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Abstract: A method for the synthesis of an amine-containing epoxy resin curing agent by dissolving
hexakis-[(4-formyl)phenoxy]cyclotriphosphazene in an excess of isophoronediamine was developed.
The curing agent was characterized via NMR and IR spectroscopy and MALDI-TOF mass spectrome-
try, and its rheological characteristics were studied. Compositions based on DER-354 epoxy resin and
the synthesized curing agent with different amounts of phosphazene content were obtained. The rheo-
logical characteristics of these compositions were studied, followed by their curing. An improvement
in several thermal (DSC), mechanical (compression, tension, and adhesion), and physicochemical
(water absorption and water solubility) characteristics, as well as the fire resistance of the obtained
materials modified with phosphazene, was observed, compared with unmodified samples. In partic-
ular, there was an improvement in adhesive characteristics and fire resistance. Thus, compositions
based on a curing agent containing a 30% modifier were shown to fulfill the V-1 fire resistance
category. The developed compositions can be processed by contact molding, winding, and resin
transfer molding (RTM), and the resulting material is suitable for use in aircraft, automotive products,
design applications, and home repairs.

Keywords: epoxy resin; curing; phosphazene; noncombustibility; fire resistance; composition;
mechanical properties

1. Introduction

Epoxy resins (ERs) are among the most important commercial thermosetting binders
for the production of polymeric materials [1–4]. Due to having high-performance indica-
tors such as processibility, physical and mechanical properties, chemical resistance, good
adhesion to most known materials, and electrical insulating properties, epoxy binders
and their derivatives are widely used in many industries and have various applications
including in aviation, rocket and space industries, boatbuilding and shipbuilding, road
and rail transport, sports equipment, medicine, the electronics industry, civil engineering,
and green energy [5–16].

Despite the aforementioned advantages, epoxy binders and their derived products
also have certain drawbacks, the main of which are high flammability and low fire resis-
tance. These disadvantages limit the broader use of ERs and also increase the risk of their
application in existing technologies. Therefore, one of the most important research tasks is
to reduce combustibility in epoxy materials [17,18].

The fireproofing of epoxy materials is achieved by including special substance flame retar-
dants into binders, which are conventionally categorized into additive and reactive types [19–27].
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Additive flame retardants are widely used for improving the noncombustibility of
both thermosetting and thermoplastic polymers. Their low cost, composition, and pro-
duction simplicity have allowed them to gain a significant share of the flame retardant
market. However, it should be noted that, in order to meet the modern fire safety re-
quirements, a significant amount of flame retardant has to be added to the binder, which
first and foremost significantly decreases the processibility and reduces the performance
characteristics of the final product. The migration of an additive-type flame retardant
during processing or curing is also not uncommon, which leads to the anisotropy of the
product properties [28–33].

Unlike additive flame retardants, reactive flame retardants contain reactive groups
within their structure, which allows them to be embedded into the three-dimensional
network of a cured binder. For this reason, such flame retardants cannot migrate and exude
from the binder or a manufactured product. Oftentimes, reactive flame retardants not only
increase the fire resistance properties and reduce the flammability of epoxy resins [34–44]
but also improve the physical and mechanical properties of the final product [45–47].

Both the modified epoxy resins [48–61] and curing agents [62–66] containing cyclot-
riphosphazene, phosphophenanthrene, phosphonate, and phosphate fragments can be
used as reactive flame retardants for epoxy compositions. Compared with modified resins,
curing agents containing flame retardants are easier to prepare and have a larger molecular
design during synthesis. Recently, curing agents containing phosphorus-based flame re-
tardants have become most widely used: P-modified Schiff bases, anhydrides, aliphatic
amines, and imidazoles [67–72].

Among reactive flame retardants, phosphorus–nitrogen-containing compounds have
a special place due to their environmentally friendly properties and a significant reduction
in flammability due to their cooperative effects [73–77]. However, many of the presented
compounds are crystalline solids that are insoluble in ERs. Combining such flame retardants
with curing agents requires either high temperature or the use of a solution method. This
significantly limits the application of epoxy materials with this type of flame retardant.

In this regard, the most rational technological approach is the use of curing agents
containing a liquid phosphorus–nitrogen flame retardant [74,77]. At the same time,
liquid phosphazene-containing curing agents are quite promising due to the simplicity of
their chemical functionalization, which allows controlling the structure of phosphazene
molecules and, accordingly, providing the necessary properties to both the phosphazenes
themselves and the cured epoxy resins.

The present article describes the preparation of a liquid ER curing agent based on
isophoronediamine (IPDA) and hexa-p-formylphenoxycyclotriphosphazene. The proposed
method makes it possible to synthesize amine-containing aryloxyphosphazene in the IPDA
bulk with different amounts of phosphazene content in the curing agent. The curing agent
did not show a reduction in reactivity compared with the original IPDA and increased the
fire resistance and performance of the cured DER-354 epoxy resin.

2. Materials and Methods
2.1. Materials

Hexachlorocyclotriphosphazene, 99% (Fushimi Pharmaceutical Co., Ltd., Maru-game,
Kagawa Prefecture, Japan); 4-Hydroxybenzaldehyde, 98%; magnesium sulfate, anhy-
drous, ≥99.5%; chloroform, anhydrous, ≥99%; tetrahydrofuran, anhydrous, ≥99.9%;
sodium, 99.9%; ethanol, anhydrous, ≥99.5%; epoxy resin DER-354, EEW = 170.63 gE,
and isophoronediamine, AHEW = 43 gE (Sigma-Aldrich, Saint Louis, MO, USA).

2.2. Methods
1H and 31P NMR spectra were recorded on an Agilent/Varian Inova 400 spectrometer

(Agilent Technologies, Santa Clara, CA, USA) at 400.02 MHz and 161.94 MHz, respectively.
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IR spectra were recorded using a Nicolet 380 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) in the spectral range 4000–500 cm−1 with a wavenumber accuracy
of 0.01 cm−1.

The glass transition temperature was determined according to ISO 11357-2:2020 using
a Netzsch DSC 200F3 Maya differential scanning calorimeter (Erich NETZSCH GmbH and
Co. Holding KG, Selb, Germany). The heating rate for all measurements was 10 K/min.
All tests were performed in the temperature range of 30–300 ◦C in a nitrogen atmosphere
at a flow rate of 40 mL/min.

The glass transition temperature and the development of the storage modulus, loss mod-
ulus, and tan δ mechanical losses were determined according to ASTM D7028-07(2015)
using dynamic mechanical analysis on a Netzsch DMA 242E Artemis device (Erich NET-
ZSCH GmbH and Co. Holding KG, Selb, Germany). Measurements were performed in a
three-point bending mode within the temperature range of 30–200 ◦C at a standard heating
rate of 5 K/min in a nitrogen atmosphere at a flow rate of 100 mL/min. The oscillation
frequency was 1 Hz, and the load amplitude was 12 N during all the performed tests.

The gel time was determined according to the ISO 9396:1997 method. The automatic
gel time determination for resins was carried out on a GELNORM GT-S gel timer (Gel Instru-
mente AG, Oberuzwil, Switzerland) with a plunger stroke rate of 10 s at room temperature.

The rheology properties of the obtained compounds were determined at 25 ◦C accord-
ing to ISO 3219-1993 using a rotational viscometer on a Brookfield CAP 2000+ viscometer
(AMETEK Brookfield, Middleboro, MA, USA) with a cone-plate geometry with CAP-1.
All tests were performed with a constant shear rate depending on viscosity.

The tensile strength and tensile modulus were determined according to ISO 527-
2:2012 on a 50ST Tinius Olsen universal testing machine (Tinius Olsen TMC, Horsham, PA,
USA) with a traverse movement speed of 1 mm/min. The strains were measured using a
video extensometer VEM208 (Tinius Olsen TMC, Horsham, PA, USA).

The compressive strength was estimated according to ISO 604:2002 on a 50ST Tinius
Olsen universal testing machine (Tinius Olsen TMC, Horsham, PA, USA) with a punch
movement speed of 1 mm/min.

The shear strength of the adhesive bond was determined according to ISO 4587-79 on
a 50ST Tinius Olsen universal testing machine (Tinius Olsen TMC, Horsham, PA, USA)
with a traverse speed of 10 mm/min. Steel plates were used as the bonded material. Steel
grade St3, analogue: A57036 (USA), SS330 (Japan), DC03 (Germany).

The water absorption and water solubility content of the test compositions were
determined according to ISO 62:2008 methods 2 and 3, respectively.

Resistance to combustion for the prepared compositions was determined according to
the UL-94 test.

Statistical analysis: The average values of the performance characteristics of various
samples were compared using two-way ANOVA followed by Tukey’s special analysis for
multiple comparisons.

2.3. Synthesis of Hexakis-[(4-formyl)phenoxy]cyclotriphosphazene (FPP)

Hexakis-[4-formylphenoxy]cyclotriphosphazene was synthesized using the method
described in a previous study [78].

4-Hydroxybenzaldehyde (7.32 g, 0.06 mol) was dissolved in ethanol (30 mL) in a
three-necked flask equipped with a stirrer and a reflux condenser. After the complete
dissolution of 4-hydroxybenzaldehyde, the alcohol solution of sodium ethylate, which was
obtained via the dissolution of sodium (1.15 g, 0.05 mol) in ethanol (20 mL), was loaded
in the flask. The reaction time was 10 min; then, ethanol was distilled off on a rotary
evaporator in vacuum. The residue was dried in vacuum up to a constant weight. The yield
of the product was quantitative.

4-Hydroxybenzaldehyde phenolate (8.64 g, 0.06 mol) was loaded in a three-necked
flask equipped with a stirrer and a reflux condenser, and tetrahydrofuran (40 mL) was
added. A solution of hexachlorocyclotriphosphazene (2.61 g, 0.0075 mol) in tetrahydrofuran
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(20 mL) was added to the dispersion formed during stirring. The time of reaction was
9 h during solvent boiling. When the process was complete, the reaction mixture was
filtered off, and the mother liquor was evaporated on a rotary evaporator. The product was
recrystallized from the ethanol–chloroform mixture. Yield: 4.52 g (70%).

2.4. Synthesis of the Modified Phosphazene-Containing Curing Agent Based on Isophoronediamine
and FPP

FPP was dissolved in 40 g of IPDA at 100 ◦C in a 100 mL round-bottom flask equipped
with a magnetic stirrer and a reflux condenser as per the formulations given in Table 1.
Then, magnesium sulfate was added to the resulting mixture, and synthesis was carried
out at the same temperature for 24 h. Lastly, the precipitate was separated in a centrifuge.
The resulting liquid transparent mass was used without further purification.

Table 1. Curing agent composition formulations.

Ingredients
Weight of FPP Added to IPDA, wt. %

10 20 30

FPP, g 4 8 12

MgSO4, g 0.65 1.32 1.98

2.5. Preparation of Epoxy Resin Compositions and Their Curing

DER-354 was pretreated under vacuum at 40 ◦C for 2 h. The resin sample was further
cooled to room temperature and then dosed with 1.5 g of a curing agent in the amounts
listed in Table 2, and the mixture was stirred until homogeneous. The finished compound
was poured into molds for curing, stored for one day at 25 ◦C, and then for 4 h at 120 ◦C.

Table 2. The amount of resin dosed with the curing agent vs. The modifier content.

FPP Content in the Curing Agent, wt.% DER-354 Weight, g

0 6.02

10 5.63

20 5.31

30 5.03

3. Results and Discussion

The synthesis of the modified curing agent was carried out by the gradual dissolution
of small portions of FPP in an excess of isophoronediamine to avoid the coalescence of
the powder, which can significantly increase the dissolution time. The acceptor of the
water released during the reaction was introduced into the solution only after the entire
amount of FPP was completely dissolved since the heterogeneous particles of mineral salt
prevented the dissolution of FPP. The general scheme of the reaction of FPP with IPDA is
shown in Figure 1.

It is not unreasonable to assume that since the IPDA molecule contains two different
amino groups, the reaction will produce various azomethine derivatives of phosphazene.
To confirm this, proton NMR spectroscopy of the modified curing agent was carried out.
It can be seen from the spectrum (Figure 2D) that two types of azomethine fragments I and
II were indeed formed (in accordance with the scheme presented in Figure 1). It should be
noted that type I fragments were formed about three times more than type II fragments.
Most likely, this is due to steric factors, since the amino group connected to the methylene
fragment is further removed from the IPDA bulk cycle. In addition, comparing the spectra
of the original FPP (Figure 2C) and those of the modified curing agent, it can be concluded
that the aldehyde groups fully converted into azomethine groups.
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Since the reaction between FPP and IPDA was carried out under rather aggressive
conditions, it was necessary to investigate the product by means of phosphorus NMR
spectroscopy. The spectrum of the modified curing agent showed a singlet at 8.44 ppm,
indicating that the phosphazene ring remained unaffected (Figure 2B). However, there was
a shift in the signal of the phosphorus atoms of the product by 0.54 ppm relative to the
signal of the initial FPP (Figure 2A), which is due to the different degrees to which the
mesomeric effects of aldehyde and azomethine groups influenced the phosphazene cycle.
In this case, no splitting of the singlet was observed in the spectrum of the reaction product,
which indicates that both fragments I and II had the same effect on phosphorus atoms.

Since FPP is a six-functional compound, and IPDA is a two-functional one, they can
form branched, oligomeric, and polymeric products. To establish the presence of these
products in the curing agent, MALDI-TOF mass spectrometry was performed. As can be
seen from the spectrum (Figure 3) of the curing agent containing 30 wt.% of FPP, oligomeric
compounds were not formed during the interaction of FPP and IPDA, since only a minor
peak is present in the spectrum, corresponding to the mass of the condensation product
of FPP with six IPDA molecules solvated by the proton of the matrix—1774 +H+. Most
likely, this fact is due to a large molar excess of IPDA with respect to FPP, i.e., 17:1, which
corresponds to about three IPDA molecules per one FPP carbonyl group. This, according
to the Flory distribution, favors the formation of an individual compound. The steric factor
caused by the bulkiness of the FPP molecules and the products of its condensation with
IPDA should also not be excluded. In other samples, with a lower content of FPP and
IPDA, the probability of the formation of oligomeric products is even lower.
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Further, the characteristics of compositions based on the developed curing agent and
DER-354 resin were studied. The choice of this brand of resin was due to the high viscosity
of the modified curing agent and, consequently, the compositions derived from it, which
makes it difficult to work with them. DER-354 is a medium-viscosity resin (3500 mPa·s),
and formulations based on it proved to be suitable for the study.

To assess the viability of the compositions, it was necessary to determine their gel time
(Figure 4).
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As can be seen from the plot, up to 20 wt.% of FPP in IPDA had practically no effect on
the gel time of the compositions and averaged 3 h. However, at 30 wt.% FPP in IPDA, the gel
time of the compositions was sharply reduced (by about an hour), which was visually
related to the high viscosity of these compositions. Therefore, the dynamic viscosities of
both the curing agents and the compositions based on them were investigated.

As per the results shown in Table 3, when the amounts of FPP in IPDA were 10,
20, and 30 wt.%, the viscosity of the curing agent increased by 5, 50, and 405 times,
respectively, relative to pure IPDA. This can be explained by an increase in the number of
bulk macromolecules of FPP azomethine derivatives in an IPDA solution, which have low
mobility, as well as a simultaneous decrease in the content of IPDA itself.

Table 3. Viscosity of the curing agent and the studied compositions vs. The modifier content.

Properties
FPP Content in IPDA, wt.%

0 10 20 30

Dynamic viscosity of the curing agent, mPa·s 18 90 890 7300

Dynamic viscosity of the binder, mPa·s 740 1320 2740 4650

As for the compositions, with an increase in the phosphazene content, their dynamic
viscosity increased less than that in the case of curing agents. The viscosity of compositions
with curing agents containing 10, 20, and 30 wt.% FPP increased by 2, 4, and 6 times,
respectively, compared with the viscosity of a composition based on pure IPDA. At the
same time, the viscosity of the compositions with curing agents containing up to 20 wt.% of
FPP, inclusively, was lower than that of pure DER-354 (3500 mPa·s). In turn, the viscosity of
the composition containing the curing agent with 30 wt.% FPP was 33% higher than that of
pure resin. Obviously, the IPDA contained in the curing agents reduced the viscosity of the
compositions, while the bulky molecules of azomethine derivatives of phosphazene caused
an increase in viscosity. Based on the above, it can be concluded that a significant reduction
in the gel time of the composition containing 30 wt.% FPP in the curing agent was due to
the fact that the initial viscosity of the composition was higher with the introduction of the
curing agent than that of the resin.

The curing of epoxy compositions was carried out in two stages. Initially, the sam-
ples were kept for a day at room temperature to avoid the evaporation of IPDA. Then,
the temperature was raised to 120 ◦C for the complete reaction between the epoxy and
amino groups. To evaluate the conversion of epoxy groups during the curing of the resin,
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IR spectroscopy of the obtained samples was carried out. When comparing the IR spectra of
DER-354 (Figure 5A) and those of the cured composition based on pure IPDA (Figure 5C),
it can be seen that the band at 915 cm−1, present in the resin and characteristic of asymmet-
ric vibrations of the oxirane ring, was not found in the composition. In addition, the band
responsible for the symmetrical vibrations of the epoxy ring in the 1250 cm−1 region also
disappeared. This indicates the complete conversion of the epoxy groups during the curing
process. Instead, tertiary amino groups were formed, the corresponding signal for which
appeared in the 1225 cm−1 region and was not observed earlier in the IPDA spectrum
(Figure 5B). A similar pattern was observed in the spectrum of IPDA modified with phosp-
hazene (Figure 5D) and in the spectrum of the composition cured with the modified curing
agent (Figure 5E). In addition, it should be noted that, during the curing of the resin with a
phosphazene-containing curing agent, the phosphazene cycle was retained, the vibration
signals of which were in the region of 1220–1150 cm−1; the azomethine groups were also
retained, and their stretch vibration signals were observed at 1680 cm−1.

The presence of the phosphazene modifier in the hardener affected the glass transition
temperature of the studied compositions. As can be seen from Table 4, the Tg of the
compositions cured with IPDA containing up to 20% modifier was slightly higher than that
of compositions cured with pure IPDA. However, with 30% phosphazene in the hardener,
the Tg of the cured composition dropped sharply. It can be assumed that this fact was due
to the heterogeneity of the material structure due to steric factors associated with a high
content of bulky azomethine derivatives of phosphazene (as in the case of viscosity).

Table 4. Dependence of the glass transition temperature of the cured compositions on the modifier
content (the relative change with respect to the modifier-free samples is shown in brackets).

Parameter
FPP Content in IPDA, wt.%

0 10 20 30

Tg onset (DMA), ◦C 109 115 (+5.5%) 111 (+1.8%) 71 (−34.9%)

Tg end (DMA), ◦C 125 131 (+4.8%) 128 (+2.4%) 100 (−20.0%)

Tg (DSC), ◦C 119 121 (+1.7%) 121 (+1.7%) 89 (−25.2%)

A similar effect of the phosphazene content can be traced for most of the physical and
mechanical characteristics of the cured compositions (Table 5).

Table 5. Dependence of the mechanical and physicochemical characteristics of the studied composi-
tions on the modifier content in the hardener (relative change with respect relative to the modifier-free
samples is shown in brackets).

Parameter
FPP Content in IPDA, wt.%

0 10 20 30

Tensile strength, MPa 40.7 52.7 (+29.5%) 50.7 (+24.6%) 38.8 (−4.7%)

Tensile modulus, MPa 1990 2820 (+41.7%) 2888 (+45.1%) 2570 (+29.1%)

Ultimate tensile strain, % 2.5 2.7 (+8.0%) 3.0 (+20%) 2.5 (0%)

Compressive strength, MPa 117.8 124.3 (+5.5%) 126.5 (+7.4%) 124.4 (+5.6%)

Compression modulus, MPa 1160 1120 (−3.4%) 1120 (−3.4%) 1120 (−3.4%)

Ultimate compression strain, % 14.0 13.7 (−2.1%) 13.7 (−2.1%) 14.9 (+6.4%)

Adhesion strength, MPa 4.43 4.61 (+4.1%) 4.67 (+5.4%) 4.71 (+9.5%)

Type of destruction Adhesion Adhesion Adhesion Adhesion

Water absorption, % 0.25 0.24 (−4.0%) 0.24 (−4.0%) 0.25 (0%)

Water solubility, % 0.12 0.12 (0%) 0.12 (0%) 0.12 (0%)
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The modifier content had the greatest influence on the characteristics associated
with the stretching of the cured compositions; specifically, it significantly increased their
strength and modulus of elasticity. This can be explained by the fact that the substituents
at the phosphorus atoms in phosphazene are linear polyconjugated structures, which
determines their rigidity. Therefore, with a uniform distribution in the polymeric matrix,
the phosphazene molecules, in the case of the stretching of the samples, act as reinforcing
material [79,80]. In the case of the samples with the curing agent containing FPP 30 wt. %,
the steric factor of the bulk molecules of the phosphazene curing agent and its high
concentration contributed to the formation of inhomogeneous structures, which negatively
affected the tensile strength.

The compression testing of the cured compositions showed that the modifier content
had practically no effect on their characteristics. In this case, rigid phosphazene substituents
did not have a significant reinforcing effect despite the fact that the phosphazene ring itself
is quite flexible.

It is noteworthy that with an increase in the phosphazene content in the compositions,
an increase in their adhesion to steel was also observed, which can be explained by an
increase in the share of azomethine groups in the material composition, which are capable
of coordinating many metals that make up the alloy. In all the cases, an adhesive gap
was observed.

It should be noted that the modifier had practically no effect on the physicochemical
properties of the compositions, such as water solubility and water absorption.

Fire resistance testing performed on horizontally fixed samples showed (Table 6) that
all the samples containing the modifier did not form droplets of burning material.

Table 6. Fire resistance test results for the cured DER-354.

FPP Content in IPDA, wt.% Phosphorus Content in the
Cured Resin, % Burning Rate, mm/min.

0 0 17

10 0.26 15

20 0.51 13

30 0.86 10

At the same time, the burning rate of the samples decreased with an increase in the
phosphazene content, and the composition based on the curing agent containing 30% FPP
was self-extinguishing despite the fact that the mass content of phosphorus in them was
below 1%. This indicator is quite high since greater fire resistance is achieved with a content
of 4% phosphorus in the compositions. [81].

4. Conclusions

Despite the increased viscosity of the modified compositions relative to the unmodified
composition, they may be suitable for processing into polymeric composite materials by
methods such as contact molding, winding, and resin transfer molding (RTM).

Since the curing of epoxy resin with IPDA containing up to 20 wt.% of FPP contributed
to an increase in the elastic modulus of the material by more than 40% and tensile strength
by more than 20%, the area of low-load building blocks and housings is a promising
application field for the developed compositions. Examples include internal and external
transport elements such as small boat hulls, and automotive and railway products, which
can be manufactured using the methods described above.

In turn, compositions based on the curing agent with 30% phosphazene, i.e., already
at 0.86% phosphorus, are self-extinguishing and can be placed in the V-1 incombustibility
category. There is a high demand for halogen-free polymeric materials with reduced
flammability as interior binders for the transport industry, sheathing panels, floors, and seat
elements. The developed compositions are also of interest as potting compounds for
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electrical and radio engineering devices. In addition, the compounds themselves can be
used as dispersion-strengthened products obtained by casting, including pressure casting.
These materials offer a high potential for reducing the probability of starting and spreading
fires and can help to reduce life and property damage in the event of a fire.

The increased adhesion of the modified compositions to steel is promising for applica-
tion in metal–polymer composites and repair of metal parts.

Thus, the developed compositions are promising binders for many areas of technology,
such as road and rail transport, shipbuilding, aircraft building, household applications,
and many more.
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