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ABSTRACT 

Most flame retardants used in epoxy resin (EP) inevitably affect its curing process, 

mechanical properties as well as transparency. To solve this problem, a novel 

phosphorus-containing halogen-free ionic liquid ([Dmim]Tos), composed of imidazole 

cation modified with 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) 

and tosylate anion, has been designed and used as a flame retardant for EP. DSC 

non-isothermal curing scans show that [Dmim]Tos has accelerating effect on the 

curing of EP. The addition of [Dmim]Tos enhances not only the crosslinking density 

but also the modulus of EP. The unnotched izod impact strength and the glass 

transition temperatures (Tgs) of EP/[Dmim]Tos are a little lower than pure EP because 

of the plasticization of unreacted [Dmim]Tos. Due to the good affinity with epoxy 
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resin, low [Dmim]Tos addition almost has no effect on the the transparency of EP. 

Besides, incorporation of 4 wt% [Dmim]Tos into EP makes it pass UL-94 V-0 level 

and increases the LOI value to 32.5%. Cone calorimeter test indicates the peak heat 

release rate (p-HRR) of EP/4.0[Dmim]Tos reduces by 37% compared with EP. The 

flame-retardant mechanism of EP/[Dmim]Tos has been investigated in detail. It is 

found that the flame-retardant action of [Dmim]Tos on EP is in the gas phase for 

quenching effect of phosphorus-based radicals and the condensed phase for 

dehydration of phosphorous fragments.  

Keywords: Ionic liquid; DOPO; Epoxy resin; Flame retardance; Curing; Mechanical 

properties  

 

1. Introduction 

Epoxy resin (EP), one of the most important thermoset resins, has been widely used in 

various fields such as coatings, adhesives, composites, laminates, electronic insulators, 

etc., owing to its low cost, easy fabrication, excellent moisture, chemical resistance 

and attractive mechanical properties [1-3]. However, the high flammability of EP 

restricts its wider applications in many areas. So, it is urgent to endow EP with flame 

retardancy especially when it is used in the areas requiring high fire resistance.  

Usually a flame retardant can be added into the epoxy matrix, either as a reactive 

co-reactant or an additive, which has demonstrated as an efficient method [4-6]. 

Unfortunately, the thermal stability, the glass transition temperature (Tg) as well as the 

mechanical properties of EP are sacrificed as a cost for the flame retardancy [7-9]. 
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Sometimes, the curing process is also affected, presented as higher curing temperature 

and longer curing time [10]. How to balance the flame retardancy and the 

comprehensive properties of EP still is a challenge [11].  

Ionic liquids (ILs) are known as the most promising solvents and catalysts in 21st 

century due to their wide liquid range, high conductivity, negligible vapor pressure, 

low flammability and wide electrochemical potential window [12-16]. In the last 

decade, ILs have been investigated as lubricants [17], plasticizers [18], antistatic 

agents [19], compatibilizer [20] etc., for polymeric materials. Let alone, they have 

been extensively used as solvents for indissolvable biomacromolecules [21-24].  

In addition to the application above, ILs have also been studied in the field of 

flame retardance. For example, there are some literatures reporting that ILs with 

special structure can be applied as synergists to endow different kinds of polymeric 

materials with flame retardancy [25-28]. For example, a phosphrous-containing ionic 

liquid ([PCMIM]Cl) has been synthesized by Yang et al. and used together with 

ammonium polyphosphate (APP) to constitue a intumescent flame retardant (IFR) for 

polypropylene (PP) [27]. It is found that [PCMIM]Cl has an obvious synergistic effect 

with APP, resulting in that PP/IFR reaches UL-94 V-0 rating and has a limiting oxgen 

index (LOI) of 31.8%, when the total amount of IFR is 30 wt%. Li et al. [28] has 

designed a kind of polyoxometalates-based ionic liquid (PIL) and also has introduced 

into PP/IFR system to investigate its synergistic effect on the thermal and flame 

retardant properties of PP. Their results show that PP composite with 14.5wt% IFR 

and 0.5wt% PIL passes UL-94 V-0 rating, presenting better flame retardant efficiency 
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than that of single IRF. But it is rare to use IL alone as a flame retardant for polymers 

in the currrent study. Xiao et al. has synthesized a phosphonate-based imidazolium 

bromide ionic liquid, and used alone as a flame retardant for epoxy resin [29]. With 

only 4 wt% loading, EP/IL has the LOI value of 34.9% and passes UL-94 V-0 rating. 

However, this IL contains bromide anion, and it will release toxic and corrosive 

products during combustion just like those halogen flame retardants [30].  

It has been well demonstrated that N-methyl imidazole can be used as a latent 

curing agent for EP, indicating it has good compatibility with EP [31]. So, it provides a 

possibility to design a kind of imidazole ionic liquid that contains flame retardant 

element, which can endow EP with better flame retardancy without affecting its curing 

behavior and other properties. In addition, based on our previous results [32], ILs with 

sulfate anions are not only non-toxic, but also make contribution to flame retardancy. 

It has been well demonstrated that 

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) or its derivatives as 

phosphorus-containing flame retardants, exhibit excellent thermal stability and flame 

retardancy compared with other phosphorus-based flame retardants [33-35]. Therefore, 

in this study, we design a novel flame-retardant IL containing imidazole modified with 

DOPO as a cation and sulfate as an anion. The comprehensive performances of EP 

containing this IL, including flame retardance, curing behavior, transparency, 

mechanical properties and thermal stability, have been investigated. The flame 

retardant mechanism is also discussed by the analysis of pyrolysis products and char 

layer. 
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2. Experimental section 

2.1. Materials 

Epoxy resin of diglycidyl ether of bisphenol A (DGEBA, E-44) with epoxy value of 

0.41-0.47 mol/100 g, was purchased from Lanxing Resin Co., Ltd (Lanzhou, China) 

and used as received. 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) 

was supplied by Jinlong Chemical Technology Co (Shenzhen, China). 

4,4-Diaminodiphenyl methane (DDM) was purchased from Sinopharm Chemical 

Reagent Co., Ltd. (Shanghai, China). Para-toluenesulfonyl chloride (TosCl) was 

provided by Tianjin BoDi Chemical Ind. Co. Ltd. (Tianjin, China). Acetonitrile, 

triethylamine, dichloromethane, diethyl ether, acetone and ethanol were all supplied 

from KeLong Chemical Reagent Co., Ltd (Chengdu, China) and used as received. 

 

2.2. Synthesis of (6-oxidodibenzo[c,e][1,2]oxaphosphinin-6-yl)methyl 

4-methylbenzenesulfonate (DOPO-Tos) 

DOPO-OH (123 g, 0.5 mol, prepared according to the literature [36]), trimethylamine 

(50.9 g, 0.5 mol) and 200 mL dichloromethane were added into a 500 mL four-neck 

flask equipped with a mechanical stirrer, additional funnel, and reflux condenser. 90 g 

(0.5 mol) paratoluensulfonyl chloride was added slowly into the flask after the mixture 

becoming a homogenous turbid solution. The reaction was maintained at room 

temperature for 6 h, and then the mixture was washed with the hot ethanol. Finally, the 

obtained product was dried at 80 °C in vacuum oven for 10 h. The yield of the product 
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was 85%. 
1
H-NMR (400 MHz, δH, DMSO-d6, ppm ): 4.05 (t, 3H), 4.76 (t, 1H), 5.02 (m, 

1H),7.14~7.25 (m, 1H), 7.26~7.40 (m, 3H), 7.40~7.62 (m, 4H), 7.80~7.94 (m, 2H), 

and 8.15~8.30 (m, 2H). The 
1
H NMR spectrum of DOPO-Tos is shown in Fig. S1.  

 

2.3. Synthesis of 

1-methyl-3-((6-oxidodibenzo[c,e][1,2]oxaphosphinin-6-yl)methyl)-1H-imidazol-3-

ium 4-methylbenzenesulfonate ([Dmim]Tos) 

The obtained DOPO-Tos (59.8 g, 0.15 mol) was dissolved into 80 mL 

N-methylimidazole in 250 mL flask at 80 °C and maintained stirring for 48 h. The 

product [Dmim]Tos was obtained by precipitation after washing with acetonitrile and 

diethyl ether, respectively. Finally, the product dried at 80
 
°C in vacuum to a constant 

weight. The corresponding synthetic routes for DOPO-Tos and [Dmim]Tos are shown 

in Scheme 1. The total yield of [Dmim]Tos was 60%. The chemical structure of 

[Dmim]Tos was confirmed by 
1
H-NMR, 

13
C-NMR, 

31
P-NMR and ESI-MS. 

1
H-NMR, 

(400 MHz, δH, DMSO-d6, ppm): 9.1 (s, 1H), 8.7 (s 1H), 6.8~8.4 (m, 14H), 5.4 (m, 2H), 

3.8 (d, 3H), and 2.3 (s, 3H). 
13

C-NMR, (400 MHz, δH, D2O, ppm): 152.3 (C
4
), 141.2 

(C
11

), 135.8 (C
12

), 133.1 (C
5
), 132.5 (C

7
), 131.9 (C

10
), 131.2 (C

8
), 129.8 (C

14
), 129.0 

(C
9
), 127.8 (C

6
), 123.0 (C

16
), 120.3 (C

15
), 116.2 (C

13
), 50.0 (C

3
), 49.0 (C

2
), and 35.8 

(C
1
). 

31
P-NMR, (400 MHz, δH, DMSO-d6, ppm): 12.2 (s). ESI-MS (40 eV): [M+NH3]

+ 

calculated: 499.14, found: 499.10. 
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Scheme 1. Synthetic route for [Dmim]Tos and 3D structure of [Dmim]Tos obtained by Chembio 3D 

MM2 Minimize Energy. 

 

2.4. Curing of EP and EP/[Dmim]Tos 

The cured EP and EP/[Dmim]Tos samples were prepared through traditional curing 

process, in which DDM was chosen as a curing agent. The detailed preparation process 

for cured EP is described as follows: DGEBA (100 g) and different amount of 

[Dmim]Tos were first mixed together and stirred at 100 °C until [Dmim]Tos was 

completely dissolved in DGEBA. Then, the mixture was placed in vacuum until no 

bubbles emerged. DDM was fed into the mixture at 80 °C, and maintained stirring and 

vacuum for 3 min. Finally, the mixture was poured rapidly into a preheated mold and 

thermally cured at 120 °C for 3 h, and postcured at 150 °C for 2 h. The EP sample 

was cured by the same procedure without the addition of [Dmim]Tos. The samples 

were named as EP, EP/2.4[Dmim]Tos, EP/4.0[Dmim]Tos, EP/7.5[Dmim]Tos 

respectively, in which the number denoted the weight percentage of [Dmim]Tos in 

EP. 
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2.5. Characterization 

1
H-NMR (400 MHz),

 31
P NMR (161.9 MHz) and 

13
C NMR (100 MHz) spectra were 

obtained on a Bruker Avance III 400 spectrometer (Rheinstetten, Germany). For 
1
H 

NMR (400 MHz) and
 31

P NMR (161.9 MHz), d6-dimethyl sulphoxide (DMSO) was 

used as a solvent. D2O was used as a solvent for 
13

C NMR (100 MHz). TMS was used 

as an internal reference for 
1
H NMR. 

ESI-MS spectra was obtained by a LCMS-IT-TOF spectrometer (Shimadzu, 

Japan) using water as a solvent. 

Thermogravimetry analysis (TG) was performed on a TG 209F1 apparatus 

(NETZSCH, Germany). The samples (5.0±0.5 mg) were heated from 40 °C to 700 °C 

at a rate of 10 °C min
−1

 under nitrogen or air flow of 50 mL min
−1

. 

Scanning electronic microscopy (SEM, Phenom Pro V, Holland) was utilized to 

observe the morphology of residues after cone calorimeter test and the cryo-fractured 

surface of different samples at an accelerating voltage of 10 kV. The elemental 

analysis was conducted by the energy dispersive X-ray spectrometer (EDX) in the 

surface scanning model. All samples were coated with gold prior to the SEM 

observation. 

DSC was carried on a TA Q200 DSC (TA, USA) equipped with a thermal 

analysis data station at a heating rate of 10 °C·min
−1 

under N2 atmosphere. 

The cone calorimeter (cone) was performed to analysis the combustion behavior 

of the samples with a FIT (UK) cone calorimeter according to ISO 5660-1. The 

samples with the size of 100×100×3 mm
3
 were measured under a heat flux of 35 kW 
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m
-2

. The average values of each sample were obtained from at least four measurements, 

and the experiment error was about ± 10%. 

The limited oxygen index (LOI) of the samples was evaluated by a HC-2C 

oxygen index meter (Jiangning, China) and the sheet dimensions was 130 mm × 6.5 

mm × 3.2 mm according to ASTM D2863-97. The vertical burning test (UL-94) for 

the samples with the size of 130 mm × 13mm × 3.2 mm was carried out by a vertical 

burning instrument (CF-2) according to ASTM D3801. The results of each samples 

were obtained from at least five measurements.  

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was carried out 

using a DANI MASTER GC-TOF-MS systems (DANI, Italy) combined with a 

CDS5200 pyrolyzer (CDS, America). The samples were heated from ambient 

temperature to 350°C at a rate of 1000 °C/s in helium atmosphere with an isothermal 

step of 20 s. The heating program of the capillary column was as follows: the 

temperature was maintained at 45 °C for 2 min, then increased to 280 °C at a rate of 

15 °C/min and kept at 280 °C for 5min. The data of mass spectra were analyzed using 

the NIST library. 

Raman spectra were obtained on a LabRAM-HR Confocal Raman Microprobe 

(JobinYvon Instruments, France) with a 512.5 nm argon ion laser.  

X-ray photoelectron spectroscopy (XPS) spectra were recorded by a XSAM80 

apparatus (Kratos Co, UK), using Al Kα excitation radiation (hν =1486.6 eV).  

Dynamic mechanical analysis (DMA) was tested in a three point bending pattern 

using a DMA Q800 apparatus (TA instruments). The testing conditions were set as 
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follows: constant frequency = 1.0 Hz, oscillation amplitude = 10.0 μm, heating rate = 

10 °C min
-1

.  

Izod unnotched impact strength was measured in ISO 180:2000 

(Plastics-Determination of Izod impact strength) with a dimensional size of 78 mm × 8 

mm × 4 mm. Commercial tensile tester (INSTRON 3366, USA) was used to test the 

tensile properties of samples according to GB/T1040.3-2006 at a speed of 1 mm/min 

with a dumbbell-shaped samples size of 25 mm × 4 mm × 2 mm. At least five 

specimens were tested for each sample, and the typical results was reported. 

 

3. Results and discussions 

3.1. Structure characterization of [Dmim]Tos  

As shown in Scheme 1, [Dmim]Tos can be synthesized through the reaction of 

quaternization between N-methylimidazole and sulfonate [32]. As shown in Fig.1, 

The signals at 9.1 ppm, 8.7 ppm and 7.6 ppm in the 
1
H-NMR spectrum are assigned to 

the H
1
, H

2
 and H

3
 of N-methylimidazole, respectively. The chemical shift of methyl in 

imidazole ring (H
4
) appears at 3.8 ppm. The chemical shifts of protons belonged to 

DOPO can be found in the range of 6.8~8.4 ppm [37]. Besides, the chemical shifts at 

7.4 ppm, 7.1 ppm, 2.3 ppm are ascribed to H
7
, H

8
, H

6
 of p-toluene sulfonate anion.  

Additionally, all the characteristic carbon resonance peaks of [Dmim]Tos can be 

found in its 
13

C-NMR spectrum. The carbon resonance peaks derived from DOPO are 

found in the range of 116-136 ppm. The carbon signals of N-methylimidazole appear 

at 49.0 (C
2
), 152.3 (C

4
), 133.1 (C

5
) and 127.8 (C

6
) ppm. The carbon resonance peaks 
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which belong to p-toluene sulfonate anion, appear at 35.8 (C1), 131.2 (C8), and 132.5 

(C7) ppm. There is only a single peak for 
31

P NMR spectrum at 12.2 ppm, 

demonstrating only one type of phosphorus in [Dmim]Tos. To further investigate the 

structure of [Dmim]Tos, We use ESI-MS to measure the molecular weight of 

[Dmim]Tos. It is found that the maximum absorption peak of [Dmim]Tos is at 499.10, 

which is as same as the calculated value of 499.14 [M+NH
3
]
+
. All the above results 

demonstrate that [Dmim]Tos has been successfully synthesized. 

 

 

Fig. 1. 
1 
H-NMR (a), 

13
C- NMR (b),

 31
P-NMR (c) spectra of [Dmim]Tos. 
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3.2. Curing behavior and mechanical properties of EP/[Dmim]Tos 

To find how [Dmim]Tos affects the curing behavior of EP, non-isothermal curing 

scans of EP with different amount of [Dmim]Tos have been investigated by DSC. The 

DSC heating curves of EP/[Dmim]Tos and the consumption of epoxy resin at 

different amount of [Dmim]Tos are shown in Fig. 2. From the DSC heating curves, 

we can see that the maximal exothermic temperatures of EP/[Dmim]Tos become 

lower with the increase of [Dmim]Tos. Besides, the consumption of EP/[Dmim]Tos at 

different temperature is higher than that of pure EP. And the consumption of 

EP/[Dmim]Tos at the temperature range of 120-150 °C, which is consistent with the 

practical curing temperature, is linearly increased with the loading of [Dmim]Tos. 

These results indicate that [Dmim]Tos has accelerating effect on the curing process of 

EP. This phenomenon is different with that reported flame retardants used in EP, 

which will delay the curing process of EP, reflected by the higher curing temperatures 

and longer curing time [10]. It is well known that imidazole and its derivatives can be 

used as a latent curing agent for EP [38-40], due to the acid and basic properties 

caused by the nitrogen atom in imidazole ring. For [Dmim]Tos, parts of the 

substituted imidazole also can react with DGEBA to form an adduct, which will 

further initiate the polymerization of diglycidyl ether [41, 42]. Therefore, the curing 

process of epoxy resin is accelerated when [Dmim]Tos is added. 
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Fig. 2. DSC heating scans of EP and EP/[Dmim]Tos (a), and the consumption of EP at different 

loading of [Dmim]Tos (b). 

 

To further demonstrate this, DMA is used to determine the crosslinking density 

of EP thermosets. Fig. 3 shows the storage modulus and tan delta curves of different 

samples. According to the literature, the crosslinking density of the EP (νe) can be 

calculated by the rubber elasticity theory [43, 44] with the Eq. (1) 

νe = E'/3RT      (1)   

where E' is the storage modulus at Tg + 40 °C in the rubbery plateau, R is the 

ideal gas constant, T is the thermodynamic temperature at Tg + 40 °C, and Tg is 

obtained from the peak temperature of tanδ in Fig. 3. The obtained values of νe are 

listed in Table 1. From the Table 1, we can see clearly that the crosslinking density of 

all EP/[Dmim]Tos is raised compared to pure EP. In addition, the crosslinking density 

of EP/[Dmim]Tos is almost linearly increased with the increase of [Dmim]Tos loading. 

This result means that the degree of crosslinking of EP/[Dmim]Tos is denser 

compared to the pure EP, demonstrating that [Dmim]Tos participates the curing 

processing of EP. 
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Fig. 3. DMA curves of EP and EP/[Dmim]Tos. 

 

Table 1 Mechanical properties, Tg, and crosslinking density (νe) of EP and EP/[Dmim]Tos. 

Samples 

Stress at 

break 

(MPa) 

Elongation at 

break (%) 

Young 

Modulus 

(MPa) 

Tg
a 

(°C) 

Tg
b 

(°C) 

Storage 

modulus at 

50 °C (MPa) 

νe 

(mol/m3) 

EP 77.1±3.2 8.4±0.4 1232±40 181.6 143.7 1184 822.5 

EP/2.4[Dmim]Tos 78.4±1.0 8.6±0.6 1421±35 180.4 138.1 1410 1276.7 

EP/4.0[Dmim]Tos 68.4±1.1 8.2±0.3 1393±32 173.6 139.6 1828 1445.2 

EP/7.5[Dmim]Tos 64.2±2.7 7.9±0.9 1491±85 170.4 138.7 2040 1636.7 

a: determined by DMA; b: determied by DSC 

 

The storage modulus of EP/[Dmim]Tos is much higher than that of EP when the 

temperature is below 150 °C (Fig. 3a), illustrating the rigidity of EP/[Dmim]Tos is 

enhanced. This phenomenon can be ascribed to the higher crosslinking density and 

the rigid DOPO structure in [Dmim]Tos [45]. Generally, the enhanced crosslinking 

density should increase the Tgs of EP/[Dmim]Tos. But as shown in Table 1, the Tgs of 

EP/[Dmim]Tos determined by DMA or DSC (Fig. S2) slightly decrease compared 

with EP. This result means not all [Dmim]Tos participates the curing reaction, the 

residual ionic liquid acts as a plasticizer for EP, resulting in the lower Tgs.  
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In addition, tensile and impact strength tests are used to evaluate the mechanical 

properties of EP and EP/[Dmim]Tos. Fig. 4 shows their stress-strain curves and 

unnotched izod impact strength. The corresponding data are also listed in Table 1. 

Except the stress at break and Young modulus, the elongation at break and the impact 

strength of EP/[Dmim]Tos are almost as same as that of pure EP. Compared to pure 

EP, their stress at break has a little lower, however, their Young modulus are 

somewhat higher. Although the crosslinking density of EP/[Dmim]Tos is raised, 

dispersity and plasticization of the unreacted [Dmim]Tos cannot be neglected. On the 

whole, the mechanical properties of EP/[Dmim]Tos are maintained after the addition 

of [Dmim]Tos. 

 

 

Fig. 4. Stress-strain curves (a) and unnotched izod impact strength (b) of EP and EP/[Dmim]Tos. 

 

To further investigate the dispersion and compability between [Dmim]Tos and 

EP matrix, SEM and EDX element mapping was used to investigate the 

cryo-fractured surface of EP and EP/[Dmim]Tos (shown in Fig. 5). Compared with 

pure EP, the fractured surface of EP/[Dmim]Tos are slightly rough. In the the EDX 

elements mapping image, the phosphorus signal (P, in yellow) represents [Dmim]Tos, 
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while C signal (in red) is a representation of the epoxy matrix and the carbon atom 

derived from [Dmim]Tos. From the elements mapping image, we can see that 

phosphorus elements disperse very well in the carbon elements even for the sample 

containing 7.5 wt% [Dmim]Tos. This result indicates again that [Dmim]Tos has good 

compatibility with EP because of the participation of [Dmim]Tos in the curing process. 

Due to the good affinity with epoxy resin, the addition of small amount of [Dmim]Tos 

almost has no effect on the transparency of EP (shown in Fig. 5e). Only for 

EP/7.5[Dmim]Tos sample, its transparency is reduced. 

 

 

Fig. 5. SEM and elements mapping images (P in yellow signal and C in red signal) of EP (a), 
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EP/2.4[Dmim]Tos (b), EP/4.0[Dmim]Tos(c), EP/7.5[Dmim]Tos(d); and digital photographs of 

cured EP and EP/[Dmim]Tos (e). 

 

3.3. Thermal stability of EP and EP/[Dmim]Tos 

The thermal stability of EP/[Dmim]Tos is evaluated by TGA under nitrogen and air 

atmospheres. Fig. 6 shows the TG and DTG curves of EP and EP/[Dmim]Tos. The 

decomposition data obtained from Fig. 6, including the initial decomposition 

temperature, which is defined as the temperature at 5% weight loss (T5%), the 

temperature at maximum decomposition rate (Tmax), as well as the residual mass at 

700 °C (R700) are summarized in Table 2, respectively. 

 

 

Fig. 6. TG and DTG curves of cured EP and EP/[Dmim]Tos under nitrogen (a and b) or air (c and 

d) atmospheres. 
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In nitrogen atmosphere, there is only one decomposition region for all samples. 

Compared to pure EP, the T5%s of cured EP/[Dmim]Tos decrease. From the TG and 

DTG curves of [Dmim]Tos (Fig. S3), we can find that [Dmim]Tos has lower T5% in 

nitrogen and air atmosphere (298 °C and 187.4 °C, respectively). So, the addition of 

[Dmim]Tos makes EP present lower initial decomposition temperature. The Tmaxs of 

EP/[Dmim]Tos decrease obviously compared with that of EP. This illustrates that the 

decomposition of EP is accelerated by the organic phosphorus compounds released 

from [Dmim]Tos. 

Under air atmosphere, the thermogravimetric curves of EP exhibit two stages 

decomposition. The first stage attributes to the degradation of epoxy chains, and the 

second one corresponds to the decomposition between char residue and oxygen [46]. 

Compared to pure EP, the T5%s, Tmax1s of EP/[Dmim]Tos are reduced slightly, which 

means EP/[Dmim]Tos maintains good thermal stability in the air atmosphere. 

Additionally, the Tmax2s of EP/[Dmim]Tos are little higher than EP. In terms of R700 

values of EP/[Dmim]Tos, they decrease first and then increase with the increase of 

[Dmim]Tos. The above results indicate the addition of [Dmim]Tos promotes the 

decomposition of EP in the initial decomposition process, which is caused by some 

phosphorus-based acids or sulfur-based acid generated from [Dmim]Tos 

decomposition. While in the following decomposition process, these acids can act as 

dehydrating agents for the formation of stable char layers [47]. 
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Table 2 Thermal decomposition data for cured EP and EP/[Dmim]Tos. 

 Nitrogen  Air 

Samples 
T5%

a
 

(℃) 

Tmax
b 

(℃) 

R700
d 

(wt%) 

 T5% 

(℃) 

Tmax1 

(℃) 

Tmax2 

(℃) 

R700 

(wt%) 

EP 356.9 393.0 13.7 310.1 382.8 565.4 1.75 

EP/2.4[Dmim]Tos 328.2 378.9 13.9 308.2 370.7 563.6 0.05 

EP/4.0[Dmim]Tos 323.6 375.6 13.8 296.2 371.4 569.0 0.15 

EP/7.5[Dmim]Tos 317.5 363.5 15.1 297.1 360.3 568.2 1.83 

a: The temperature at 5% weight loss; b: The temperature at maximum decomposition rate; d: The 

residual mass at 700 °C. 

 

3.4. Flame retardancy of cured EP/[Dmim]Tos 

The flame retardant performance of [Dmim]Tos for EP is investigated by LOI and 

UL-94 tests, the obtained data are shown in Table 3. The LOI value of the EP is only 

26.5%, and the LOI values of EP/[Dmim]Tos increase significantly with the increase 

of [Dmim]Tos content. Detailedly, the LOI value for EP/2.4[Dmim]Tos with 

phosphorus content of 0.12% is as high as 31.7. Further increasing the [Dmim]Tos 

amount, EP/7.5[Dmim]Tos can acquire the LOI value of 33.9%. In the UL-94 test, EP 

is no rating. However, the EP/4.0[Dmim]Tos, with only 0.2 wt% phosphorus content, 

can pass the V-0 level. During the UL-94 test, we find that the flame is blown out by 

the airflows released from the surface of the matrix. This phenomenon is also 

observed by other researchers when some phosphorus-containing flame retardants are 

used [50-52]. Compared with the other flame retardants used in EP, [Dmim]Tos shows 

excellent flame retardant efficiency for EP [7, 50, 53].
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Table 3 LOI and UL-94 results for cured EP and EP/[Dmim]Tos. 

Samples 
[Dmim]Tos 

content (wt.%) 

P content 

(wt.%) 

LOI 

(%) 

UL-94 

t1/t2
a
 Ratings 

EP 0 0 26.5 >1min/- NR
b
 

EP/2.4[Dmim]Tos 2.4 0.12 31.7 23s/3s V-1 

EP/4.0[Dmim]Tos 4.0 0.20 32.5 2s/2s V-0 

EP/7.5[Dmim]Tos 7.5 0.36 33.9 1s/2s V-0 

a: Average burning time after the 10 s ignition; b: No rating. 

 

To further study the combustion behavior of the cured EP and EP/[Dmim]Tos, 

the cone calorimeter test is introduced. The curves of heat release rate (HRR), total 

heat release (THR), smoke production rate (SPR), total smoke production (TSR) are 

shown in Fig. 7. The corresponding data are given in Table 4. The neat EP burns 

rapidly after ignition and the peak heat release rate (p-HRR) is 1125.8 kW/m
2
. When 

4 wt% [Dmim]Tos is added into EP, the p-HRR value of EP/4.0[Dmim]Tos drops to 

705.4 kW/m
2
, which is reduced by 37% compared with EP. Moreover, the average 

effective heat of combustion (av-EHC), THR and TSR values of EP/[Dmim]Tos 

decrease compared with pure EP, indicating [Dmim]Tos plays an important role in the 

combustion suppression of EP. However, the time to ignition (TTI) of EP/[Dmim]Tos 

is lower than EP, which is mainly because of the early decomposition of [Dmim]Tos. 

Although the average CO yields (av-COY) of EP/[Dmim]Tos gradually increase with 

the increase content of [Dmim]Tos, their values are almost as same as that of EP. Also, 

the average CO2 yields (av-CO2Y) of EP/[Dmim]Tos are a little lower than EP. These 

results mean that [Dmim]Tos suppresses the combustion of EP, at the same time it 

does not aggravate the smoke release especially CO yields.  



  

21 
 

 

Fig. 7. Heat release rate (a), total heat release (b), smoke production rate (c), and total smoke 

release (d) curves of EP and EP/[Dmim]Tos. 

 

Table 4 Cone calorimeter results of EP and EP/[Dmim]Tos. 

Samples 
TTI 

(s) 

p-HRR 

(kW·m-2) 

THR 

(MJ·m-2) 

av-EHC 

(MJ·kg-1) 

TSR 

(m2·m-2) 

av-COY 

(kg·kg-1) 

av-CO2Y 

(kg·kg-1) 

EP 61 1125.8 66.2 22.8 2561 0.071 1.942 

EP/2.4[Dmim]Tos 51 947.6 67.3 22.5 2379 0.084 1.997 

EP/4.0[Dmim]Tos 57 705.4 57.6 21.4 2215 0.095 1.841 

EP/7.5[Dmim]Tos 51 767.0 56.2 20.1 2269 0.100 1.790 

 

3.5. Analysis on char residue  

To evaluate the morphology of the char residues after cone calorimeter test, digital 

camera and scanning electron microscope (SEM) have been used. Fig. S4 exhibits the 

digital photos of char residue for EP and EP/[Dmim]Tos thermosets after cone 

calorimeter test. From Fig. S4, we can see that there are a small amount of 

fragmentary char left for pure EP. Compared to EP, the char residue of EP/[Dmim]Tos 
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are more continuous and compact.  

The SEM images of EP, EP/[Dmim]Tos char residue are presented in Fig. 8, and 

their microstructure can be seen clearly. The char residue of neat EP displays 

discontinuous structure in the exterior surface, and shows many tiny holes in the 

interior surface after combustion. However, from the exterior surfaces of the char 

layer for EP/[Dmim]Tos, they show compact carbon layer, especially for 

EP/7.5[Dmim]Tos. In the interior surfaces of EP/[Dmim]Tos, except 

EP/2.4[Dmim]Tos, the char layer of other samples becomes continuous, and some 

honeycombed structure can be observed for EP/4.0[Dmim]Tos and EP/7.5[Dmim]Tos. 

The compact char layer plays an important role in the combustion suppression, which 

can effectively isolate oxygen and heat, as well as prevent further decomposition of 

the substrate. The above results indicate [Dmim]Tos has the ability to catalyze char 

formation of EP and flame retard EP. 

 

 

Fig. 8. SEM images of the char residues of EP (a, a'), EP/2.4[Dmim]Tos (b,b'), EP/4.0[Dmim]Tos 

(c,c'), EP/7.5[Dmim]Tos (d,d') after cone calorimeter test. 
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Raman spectroscopy is an effective tool to analyze the degree of structural 

graphitization of carbonaceous material (Fig. 9). As shown in Fig. 9, there are two 

remarkable peaks at 1360 cm
-1

 and 1590 cm
-1

 in spectra, which belong to the D and G 

band, respectively. Generally, D band corresponds to the unordered carbon in the char 

residue, which represents the vibration of the carbon atoms in the disordered graphite 

structure. G band is related to the sp
2
-bonds carbon structure in graphite layers, and 

corresponds to the organized carbon. So the ratio of integrated intensities (ID/IG) can 

be used to estimate the graphitization of the char residue. The graphitization increases 

as the ratio of ID/IG decreases [54]. It is found that the ID/IG values for EP/[Dmim]Tos 

are lower than that of EP, indicating that the addition of [Dmim]Tos increases the 

graphitization of the char residue of EP. This result is also in accordance with the 

SEM results. 
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Fig. 9. Raman spectra of char residues of EP (a), EP/2.4[Dmim]Tos (b) EP/4.0[Dmim]Tos (c), 

EP/7.5[Dmim]Tos after cone calorimeter test. 

 

To investigate the detailed chemical component of the residue, XPS analysis of 

the char residue for EP and EP/[Dmim]Tos after cone calorimetric test is applied. Fig. 

10 shows the C1s spectra, and the detailed data of C1s chemical bonds are given in 

Table 5. N1s, O1s, and P2p spectra are illustrated in Fig. S5. The ratios of the relative 

element concentration obtained from the integral of deconvolution spectra are shown 

in Table S1. As shown in Fig. 10, there are four binding states from C1s spectra for all 

samples. The peaks at 284.4 and 284.8 eV belong to the C-H, C-C and C=C bonds in 

aliphatic and aromatic components. In addition, the peak at 285.4 eV is ascribed to the 

C-O-C and C-OH bonds. The signal of the C=O bond appears at 287.2 eV. The signal 

at 289.9 eV is assigned to COOR groups. These peaks are mainly related to the 

structure produced by dehydration and carbonization during combustion [55]. Cox 

stands for the oxidized carbons, while Ca denotes the aliphatic and aromatic carbons. 

According to the literature, the value of Cox/Ca can represent the percentage of 

aromatic hydrocarbons in char residue [56]. The smaller value of Cox/Ca signifies the 

bigger condensation degree of the aromatic species. From Table 5, we can see that the 

Cox/Ca values of EP/[Dmim]Tos decrease compared with that of EP. This means 

[Dmim]Tos can make EP/[Dmim]Tos produce more aromatic hydrocarbons in the 

char after the combustion process, which has a positive contribution to the flame 

retardant process. But the Cox/Ca values of EP/[Dmim]Tos are not further reduced 
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when [Dmim]Tos content is raised, implying that its promotion effect on aromatic 

hydrocarbons formation is limited. 

 

 

Fig. 10. C1s spectra of residual char after cone calorimeter test for (a) EP, (b) EP/2.4[Dmim]Tos, (c) 

EP/4.0[Dmim]Tos, (d)EP/7.5[Dmim]Tos. 

 

Table 5 C1s XPS data of different chemical bonds for EP and EP/[Dmim]Tos.  

Sample 

C-C C-H 

C=C 

area (%) 

C-O-C 

C-OH 

 area (%) 

C=O area 

(%) 

COOR area 

(%) 
Cox/Ca 

EP 33 26 21 20 2.03 

EP/2.4[Dmim]Tos 42 23 18 17 1.17 

EP/4.0[Dmim]Tos 46 20 17 17 1.27 

EP/7.5[Dmim]Tos 44 22 17 17 1.38 

Cox: oxidized carbons. Ca: aliphatic and aromatic carbons. 

 

In Fig. S5, there are two peaks at 398.6 eV and 400 eV in N1s spectra, which can 

be ascribed to C-N and C=N bonds, respectively. As shown in Table S1, the nitrogen 



  

26 
 

element weight ratio of char residue for EP/[Dmim]Tos is lower than EP, meaning 

more nitrogen elements have been released during combustion. Two peaks at 530.8 

eV (attributed to C=O bond) 532.9 eV (assigned to C-O-C or C-OH bonds) can be 

observed in O1s spectra. It is noteworthy that the content of oxygen element in 

EP/[Dmim]Tos is higher than that of EP, indicating that EP/[Dmim]Tos can maintain 

more oxygen atoms after combustion. Besides, there are two peaks at 132.5 eV and 

133.7 eV in P2p spectra, which are assigned to the P-O-C or PO3 groups and P2O5 

derivatives, respectively. These peaks demonstrate that [Dmim]Tos can produce 

polyphosphonate or pyrophosphate during the combustions [57], which can catalyze 

dehydration and carbonation of EP. 

 

3.6. Gaseous products analysis 

To better understand the flame retarding mechanism of EP/[Dmim]Tos, gas phase 

function is also investigated. Therefore, the pyrolysis products of EP and 

EP/7.5[Dmim]Tos are analyzed by Py-GC/MS. The total ion chromatograms of EP 

and EP/7.5[DmimTos] are shown in Fig. 11. The corresponding peaks and their 

possible assignments are summarized in Table S2-S3. 
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Fig. 11. Total ion chromatograms of EP and EP/7.5[Dmim]Tos. 

 

As shown in Table S2, the main pyrolytic products of EP are phenol, benzofuran 

and bisphenol-A compounds, which are the fragments produced by the decomposition 

of epoxy polymers. The appearance of phenylamine is ascribed to the pyrolysis of 

DDM. For EP/7.5[Dmim]Tos, its total ion chromatogram is more simplified 

compared to EP one, indicating fewer kinds of compounds detected, which means the 

combustibles species decrease. Besides some same compounds as EP, a number of 

specific compounds, such as o-phenylphenol and DOPO, can be found. According to 

the literature [57-59], DOPO can generate PO free radicals or phosphorus compound 

through further degradation. On one hand, the phosphorus compounds retained in the 

char residue, which often make the carbon layer containing more phosphorus element, 

can catalyze dehydration reaction of epoxy resin. The higher phosphorus content in 

the char residue of EP/[Dmim]Tos has been demonstrated by XPS results (Table S1). 

On the other hand, PO free radicals can quench H or O free radicals generated in 

combustion process. Therefore, the DOPO fragments play an important role in flame 
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retarding EP/7.5[Dmim]Tos both in gas and condensed phases. 

Consequently, based on the above analysis of gas phase products and condensed 

phase for the char residues, it can be concluded that the flame retardant mechanism of 

[Dmim]Tos on EP is in bi-phase: the gas phase is mainly the quenching effect of 

phosphorus-based radicals, and the condensed phase is the dehydration of 

phosphorous fragments for epoxy polymers as the formation of more aromatic char 

layer (shown in Fig. 12). The combination of gas phase and condensed phase makes 

[Dmim]Tos show better flame retardant effect for EP.  

 

 

Fig. 12. Schematic illustration of the flame retardant mechanism of EP/[Dmim]Tos. 

 

4. Conclusion  

In this work, a novel N-methylimidazole sulfonate ionic liquid with DOPO structure, 

[Dmim]Tos, has been designed and prepared through the reaction of quaternization 

between N-methylimidazole and sulfonate. The cured EP and EP/[Dmim]Tos are 
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obtained in the presence of the curing agent DDM. It proves that [Dmim]Tos has 

promoting effect on the curing process of EP because of the acid and basic properties 

caused by the nitrogen atom in imidazole ring. When the amount of [Dmim]Tos is 

below 4.0 wt%, it almost has no effect on the transparency of EP. The addition of 

[Dmim]Tos basically maintains the mechanical properties of EP when its loading is 

lower than 7.5 wt%. Containing only 4.0 wt% [Dmim]Tos (phosphorus content of 0.2 

wt%), EP/4.0[Dmim]Tos can pass UL-94 V-0 grade and obtain the LOI value of 

32.5%. The p-HRR, av-EHC, THR and TSR values of EP/[Dmim]Tos decrese 

obviously compared with that of pure EP, indicating that [Dmim]Tos plays an 

important role in the combustion suppression of EP. Based on the analysis on the char 

residue and the pyrolysis products of EP/[Dmim]Tos, it can be deduced that the flame 

retardant effect of [Dmim]Tos on epoxy resin is both in condensed and gaseous 

phases. Due to the excellent flame retardant efficiency and the good affinity with EP, 

EP/4.0[Dmim]Tos owns higher fire safety and at the same time possesses good 

mechanical properties, transparency and thermal properties, which exhibits wider 

applications in the future. 
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Figure and Table Captions 

Scheme 1. Synthetic route for [Dmim]Tos and 3D structure of [Dmim]Tos obtained by Chembio 3D 

MM2 Minimize Energy. 

Fig. 1. 
1 
H-NMR (a), 

13
C- NMR (b),

 31
P-NMR (c) spectra of [Dmim]Tos. 

Fig. 2. DSC heating scans of EP and EP/[Dmim]Tos (a), and the consumption of EP at different 

loading of [Dmim]Tos (b). 

Fig. 3. DMA curves of EP and EP/[Dmim]Tos. 

Fig. 4. Stress-strain curves (a) and unnotched izod impact strength (b) of EP and EP/[Dmim]Tos. 

Fig. 5. SEM and elements mapping images (P in yellow signal and C in red signal) of EP (a), 

EP/2.4[Dmim]Tos (b), EP/4.0[Dmim]Tos(c), EP/7.5[Dmim]Tos(d); and digital photographs of 

cured EP and EP/[Dmim]Tos (e).  

Fig. 6. TG and DTG curves of cured EP and EP/[Dmim]Tos under nitrogen (a and b) or air (c and 

d) atmospheres. 

Fig. 7. Heat release rate (a), total heat release (b), smoke production rate (c), and total smoke 

release (d) curves of EP and EP/[Dmim]Tos. 

Fig. 8. SEM images of the char residues of EP (a, a'), EP/2.4[Dmim]Tos (b,b'), EP/4.0[Dmim]Tos 

(c,c'), EP/7.5[Dmim]Tos (d,d') after cone calorimeter test. 

Fig. 9. Raman spectra of char residues of EP (a), EP/2.4[Dmim]Tos (b) EP/4.0[Dmim]Tos (c), 

EP/7.5[Dmim]Tos after cone calorimeter test. 

Fig. 10. C1s spectra of residual char after cone calorimeter test for (a) EP, (b) EP/2.4[Dmim]Tos, (c) 

EP/4.0[Dmim]Tos, (d)EP/7.5[Dmim]Tos. 

Fig. 11. Total ion chromatograms of EP and EP/7.5[Dmim]Tos. 
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Fig. 12. Schematic illustration of the flame retardant mechanism of EP/[Dmim]Tos. 

Table 1 Mechanical properties, Tg, and crosslinking density (νe) of EP and EP/[Dmim]Tos. 

Table 2 Thermal decomposition data for cured EP and EP/[Dmim]Tos. 

Table 3 LOI and UL-94 results for cured EP and EP/[Dmim]Tos. 

Table 4 Cone calorimeter results of EP and EP/[Dmim]Tos. 

Table 5 C1s XPS data of different chemical bonds for EP and EP/[Dmim]Tos. 
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Highlights 

 

1. A novel ionic liquid containing DOPO and tosylate is synthesized. 

2. [Dmim]Tos endows EP with excellent fire safety.  

3. [Dmim]Tos has accelerating effect on the curing of EP . 

4. Flame-retardant EP maintains its mechanical properties and transparency. 
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