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A B S T R A C T

Liquid epoxy resins (EP), curing agents, as well as other additives such as flame retardants are preferred to be
formulated as one-pack materials rather than being mixed just prior to their applications. Therefore, they suffer
premature curing with increasing of viscosity during storing and operating. To address the above challenging
problem, we designed and synthesized a novel latent flame-retardant curing agent named 1-(diphenylpho-
sphinyl)-1H-imidazole oxide (DPPIO) for EP, which was proved exhibiting not only long pot life during storing
and fast curing as operating, but also excellent flame retardance after curing. It was observed from dynamic
rheometry that, DPPIO/EP kept stable near room temperature for a long time but quickly gelated within only
6.5 min at 150 °C. With only 15 wt% addition of DPPIO, the limiting oxygen index (LOI) of the cured sample
increased to 38.0% from 21.0% of the contrast sample, and UL-94 V-0 rating at 1.6 mm thickness was suc-
cessfully achieved. Peak of heat release rate (PHRR) and total heat release (THR) obtained from cone calorimetry
further certified excellent flame retardance of DPPIO/EP. Another typical flame-retardant group with different
chemical environment was designed for modifying imidazole to obtain a derivative named diphenyl 1H-imi-
dazol-1-ylphosphonate (DPIPP) in the same way. It was verified that DPIPP/EP showed acceptable latent curing
efficiency and satisfactory flame retardance as DPPIO/EP did. Therefore, it’s a generally effective and facile
approach to develop latent flame-retardant curing agents for EP by modifying imidazole with appropriate flame-
retardant groups. Taking advantage of the features, these one-pack flame-retardant epoxy materials can bring
more chances for widespread applications.
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1. Introduction

Epoxy resins (EP) have long been widely used in electronic devices
(as excellent electrical insulators), laminates, encapsulations (covering
the integrated circuitry from environment), coatings, adhesives and
advanced composite matrices for decades [1–4], owing to their ex-
cellent moisture, heat and chemical resistance, low shrinkage on curing,
fine toughness, strong adhesion to diverse substrates, as well as sa-
tisfactory mechanical and dielectric properties [5–8]. Nonetheless, the
flammable nature seriously restricts their widespread applications,
especially in the areas requiring high flame retardance such as con-
struction, transportation, aerospace and electrical/electronic fields
[9–12].

Under this consideration, several approaches have been proposed to
overcome such predicament by introducing different flame retardants
[13–16]. In fact, the incorporation of halogen-based flame retardants
into epoxy matrices has long been proved to be an efficient way to
achieve expected flame retardance. Unfortunately, taking into account
the recycling requirement and environmental impact, the use of such
halogen-containing substances like tris(dibromopropyl) phosphate
(TDBPP) needs to be forbidden [17,18]. For decades, halogen-free
flame retardants, particularly phosphorus-containing ones have re-
ceived more attention for substitute due to the flame-retardant activity
both in gaseous and condensed phases [19,20]. Phosphorus-containing
flame retardants, or flame-retardant groups, can be expediently in-
troduced into EP by physically mixing or chemically bonding. Com-
parably, chemically bonding flame-retardant groups, or so-called in-
trinsically flame retarding endows the resulting materials with long
lasting flame-retardant performance and environment tolerance. In our
group’s previous works [21–23], Wang et al. successfully modified
ammonium polyphosphate (APP) as organic-inorganic hybrid flame-
retardant curing agents via the cation exchange reaction between APP
and different organic amines including diethylenetriamine, piperazine
and branched polyethyleneimine. Among them, the piperazine-mod-
ified one (PAz-APP) gave excellent flame resistance and smoke sup-
pression efficiency to EP matrices. Furthermore, the incorporation of
the hybrid didn’t worsen the mechanical properties instead of im-
proving the impact strength of the resulting flame-retardant sample.

In practice, EP, curing agents, as well as other functional and filling
additives would like to be formulated as one-pack materials for large
batch production rather than being mixed prior to applying. In this
case, gradual increasing of viscosity and premature curing of the ma-
terials as being stored should be solved, which is of special relevance as
amines being used as curing agents [24–26]. Thus, latent curing sys-
tems need to be developed to solve the tough problem. The phrase la-
tent curing denotes the curing activity inert at room temperature while
promoting a rapid cure at higher temperature. Therefore, at the pre-
sence of latent curing agents, EP can be stored under the form of one-
pack curing systems over a very long period in the liquid state and fast
curing can be triggered at the exact time and place desired by the op-
erator. This approach combines both storing and processing ad-
vantages, particularly in the process for electronics such as encapsula-
tion or coatings. Kudo et al. synthetized a kind of imidazole derivative
[27] as thermal latent curing agents. Ascribed to the intramolecular
hydrogen bond between the phenolic hydroxyl group and the nitrogen
atom in the imidazole ring, latent curing reactivity was tailored via the
breakage of intramolecular hydrogen bonds at 150 °C; whereas the
epoxy composition showed long-term storing stability at room tem-
perature. Except such reversible hydrogen bonds, thermo-labile cova-
lent bonds [28], microencapsulation types [29] and metal-imidazole
complexes [30] were also widely reported in order to achieve one-pack
epoxy materials containing both epoxy resins and curing agents with
long-time storing stability and on-site operating reactivity.

In the present work, two typical phosphorus-containing flame-re-
tardant groups were designed for modifying imidazole to obtain func-
tional derivatives as flame-retardant latent curing agents for EP. As a

way to kill two birds with one stone, appropriate latency with long pot
life and acceptable curing activity, as well as satisfactory flame re-
tardance were endowed to EP simultaneously. Storage stability and
curing behaviour were investigated by differential scanning calorimetry
(DSC) and dynamic rheological analysis; and the corresponding curing
procedure was explored by X-ray photoelectron spectroscopy (XPS).
Thermal properties were studied by thermogravimetric analysis (TGA)
and dynamic mechanical analysis (DMA). At last, flame retardance and
burning behaviour were evaluated by the limiting oxygen index (LOI),
UL-94 vertical burning test (UL-94 V) and cone calorimetry.

2. Experimental section

2.1. Materials

Diphenoxychlorophosphine oxide (98%), diphenylphosphinyl
chloride (98%) and 1-methyl imidazole (99%) were purchased from
Energy Chemical Co., Ltd. (Shanghai, China); imidazole (99%), anhy-
drous magnesium sulfate (99%), triethylamine (AR, 99%) and di-
chloromethane (99.5%) was provided by Kelong Chemical Reagent Co.,
Ltd. (Sichuan, China); diglycidyl ether of bisphenol A type EP (E-44,
EEW=210–240 g·eq−1, viscosity= 15–23 Pa·s (25 °C)) was obtained
from Xingchen Synthetic Materials Co., Ltd. (Nantong, China).
Triethylamine and dichloromethane were utilized after being dried, and
other materials were used as received.

2.2. Preparation of DPIPP and DPPIO

In N2 atmosphere, imidazole and the equivalent triethylamine were
dissolved in 250ml dichloromethane at ambient temperature. And then
the equivalent diphenylphosphinyl chloride was dropwise added into the
solution. After stirring overnight, triethylamine hydrochloride was fil-
tered off, and then the filtrate was washed with excessive water and
dried over anhydrous magnesium sulfate. After evaporation of the sol-
vent in vacuum, the product 1-(diphenylphosphinyl)-1H-imidazole
(DPPIO) was obtained as a white solid product. The diphenyl 1H-imi-
dazol-1-ylphosphonate (DPIPP) was prepared in a similar way. The
corresponding synthesis routes of DPPIO and DPIPP were shown as
Scheme 1. (Yield > 95%) 1H NMR (400MHz, DMSO‑d6), DPIPP: δ 8.97
(s, 1H, CH), 7.61 (d, 2H, CH), 7.23 (t, 4H, CH), 7.14 (d, 4H, CH), 6.97 (t,
2H, CH); DPPIO: δ 8.14 (s, 1H, CH), 7.71 (t, 4H, CH), 7.40 (d, 6H, CH),
7.21 (s, 2H, CH). 31P NMR (400MHz, DMSO‑d6), DPIPP: δ 11.55; DPPIO:
δ 18.75. The melting point, DPIPP: 82–83 °C; DPPIO: 101–102 °C.

2.3. Curing

Different amount of DPIPP or DPPIO (as mass fraction) was dis-
persed with EP under stirring prior to curing. The composition was
removed bubbles in a vacuum oven and poured into a Teflon mold; then
cured at 120 °C for 2 h and 180 °C for another 2 h. For comparison, a
reference sample cured by 1-methyl imidazole (MZ/EP) was cured
following the similar procedure but heated at different temperatures:
70 °C and 140 °C for every 2 h, respectively. Apparently, no sedi-
mentation of the curing agent occurred in all cured samples.
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Scheme 1. Synthesis routes of DPPIO and DPIPP.
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2.4. Characterizations

1H NMR and 31P NMR spectra were obtained on a Bruker AV II-
spectrometer (Bruker, Germany).

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 storage stability and curing behaviour were investigated by a

dynamic rotational rheometer (ARES Rheometer, TA, USA) with dis-
posable aluminum parallel plates (20mm in diameter with a gap of
0.1 mm). The experiments were performed at a frequency of 1 Hz and
amplitude of 10%.

XPS spectra were recorded by a XSAM80 apparatus (Kratos Co., UK)
by utilizing Al Kα excitation radiation (hυ=1486.6 eV).

Dynamic mechanical analysis was performed in a three-point
bending model by using a DMA Q 800 apparatus (TA, USA) (constant
frequency=1.0 Hz, oscillation amplitude=10.0 μm and heating
rate= 5 °C·min−1). The specimen dimension for dynamic mechanical
analysis was 20mm×1mm×4mm.

Thermal stability of the cured samples was evaluated on thermo-
gravimetry (TG) 209 F1 (NETZSCH, Germany). The samples (about
5mg) were heated from 40 to 700 °C at a rate of 10 °C·min−1 in N2 or
air flow of 50ml·min−1.

Flame retardance of the cured samples was evaluated by limiting
oxygen index (LOI) and an Underwriter Laboratory 94 vertical burning
test (UL-94 V). LOI values were measured on a HC-2C oxygen index
meter (Jiangning, China) with a bar of 130mm×6.5mm×3.2mm
according to ASTM D2863-97. UL-94 V rating was evaluated on a CZF-2
instrument (Jiangning, China) according to ATSM D 3801. Sample with
different testing thickness were clipped into size of
130mm×1mm×3.2 and 130mm×1mm×1.6mm, respectively.

Combustion behaviour was recorded with a cone calorimeter (Fire
Testing Technology, UK). A sample (100mm×100mm×3mm) was
exposed to a radiant cone in a heat flux of 35 kW·m−2.

The surficial morphologies of the char residues after burning were
observed by using a JEOL JSM 5900 LV scanning electronic microscope
(SEM, Japan) at the accelerating voltage of 20 kV. Energy dispersive X-
ray spectrometer (EDX) was equipped for the elemental analysis under
the surface scanning model.

3. Results and discussion

3.1. Storage stability and curing behaviour

Non-isothermal curing scans of EP with different imidazole deriva-
tives were shown in Fig. 1. For MZ/EP, its DSC trace exhibited a single
exothermal peak at around 120 °C, due to the addition reaction of the

tertiary amine and epoxy groups, as well as further reactions leading to
polymerization of epoxy groups [31,32]. The well-founded curing route
for MZ/EP components was illustrated in Scheme 2. At the first step, a
pyridine-type of nitrogen in an imidazole derivative reacted with the
epoxy group to form a 1:1 adduct (zwitterion), then further reactions
resulted in epoxy chain propagation. Moreover, there were two possible
options of the following reactions in the cross-linked epoxy system,
both leading to regeneration of 1-alkylimidazoles. Either a cyclic epoxy
polymer structure was formed because of the N-dealkylation reaction,
or an unsaturated structure coming from β-elimination was finally
transformed into a carbonyl group. By contrast, the DSC curves for
DPIPP/EP and DPPIO/EP showed totally different compared with MZ/
EP. Thus, the networks formation of DPIPP/EP and DPPIO/EP should
be different to that of MZ/EP. The distinct peak with a side shoulder
around 130 °C showed a detail of further etherification between ep-
oxides and alcoholic hydroxyl groups (OH-etherification). It’s worth
noting that the OH-etherification occurred only in the 1-unsubstituted
imidazole epoxy composition [33,34]. Accordingly, it was presumed
that DPIPP and DPPIO removed the strong electron-deficient imidazole
ring during the curing process. Then the generated imidazole deriva-
tives served as a catalytic intermediate accelerating the curing process.
As a consequence, the exothermic regions initiated at 150 °C were owed
to the further curing reactions including etherification.

Generally, the storage stability of epoxy mixtures was measured by
rotational viscometer on a scheduled interval for a long time [35,36].
It was labor-intensive and time consuming, as well as a bit rough that
the changes of viscoelastic behaviors were unavailable. Therefore, in
this work, storage stability of the one-pack epoxy materials was
monitored by a dynamic rheometer, so as to get further information of
the curing process. Firstly, epoxy compositions were monitored by the
rheometer at 40 °C as a simulative storage procedure. As shown in
Fig. 2(a), (b) and (c), the storage modulus (G′), loss modulus (G″) and
complex viscosity (η∗) of MZ/EP increased by orders of magnitude
within several hours; those of DPIPP/EP and DPPIO/EP, by contrast,
hardly changed under the same conditions. Accordingly, MZ/EP
showed low stability (curing occurred at near room temperature),
unsuitable for one-pack materials. As for DPIPP/EP and DPPIO/EP,
three rheological parameters all kept stable in a long time, suggesting
they’re practical and operable for large batch production within long
pot life. Both steric hindrance and electron withdrawing effect of the
substituent groups (phosphoryl groups) resulted the inert curing ac-
tivity. Afterward, the curing process at 150 °C was utilized on DPIPP/
EP and DPPIO/EP. In a general way, the crossover between G′ and G″
curves was regarded as the “gel point” [36,37]. Notably, a sudden
increase in viscosity was therefore observed with the occurrence of
gelation, which led to an infinite molecular weight. As shown in
Fig. 2(d) and (e), DPIPP/EP and DPPIO/EP showed great changes in

Fig. 1. DSC heating scans for MZ/EP (a), DPIPP/EP (b) and DPPIO/EP (c).
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viscoelastic behaviors, indicating the curing happened. As for DPIPP/
EP, it gelated within 144min at 150 °C, that the complex viscosity
increased to over 103 Pa·s thereafter. Unexpectedly, DPPIO/EP gelated
within only 6.5 min, and the complex viscosity increased to 105 Pa·s
within 25min at the same conditions. Therefore, both DPIPP/EP and
DPPIO/EP could cure efficiently under heating, and the latter one
even satisfied the requirement for fast curing. In this case, DPPIO/EP
are suitable for molding or coating formulations where a long shelf life
and a fast curing are required. Finally, according to the results, it’s
confirmed both DPIPP/EP and DPPIO/EP are qualified to be latent
curing materials.

But for DPPIO and DPIPP, with the similar chemical structure (1-
substituted imidazole by phosphoryl groups), why did they show
such different curing actions on EP? To study the detailed curing
procedures of EP using DPPIO and DPIPP as the curing agents, XPS
measurements were carried out, and the corresponding N1s and P2p
high resolution spectra of DPIPP and DPPIO as well as the relevant
cured resins were exhibited in Fig. 3. The shift in binding energies
when comparing the curing agent and the corresponding resins
provided further details of the curing procedures. With regarded to
DPPIO/EP, the N1s signal exhibited a peak at 401.8 eV, which was
assigned to the imidazolium [38,39], inducing homogeneous poly-
merization. Besides, P2p spectrum of the cured resins shifted to
133.5 eV for DPPIO/EP, which was related to the PeO bond such as
phosphonate groups [40,41]. Thus, it indicated that firstly, DPPIO
added to epoxy groups, then released a kind of 1-alkyl substituted
imidazole during the curing process, which acted as the active

catalytic intermediate to cure the resins efficiently. This is the reason
why DPPIO/EP can cure quickly in short time under heating. Like
what DPPIO did, DPIPP also removed its imidazole ring by replace-
ment of a hydroxyl group during the curing process, which was
confirmed that the N1s signal of DPIPP/EP also had a binding energy
peak at 401.8 eV. Furthermore, the signal presented an extra peak at
399.1 eV, which was unusually low for the nitrogen in imidazole
groups. For explaining such phenomenon, an assumption was pro-
posed that the diphenyl phosphate was attacked by a kind of imi-
dazole derivative, and then resulted in a sort of “ionic bonds” be-
tween the imidazolium cation and phosphate anion. In this case, the
heterocyclic ring attached with benzene formed a delocalized con-
jugated system, where the phenyl group served as a strong electron
donor. As a consequence, the nitrogen linked to benzene shifted to a
much lower binding energy (399.1 eV). In addition, the P2p spectrum
of DPIPP/EP was expected to have a single peak at 132.7 eV, which
was attributed to the pentavalent phosphate-like structure [41,42]. It
indicated that phosphates were the dominating structures in the
cured resins. As a result, the active catalytic intermediate would be
spent in the process, thus DPIPP/EP showed a much lower curing
efficiency than DPPIO/EP did. Notably, phosphorus-containing
groups were incorporated onto the epoxy chains resulting intrinsic
flame retardance, therefore endowing the resulting materials with
long-lasting flame retardance and environment tolerance. Accord-
ingly, the curing procedures of the above epoxy systems were pro-
posed as shown in Fig. 4.

Scheme 2. The curing procedure of MZ/EP.

Fig. 2. Changes of G′, G″ and η* of epoxy mixtures during the simulative storage procedure (a, b and c) and curing process (d and e).
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3.2. Thermal properties

The thermo-mechanical behaviour of EP networks was explored by
DMA. Fig. 5 presented G′, G″ and loss factor (tan δ) versus temperature
for MZ/EP, DPIPP/EP and DPPIO/EP. Generally, the peak of tan δ is
preferred as the characteristic temperature of the glass transition (Tg).
Besides, as a typical performance for thermosets, all the EP samples
displayed a “rubbery plateau” in storage modulus curves in the tem-
perature region above Tg. The rubbery state modulus of the MZ/EP was
as high as 17.8 MPa, indicating a highly cross-linked network. None-
theless, its Tg was as low as 140.9 °C, owing to the plasticizing effect
resulted from small molecules such as remaining curing agents. As for
DPIPP/EP, they presented a quite high modulus at the temperature

below Tg, which was even over 2800MPa at 50 °C. The result demon-
strated that DPIPP served as a fortifier giving strength improvement to
the resins, where the “ionic bond” provided the extra stiffness by strong
electrostatic interaction [43,44]. Furthermore, the peak value of tan δ
of DPIPP/EP was particularly high, due to the “ionic bond” as physical
crosslinking point to restrict the mobility of molecular chains. More-
over, DPIPP/EP displayed a quite low rubbery state modulus, indicating
a very low crosslink density for such epoxy polymers cured by DPIPP.
This phenomenon was explained as follows: the course of forming
“ionic bond” consumed essential active curing catalysts (imidazole-type
intermediates), and then resulted in weak networks dominated by non-
covalent bonds. In contrast, DPPIO/EP had better cured networks than
DPIPP/EP. With only 7.5 wt% additions of DPPIO, the final resin

Fig. 3. N1s and P2p high resolution spectra of DPIPP,
DPPIO, DPIPP/EP and DPPIO/EP.
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presented a Tg beyond 155 °C as well as a rubbery state modulus about
13.6 MPa. It was owed to the comparatively high curing efficiency with
a fine covalent crosslinking network. As far as thermo-mechanical be-
haviors are concerned, DPPIO seems to be the better one as a latent
curing agent for EP.

The TG and derivative thermogravimetric (DTG) curves were pre-
sented in Fig. 6, and the corresponding data were listed in Table 1. In
N2 atmosphere, MZ/EP exhibited a one-stage degradation process
where the temperature of maximum weight loss rate (Tmax) appeared at
440.8 °C, suggesting an expected thermal stability. However, MZ/EP
started slightly but continually losing weight near 200 °C, resulting the
T5% (defined as the initial decomposition temperature) was even as low
as 300 °C. This phenomenon was explained as follows. On the one hand,
the strong electron-deficient imidazolium adducts likely tended to
eliminate under heating; on the other hand, excessive curing agents in

the matrix resulted in early weight loss. DPIPP/EP and DPPIO/EP, as a
contrast, presented a similar one-stage degradation process like MZ/EP
did. However, Tmax of both DPIPP/EP and DPPIO/EP decreased con-
siderably, particularly when a high content of the curing agents was
added. Furthermore, as shown in Fig. 6(c) and (d), both the maximum
weight loss rate in N2 and air atmosphere considerably decreased.
Generally, for flame-retardant samples, the weight loss under heating
(producing fuel for flames) was suppressed. Meanwhile, the residual
weight at 700 °C (W700) of the flame-retardant samples greatly in-
creased, and that of 15 wt% DPIPP/EP was even as high as 25.3 wt%,
over 2.5 times to MZ/EP reference. The high char yield, beyond doubt,
was beneficial to flame-retardant effects, particularly in the condensed
phase. In air atmosphere, all the samples no surprisingly displayed two-
step weight loss. The first decomposition was induced by the decom-
position of macromolecular networks; and the second weight losing

Fig. 4. The curing procedures of DPPIO/EP and DPIPP/EP.

Fig. 5. G′, G″ and tan δ curves of the cured MZ/EP, DPIPP/EP and DPPIO/EP.
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step was attributed to the further oxidation of the char layer. Notably,
in air atmosphere, 15% DPIPP/EP displayed the highest residue weight
(12.0 wt%) after TGA. Because the P-O and P-O-C groups in DPIPP/EP
preferred to generate a few acids such as phosphoric and poly-/pyro-/
ultra-phosphoric acids, acting as dehydrating agents for carbonization.
As a result, the residue weight of DPIPP/EP in both N2 and air atmo-
sphere was much higher than those of MZ/EP and DPPIO/EP. Finally,
all the above results indicated that DPIPP/EP and DPPIO/EP exhibited
potential to achieve better flame retardance by the higher char yield
and the lower degradation rate.

3.3. Flame retardance

LOI and UL-94 V test results of all samples were shown in Table 2.
The LOI value of 7.5% MZ/EP was 21.0% and they failed to pass UL-94
V ratings, suggesting that imidazole-cured EP was very flammable in a

Fig. 6. TG (a, b) and DTG curves (c, d) of the cured MZ/EP, DPIPP/EP and DPPIO/EP in N2 and air atmospheres.

Table 1
Thermogravimetric data of the cured MZ/EP, DPIPP/EP and DPPIO/EP.

Samples N2 Air

T5%
a (°C) Tmax

b (°C) W700
c (%) T5% (°C) Tmax1 (°C) Tmax2 (°C) W700 (%)

7.5% MZ/EP 300.0 440.8 9.8 297.4 439.7 558.8 0
7.5% DPIPP/EP 329.1 370.7 22.7 328.6 373.0 623.0 2.2
15% DPIPP/EP 318.6 353.6 25.3 318.4 350.2 554.4 12.0
7.5% DPPIO/EP 362.4 426.8 15.5 352.0 414.8 564.9 0.3
15% DPPIO/EP 344.6 410.5 16.0 338.5 390.8 581.8 2.3

a The temperature where 5 wt% of weight was lost.
b The temperature where the maximum weight loss occurred.
c The residual weight at 700 °C.

Table 2
Flammability test results of EP samples cured by different curing agents.

Samples P%a LOI (%) UL-94 V

3.2mm 1.6 mm

t1/t2b Ratings t1/t2 Ratings

7.5% MZ/EP – 21.0 > 1min/– NRc – –
7.5% DPIPP/EP 0.77 27.5 > 1min/– NR – –
15% DPIPP/EP 1.55 31.5 2 s/1 s V-0 13 s/9 s V-1
7.5% DPPIO/EP 0.86 33.0 > 1min/– NR – –
15% DPPIO/EP 1.72 38.0 2 s/1 s V-0 4 s/3 s V-0

a Calculated content of phosphorous (%).
b Average burning time after the 10 s ignition.
c No rating.
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general way. However, when the curing agent was changed to DPIPP
and DPPIO, higher LOI values were obtained. As 7.5 wt% DPIPP was
used to cure EP, the LOI value was as high as 27.5%. Then a 1.55%
phosphorous loading (cured by 15wt% DPIPP) was sufficient to im-
prove LOI value to 31.5%, and achieve UL-94 V-0 rating at 3.2 mm
thickness and V-1 rating at 1.6mm thickness. Comparatively, only
7.5 wt% DPPIO increased the LOI value of the final resin to 33.0%. If
the content of DPPIO was further improved to 15 wt% (1.72% phos-
phorous loadings), the corresponding resin had a higher LOI value
about 38.0%. At this point, it achieved V-0 rating at the thickness of
both 3.2 mm and 1.6mm. According to the results of TGA, DPIPP/EP
obtained flame retardance by a dominating effect in condensed phase.
By contrast, DPPIO/EP acted more in gas phase, which made flames
quenching faster. All the results showed that DPIPP and DPPIO as
curing agents endowed the final resin with satisfactory flame-retardant
effects, and the later one shows a better efficiency.

The cone calorimeter was used to research the burning behaviour of
the cured EP. Various parameters, including time to ignition (TTI), total
heat release (THR), time to peak of heat release rate (TTPHRR), peak of
heat release rate (PHRR), fire growth rate (FIGRA=PHRR/TTPHRR),
maximum average heat rate emission (MAHRE), total smoke production
(TSP) and residual weight were summarized in Table 3. Besides, the
curves of heat release rate (HRR), THR and mass residue versus time
respectively were illustrated in Fig. 7. Obviously, compared with MZ/

EP, DPIPP/EP were ignited much earlier, then reached PHRR quickly
after being sparked, due to their weak thermal stability according to the
result of TGA. However, HRR, THR and MARHE of DPIPP/EP obviously
decreased, presenting definite flame retardance. Particularly, with
15 wt% addition of DPIPP, the TSP of DPIPP/EP dropped to
13.3 m2·m−2 and the final burning residue was as high as 37.3%,
showing a typical flame-retardant effect in condensed phase. Further-
more, DPPIO/EP also showed quite good flame retardance, especially
reflecting in the obvious reduction of FIGRA. For instance, FIGRA of
15% DPPIO/EP reduced to 3.6 from 5.5 kW·m−2 s−1 with comparison
to that of 7.5% MZ/EP. Notably, a lower FIGRA indicated that the fire
spreading was suppressed, meaning more time to evacuate people in
distress and/or reach for the fire extinguishers. However, TSP value of
DPPIO/EP increased slightly compared with that of the reference
sample. Accordingly, it suggested DPPIO/EP show dominating flame-
retardant effect in vapor phase.

Additionally, further research was carried out on the morphology
observation and chemical composition analysis of the burning residue.
As shown in Fig. 8, the residue of 15% DPIPP/EP and 15% DPPIO/EP
exhibited numerous bubbles without obvious cracks and fissures on the
surface. It indicated the burning char of flame-retarded resins were
much dense rather than cracked. Moreover, the merged EDX elemental
mapping images of the char provided the direct evidence that the
phosphorus enriched in residues by acting as the crosslinking joints of

Table 3
Cone calorimetric results of the cured MZ/EP, DPIPP/EP and DPPIO/EP.

Samples TTI (s) THR (MJ·m−2) TTPHRR (s) PHRR (kW·m−2) FIGRA (kW·m−2 s−1) MAHRE (kW·m−2) TSP (m2·m−2) Residue (%)

7.5% MZ/EP 66 86.3 145 793.5 5.5 287.2 25.0 9.7
7.5% DPIPP/EP 56 61.3 90 535.2 5.9 258.1 21.8 21.5
15% DPIPP/EP 59 53.7 80 427.5 5.3 174.0 13.3 37.3
7.5% DPPIO/EP 62 60.0 130 583.1 4.5 214.4 29.5 19.9
15% DPPIO/EP 63 48.4 120 432.9 3.6 194.4 28.7 23.1

Fig. 7. HRR (a), THR (b) and residue mass (c) plots of the cured MZ/EP, DPIPP/EP and DPPIO/EP obtained from cone calorimetry.

Fig. 8. SEM micrographs and merged EDX elemental mapping images (C and P in yellow and violet signal, respectively) of burning residues of 7.5% MZ/EP (a), 15% DPIPP/EP (b) and
15% DPPIO/EP (c).
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aromatic segments. During fire, such kind of the hetero-charring layer
behaved as the heat- and oxygen-resistant barrier and then to shield the
underlying materials from flames. In other words, DPPIO/EP and
DPIPP/EP assuredly both showed flame retardation in condensed
phase, and the effect was particularly apparent for the latter.

4. Conclusions

Construction of one-pack flame-retardant epoxy materials con-
taining both EP, curing agents and other additives with long pot life,
acceptable curing activity as well as satisfactory fire safety performance
is of particular interests in academia and industrial circles for years but
lack of comprehensive study. In this work, for the first time, two kinds
of phosphorus-containing imidazole derivatives (DPPIO and DPIPP)
were designed, synthesized and utilized as latent flame-retardant curing
agents for EP. Both DPIPP/EP and DPPIO/EP mixture kept stable at
room temperature, but cured efficiently under heating. In particular, at
150 °C, DPPIO/EP gelated within 6.5min and quickly achieved its
complete curing, suggesting the potential application for electrical and
electronic devices such as encapsulation and coating. XPS results re-
vealed that DPPIO and DPIPP removed the imidazole ring by replace-
ment of a hydroxyl group at the beginning of curing. In particular,
DPIPP/EP emerged a sort of “ionic bond” and phosphate as the dom-
inating structure. As a consequence, DPIPP served as the fortifier
strengthening the resins, where the “ionic bond” provided the extra
stiffness by electrostatic interaction, as reflected in DMA results. TGA
showed that DPPIO/EP and DPIPP/EP both exhibited higher char yields
and lower degradation rates than MZ/EP. The flame retardance and
burning behaviour were also comprehensively investigated. Thanks to
the phosphorus-containing cationic segments, with only 15 wt% addi-
tions, the LOI values of DPIPP/EP and DPPIO/EP were increased to
31.5% and 38.0%, respectively; and the latter one further achieved UL-
94 V-0 rating at the thickness of both 3.2mm and 1.6 mm. Cone ca-
lorimetric results indicated that DPIPP/EP and DPPIO/EP had excellent
flame-retardant properties; and the former one obviously ameliorated
smoke suppression due to the dominant flame-retardant activity in
condensed phase. Therefore, it is a significant and fruitful attempt to
design and develop latent flame-retardant curing agents for EP by
modifying imidazole with appropriate flame-retardant groups.
Benefiting from the advances, the flame-retardant latent curing EP can
be used as one-pack materials for large batch production where high-
standard fire safety demands are emphasized.
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