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In this work, a novel amine-terminated curing agent for epoxy resin based on hexachlorocyclotriphosphazene (HCCP) was synthe-
sized through two steps of nucleophilic substitution reactions by phenol and 4-aminophenol. Its chemical structure was char-
acterized by 1H-NMR, Fourier transform infrared spectroscopy (FTIR) and mass spectrometry (MS). This curing agent was
liquid at room temperature which made it easy to disperse in the epoxy resin. The rheological test showed the viscosity of the
pre-polymer fluid decreased as the proportion of the curing agent increased so it improved the process performance. The curing
reaction was studied by differential scanning calorimeter (DSC). The novel curing agent had a wider range of curing temper-
ature and relatively lower curing temperature in comparison with the widely-using curing agent 4,4′-Diaminodiphenylmethane
(DDM). The wider range of curing temperature helped lower the heat accumulation which was an important factor in curing
process.

Keywords: Epoxy resin, curing agent, hexachlorocyclotriphosphazene

1 Introduction

Epoxy resin is one of the most important thermosetting
polymers widely used in aerospace and electronic indus-
tries as surface coatings, structural adhesives, printed cir-
cuit boards, insulation materials for electronic devices and
advanced composites matrices (1–4). Epoxy resin shows the
excellent mechanical and chemical properties such as high
tensile and compressive strength, good chemical resistance
and high heat distortion temperature (5–7). However, it suf-
fers from fire risks which restricts its application (8). There
are two traditional approaches enhancing flame retardancy
of epoxy resin called “addition” and “reaction”, and the
latter shows more potential because of its permanent effect
(9). Curing of a resin system is also a critical step in the fab-
rication of thermosetting polymer and epoxy resin always
shows high viscosity thus making the curing process diffi-
cult. However, due to its solid state, the widely-using curing
agents are difficult to disperse in the epoxy resin and tend to
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increase the viscosity leading to a harder processing course.
So it is of great significance to develop a novel curing agent
with both flame retardancy and viscosity-decreasing effect.

Phosphazene-based materials attract more and more
attention in these years due to its excellent comprehen-
sive properties (10–11). Hexachlorocyclotriphosphazene
(HCCP) is a usual starting oligomer for the synthesis of
phosphazene-based polymers. The chlorine atoms attached
to the phosphorus atoms are easy to substitute to form re-
active cyclotriphosphazenes. The structure of alternating
phosphorus and nitrogen atoms shows its inherent advan-
tage in flame retardency (12–15).

In this work, a liquid-state curing agent for epoxy resin
based on HCCP was synthesized through two steps of nu-
cleophilic substitution reactions and its curing properties
were studied.

2 Experimental

2.1 Material

Hexachlorocyclotriphosphazene(HCCP) was synthesized
as described in the literature (16). Tetrahydrofuran
(THF) was obtained from Shanghai Chemical Reagents
Corp. (Shanghai, China) and dried before use. Ethanol,
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Fig. 1. Structure of EP618.

acetone, 4-aminophenol, phenol, DDM, sodium were
purchased from Shanghai Chemical Reagents Corp.
(Shanghai, China) and used without further purification.
Epoxy resin 618(EP618) was purchased from Shanghai
Haiqu Chemical Industrial Corp. The structure of EP618
is shown in Figure 1 and its average epoxy value is 0.51
(The term “epoxy value” represents the fractional number
of epoxy groups contained in 100 grams of resin).

2.2 Characterization

The FTIR measurement was conducted on a Perkin-Elmer
Paragon 1000 Fourier transform spectrometer at room tem-
perature. The sample of our synthesized curing agent was
first dissolved in ethanol to easily spread on the KBr flake to
form a thin layer of solution and then dried under infrared
lamp.

The 1H-NMR measurement was performed on a Perkin-
Elmer advance 500AC 200P NMR spectrometer and
CDCl3 was used as a solvent. The mass spectrometry was
performed on a Waters QTOF Premier MS device and the
conditions were as follows: Capillary: 2.0 KV; Sampling
cone: 45.0 V; Extraction cone: 4.0 V; Source temperature:
100◦C; Desolvation temperature: 200◦C; Desolvation gas
flow: 600 t/hr.

2.3 Synthesis of Phosphazene-Based Curing Agent

2.3 g sodium was cut to shreds and added slowly into the
solution of 9.4 g phenol in 100 mL THF in a 250 mL
three-neck-flask under nitrogen protection. The reaction
aiming to synthesizing sodium phenoxide lasted 3 h at room
temperature. 8.7 g HCCP was dissolved in 100 mL THF
in a 500 mL three-neck-flask, and the sodium phenoxide
solution was added dropwise into it over a period of 30 min.
The reaction was maintained in the reflux condition for 3 h
and then refrigerated to room temperature. Subsequently,
1.38 g sodium was cut to shreds and added slowly into
the solution of 6.54 g 4-aminophenol in 100 mL THF in
a 250 mL three-neck-flask under nitrogen protection. The
reaction at room temperature was aimed to synthesizing
sodium p-aminophenolate.

Then, the solution of partly-substituted HCCP was
slowly added into the flask with the solution of sodium
p-aminophenolate over a period of 30 min. The reaction
was maintained in the reflux condition for 5 h. The result-
ing product was washed by acetone, ethanol and water and
then dried at 100◦C in a vacuum oven. The curing agent fi-
nally obtained was puce and showed relatively low viscosity
at room temperature.

2.4 Rheological Test

The rheological test was performed on a Gemini 200 HR
rheometer manufactured by Bohlin Instruments, UK. At
the temperature of 30◦C, 6 samples with different propor-
tion of curing agent were tested. The shear rate increased
from 0 to 180 1/s and the viscosity of the samples were
detected.

2.5 Study on Curing Reaction

The study on curing processes was carried out by DSC. The
synthesized curing agent and DDM was respectively mixed
with the EP618 at the mass ratio of 1:6, (Fig. 1) the mixtures
were stirred manually to be homogeneous and subsequently

Fig. 2. Schematic procedure of synthesis of curing agent.
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Fig. 3. 1H-NMR spectrum of our synthesized curing agent.

determined in the DSC instrument at a heating rate of
10◦C/min from 0◦C to 200◦C at a N2 atmosphere.

3 Results and Discussion

3.1 Synthesis of Phosphazene-Based Curing Agent

The procedure of synthesis is shown in Figure 2. When
synthesizing the curing agent, we made HCCP partly-
substituted by sodium phenoxide first and then added the
sodium p-aminophenolate instead of 4-aminophenol to
avoid the active amido reacting directly with HCCP.

The chemical structure of the curing agent synthesized
in our work was characterized by 1H-NMR, FTIR spec-
troscopy and MS. The 1H-NMR spectrum is shown in
Figure 3. The peak at δ = 4.6 ppm corresponds to amino
protons thus indicating the successful synthesis of the cur-
ing agent; the peaks at δ = 6∼8 ppm correspond to the
phenyl protons; the peaks at δ = 1.8 ppm and 3.7 ppm
correspond to protons of THF; the peaks at δ = 2.2 ppm
correspond to protons of acetone; the peaks at δ = 1.3 cor-
respond to protons of ethanol. We can make a conclusion
that the chlorine atoms in HCCP have been substituted by
4-aminophenol and phenol.

The FTIR spectrum is shown in Figure 4. The absorption
peaks at 1640 cm−1and 3400 cm−1 indicate the presence of
–NH2. The peak at 1260 cm−1 corresponds to P N; the
peaks at 1480 cm−1 and 1590 cm−1 correspond to benzene
ring; the peak at 940 cm−1 corresponds to P-O-Ar; the peak
at 875 cm−1 corresponds to P N.

The mass spectrum is shown in Figure 5. The base peak
is the molecular ion at m/z 724.1660 and it is our synthe-
sized curing agent. The three most intense fragment ions
are m/z 630·1204 (loss of C6H5O·), m/z 615·1212 (loss
of C6H6NO·) and m/z 536·0662 (loss of C6H5O· from
630·1204). The mass spectrum further confirms the struc-
ture of the molecular.

FTIR, 1H-NMR and mass spectra indicate that we have
obtained the expected curing agent.

Fig. 4. FTIR spectrum of our synthesized curing agent.
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Fig. 5. MS spectrum of our synthesized curing agent.

3.2 Rheological Test

The synthesized curing agent is in liquid state at room
temperature which may solve the problem of inhomoge-
neous dispersion of traditional powder-state curing agent
in the epoxy resin. It was found that when our curing agent
was added into the epoxy resin, the system viscosity de-
creased as the proportion of curing agent increased. Figure
6 showed the viscosity of the pre-polymer fluid with differ-
ent proportion of curing agent when the shear rate changed.
The viscosity of EP618 reached about 7Pas however the
viscosity of the sample 2(mEP618: mcuring agent = 6:1), sample
3(mEP618: mcuring agent = 5:1), sample 4(mEP618: mcuring agent =

Fig. 6. Viscosity of pre-polymer fluid with different proportion of
curing agent.

4:1), sample 5(mEP618: mcuring agent = 3:1) dropped to 1.5Pas,
0.9Pas, 0.6Pas, 0.4Pas. The pure synthesized curing agent
was about 0.02Pas.

3.3 Study on Curing Reaction

Curing reactions of EP618 with phosphazene-based curing
agent and DDM were respectively studied by DSC. The

Fig. 7. DSC thermo gram of the curing reaction of phosphazene-
based curing agent with EP618.
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Fig. 8. DSC thermo gram of the curing reaction of DDM with
EP618.

thermo grams in Figures 7 and Figure 8 show that the ini-
tial curing temperature of phosphazene-based curing agent
is 90◦C and it is lower than that of the traditional curing
agent DDM which is detected as 130◦C. This indicates the
reactivity of our curing agent is higher than that of DDM. It
also can be observed that the curing temperature of our cur-
ing agent has a wider range compared with that of DDM.
The relatively broad heat-releasing peak can make it easy
to reduce the internal stress of the EP materials.

Our preliminary test showed that the cured EP system by
our curing agent has an enhanced flame retardant property
and the mechanical properties are studied at present.

4 Conclusions

A novel amine-terminated curing agent for epoxy resin
based on hexachlorocyclotriphosphazene (HCCP) was
synthesized. The curing agent was in liquid state at room

temperature which would help the homogeneous disper-
sion of curing agent in the epoxy resin. The rheological
test showed the viscosity of the system decreased a lot as
the curing agent was mixed in the resin. The study on its
curing reaction by DSC showed a lower starting curing
temperature and a wider range of curing temperature
compared to DDM especially the latter advantage can help
reduce the internal stress of EP materials. Its backbone of
alternating phosphorus and nitrogen atoms was expected
to be an effective flame retardant system because studies
had indicated that the flame-retardant efficiency increased
when phosphorus and nitrogen existed simultaneously in
the curing system of epoxy resin. This may broaden the
potential application of EP in many fields.
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