS], (8) 

DCBE/[PHMG][TS] 50/50 wt.% before curing, (9) CER/[PHMG][TS] 50/50 wt.% after 

curing. The spectra were shifted vertically for the sake of clarity 

Figure 5. Proposed mechanism for [OMIm][BF4]-catalyzed DCBE polycyclotrimerization 

Figure 6. Proposed mechanism for [HEAIm][Cl]-catalyzed DCBE polycyclotrimerization 

Figure 7. Proposed mechanism for [PHMG][TS]-catalyzed DCBE polycyclotrimerization 

Figure 8. Chemical reaction between cyanate groups of DCBE and traces of water or phenol 

impurity accompanying the DCBE monomer 

Figure 9. TGA curves for CER-based networks (a) and pure ILs (b): neat CER (-), 

CER/[OMIm][BF4] (-●-), CER/[HEAIm][Cl] (-■-), CER/[PHMG][TS] (-▲-), [OMIm][BF4] 

(-○-), [HEAIm][Cl] (-□-), and [PHMG][TS] (-∆-) 

Figure 10. Plot of E′ (a) and tan (b) as a function of temperature at 1 Hz for: CER (-), 

CER/[OMIm][BF4] (-●-), CER/[HEAIm][Cl] (-■-), and CER/[PHMG][TS] (-▲-) 

Figure 11. Plot of logf vs. 1000/T for: CER (-), CER/[OMIm][BF4] (-●-), CER/[HEAIm][Cl] 

(-■-), and CER/[PHMG][TS] (-▲-) 
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