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Abstract An organophosphorus oligomer, poly(DOPO-substituted hydroxy-

phenyl methanol pentaerythritol diphosphonate) (PFR), was synthesized from the

dehydrohalogenation polycondensation of 9,10-dihydro-9-oxa-10-phosphaphenan-

threne-10-oxide substituted hydroxyphenyl methanol (DOPO-HBA) with 3,9-bis

(chloro)-2,4,8,10-tetraoxa-3,9-diphosphaspiro [5.5]undecane-3,9-dioxide (SPDPC).

The structure of PFR was confirmed by FTIR, 1H NMR, and 31P NMR. Advanced

flame retardant epoxy resins (FREP) were obtained by incorporating PFR into EP,

cured by 4,40-diaminodiphenylmethane (DDM). Effects of PFR on thermal,

dynamic mechanical properties, and flame retardant properties of the epoxy resins

were investigated. The dynamic mechanical analysis (DMA) results showed that

EP/PFR exhibited higher glass transition temperature than that of neat EP. More-

over, incorporation of PFR significantly enhanced the char yield at higher tem-

peratures. The addition of PFR into epoxy resins significantly improved their flame

retardancy, due to the reduction of peak heat release rate, total heat release as well

as the mass loss rate.
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Introduction

Owing to their outstanding mechanical stiffness and toughness, good solvent and

chemical resistance, and superior adhesion, epoxy resins (EP) are widely used as

coatings, adhesives, laminates, semiconductor encapsulation, and matrices for

advanced fiber-reinforced composites [1–5]. However, flammability is one of main

disadvantages of epoxy resins, which restricts their applications in electronics.

Consequently, extensive research has been developed to improve the flame retardant

performance of epoxy resins. Traditionally, epoxy resins can be rendered flame

retardancy by the incorporation of halogen-containing flame retardants [6–8].

Nevertheless, the utilization of these halogenated flame retardants can generate

toxic, corrosive gases, and endocrine-disrupting chemicals during combustion,

which is harmful to the environments and human health [9–11]. Therefore, there is

an inevitable trend toward using halogen-free flame retardants in epoxy resins.

Among the halogen-free flame retardants, a wide variety of flame retardant epoxy

resins with 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) and its

derivatives have attracted extensive attention in recent years [12–15]. DOPO-

containing compounds could react with various epoxy monomers and also be found

to produce less toxic gas and smoke than halogen-containing compounds. However,

the DOPO-containing compounds reported are mostly small molecular flame

retardants, which exists many drawbacks, such as leaching and low phosphorus

content. Therefore, the polymeric flame retardants, possessing high phosphorus

content and rich aromatic structure, are highly noting.

With the aim of improving the flame retardancy of epoxy resins, we synthesized a

novel organophosphorus oligomer which contained phosphorus element in both

main chain and pendant group, and incorporated it into the epoxy resin systems.

This article explored the influence of the organophosphorus oligomer on the flame

retardancy of epoxy resins. Their thermal and dynamic mechanical thermal

properties were also evaluated.

Experimental

Materials

9,10-Dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) was supplied by

Shandong Mingshan fine chemical industry company. Epoxy resin (DGEBA,

commercial name: E-44) was supplied by Hefei Jiangfeng chemical industry

company. Phosphorus oxychloride was reagent grade and provided by Tianjin

Guangfu fine chemical research institute (Tianjin, China). Pentaerythritol, 4,40-
diamino-diphenyl methane (DDM), acetonitrile, toluene, 4-hydroxybenzaldehyde

(HBA), tetrahydrofuran (THF), trichloromethane, and diethyl ether were all reagent

grade and purchased from Sinopharm chemical reagent Co. Ltds (Shanghai, China).

Tetrahydrofuran, toluene, and acetonitrile were distilled at reduced pressure before

use. DOPO was recrystallized from tetrahydrofuran before use.
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Measurement

Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 6700 FTIR

spectrophotometer with KBr pellets. Spectra in the optical range of 400–4000 cm-1

were obtained by averaging 16 scans at a resolution of 4 cm-1.

All NMR spectra were performed on a Bruker AV400 NMR spectrometer

(400 MHz) operating in the Fourier transform mode using DMSO-d6 as solvent.

Limiting oxygen index (LOI) was measured according to ASTM D2863. The

apparatus used was an HC-2 oxygen index meter (Jiangning Analysis Instrument

Co., China). The specimens used for the test were of dimensions 100 mm 9

6.5 mm 9 3 mm. The vertical test was carried out on a CFZ-2 type instrument

(Jiangning Analysis Instrument Co., China) according to the UL-94 test standard.

The specimens used were of dimensions 130 mm 9 13 mm 9 3 mm.

Thermogravimetric analysis (TGA) of samples were carried out with Q5000

thermal analyzer (TA Co., USA) under both air and nitrogen atmosphere from

50 �C to 700 �C at a heating rate of 20 �C/min.

Pyrolysis combustion flow calorimetry experiments were carried out on a

Govmark MCC-2 microscale combustion calorimeter (MCC). Samples weighing

4 ± 1 mg were heated to 650 �C at a heating rate of 1 �C/s in a stream of nitrogen

flowing at 80 mL/min. The combustor temperature was set at 900 �C and oxygen/

nitrogen flow rate was set at 20/80 mL/mL. The reported data were averages of

three tests and the experimental error was ±5%.

Dynamic mechanical analysis (DMA) was performed with the PerkinElmer Pyris

Diamond DMA from 20 to 250 �C at a heating rate of 10 �C/min, at a frequency of

1 Hz in the tensile configuration.

Synthesis of DOPO–HBA

In a 500 mL round-bottom flask, DOPO (21.6 g, 0.1 mol), HBA (13.4 g, 0.11 mol),

and dried toluene (200 mL) were introduced and stirred under a nitrogen

atmosphere. The mixture was refluxed for about 5 h. The reaction solution then

became thick due to the precipitation of the resultant DOPO–HBA. After being

cooled to room temperature, the precipitate was filtered and washed with toluene.

The obtained solid was then recrystallized from toluene/methanol (2/1 in volume) to

give a pure product with a 90% yield.

Fourier transform infrared (FTIR) (KBr, cm-1): 3225 (C–OH); 1590 (P–Ph);

1180 (P=O); 935 (P–O–Ph). 1H NMR (400 MHz, DMSO-d6): d 4.97–5.18

(t, J = 5.7, 1H), 6.08–6.25 (dd, J = 17.8, 5.7, 1H), 6.64–6.73 (dd, J = 9.2, 6.3,

2H), 7.05–7.31 (m, 4H), 7.36–7.60 (m, 2H), 7.72–7.80 (m, 1H), 7.85–7.92 (ddd,

J = 12.2, 7.6, 1.1, 1H), 8.08–8.22 (m, 2H) and 9.40 (m, J = 9.8, 1H). 31P NMR

(400 MHz, DMSO-d6, ppm): 31.1 ppm.

Synthesis of SPDPC

A 500 mL three-necked and round-bottom glass flask equipped with a temperature

controller, magnetic stirrer, and a reflux condenser was charged with phosphorus
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oxychloride (200 mL) and pentaerythritol (49.5 g). The temperature of the reaction

mixture was raised to 75 �C and maintained for 6 h under a nitrogen gas

atmosphere. Afterwards, the reaction mixture was heated slowly to 105 �C and

maintained for 12 h. After cooling to room temperature, the precipitate was filtered

and washed with trichloromethane and diethyl ether. The white powder was

collected by filtration, and dried under reduced pressure. The yield of SPDPC was

about 85%.

Fourier transform infrared (FTIR) (KBr, cm-1): 1303 (P=O), 1028 (P–O–C), 580

(P–Cl). 1H NMR (400 MHz, DMSO-d6): d 4.22–4.29 (d, J = 12.3, 8H). 31P NMR

(400 MHz, DMSO-d6, ppm): -11.1.

Synthesis of PFR

In a 500 mL three-necked and round-bottom glass flask equipped with a

temperature controller, magnetic stirrer, and a reflux condenser, SPDPC (14.9 g),

DOPO–HBA (18.6 g), and acetonitrile (250 mL) were mixed at 70 �C for 1 h.

Thereafter, the mixture was gradually heated and refluxed until no HCl gas was

emitted. The solvent was removed by rotary evaporator under reduced pressure. The

raw product obtained was washed by acetonitrile three times. The product was then

dried in vacuum drying oven at 60 �C overnight. The yield of PFR was about 71%.

Fourier transform infrared (FTIR) (KBr, cm-1): 3225 (C–OH); 1590 (P–Ph);

1180 (P=O); 935 (P–O–Ph). 1H NMR (400 MHz, DMSO-d6): d 4.13–4.26

(t, J = 11.2, 8H), 4.97–5.18 (d, J = 8.0, 1H), 6.64–6.73 (dd, J = 15.4, 8.5, 2H),

7.05–7.31 (m, 4H), 7.36–7.60 (m, 2H), 7.72–7.80 (m, 1H), 7.85–7.92 (m, 1H) and

8.08–8.22(m, 2H). 31P NMR (400 MHz, DMSO-d6, ppm): 31.0, -7.3, -20.7.

Curing procedure of phosphorus-containing epoxy resins

The phosphorus-containing epoxy resins were formed by blending EP with PFR for

30 min under the vigorous mechanical stirring. Thereafter the above mixture was

blended homogeneously with DDM in an epoxide/amino equivalent ratio of 1/1.

The compositions of the phosphorus-containing epoxy resins are listed in Table 1.

The mixtures were cured at 100 �C for 2 h and post cured at 150 �C for 2 h, and the

curing reaction mechanism is shown in Scheme 1. After curing, all samples were

cooled to room temperature.

Table 1 Sample formulations

and flame retardancy of epoxy

resin systems

Sample code PFR

content (wt%)

Flame retardancy

LOI UL-94

EP 0 20.5 Not classified

EP/PFR-1 5 28.5 V-1

EP/PFR-2 10 31.5 V-1

EP/PFR-3 15 33.0 V-0
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Results and discussion

Structural characterization of DOPO–HBA and PFR

It is well known that the electrophilic –P(O)–H group in DOPO is reactive toward

the nucleophilic C=O in aldehydes and ketones via an electrophilic addition

reaction. Therefore, an addition reaction between DOPO and HBA was performed,

resulting in the product DOPO–HBA. With the further dehydrohalogenation

polycondensation of DOPO–HBA with SPDPC, a DOPO-substituted organophos-

phorus oligomer (PFR) was obtained (Scheme 2). Figure 1 shows the FTIR spectra

for SPDPC, DOPO–HBA, and PFR. As the addition reaction between DOPO and

HBA proceeded, the distinctive absorption at 2385 cm-1 for P–H stretching in

DOPO [9] disappeared, while a broad absorption at around 3232 cm-1 for aliphatic

OH appeared in DOPO–HBA. Moreover, the specific absorption peak at 580 cm-1

(P–Cl) disappeared and some characteristic absorption bands at 1514 (P–Ph), 1180

(P=O), and 935 cm-1 (P–O–Ph) [9, 16] were observed in the FTIR spectrum of

PFR, indicating that the reaction between hydroxyl group and phosphoryl chloride

group.

The performance of the addition reaction between HBA and DOPO is further

demonstrated by 1H NMR (Fig. 2) with the observation of the absorption peaks at

d = 4.97–5.18 ppm [P–C–H] and d = 6.08–6.25 ppm [P–C–OH]. After the occur-

rence of the dehydrohalogenation reaction between DOPO–HBA and SPDPC, the
1H NMR absorption peaks at 6.08–6.25 ppm [P–C–OH] and 9.40 ppm [Ph–OH]

disappeared, meanwhile, the absorption peak of –CH2– in SPDPC shifted from

4.20 ppm to 4.25 ppm. Moreover, DOPO–HBA exhibited only a single peak in 31P

NMR spectra (Fig. 3) at d = 31.1 ppm, while there were three peaks at d = 31.0,

-7.3, -20.7 ppm in the 31P NMR spectrum of PFR. These provided another

support for the occurrence of a dehydrohalogenation reaction between DOPO–HBA

Scheme 1 Curing reaction between EP and DDM
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and SPDPC. These three peaks also suggested that PFR was DOPO–HBA-

terminated. The existence of P–C–OH absorption peak at 3230 cm-1 in FTIR

spectrum of PFR provided additional evidence.

Scheme 2 Synthetic route of DOPO–HBA, SPDPC, and PFR

Fig. 1 FTIR spectra of DOPO–HBA, SPDPC, and PFR
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Flame retardancy

To evaluate flame retardancy of EP/PFR systems, Table 1 gives LOI values and

vertical burning test (UL-94) results. As can be observed, pure EP was highly

combustible, and its LOI value was 20.5%. All EP/PFR composites had higher LOI

values than pure EP and the LOI value increased obviously with PFR content.

Sample with 15 wt% PFR content produced a UL-94 V-0 material. However,

phosphorous-free epoxy resin showed no rating in the burning tests. These results

indicated that PFR imparted excellent flame retardant effect to epoxy resins.

Dynamic mechanical properties

Dynamic mechanical analysis (DMA) gives the information about the viscoelastic

properties of polymers. The loss factor (tand) versus temperature for the EP and

Fig. 2 1H NMR spectra of DOPO–HBA and PFR

Fig. 3 31P NMR spectra of DOPO–HBA and PFR
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EP/PFR composites are plotted in Fig. 4. The glass transition temperature (Tg) is

obtained as the peak of tand curve. As can be seen, Tg values increased with the PFR

content. Moreover, the height of the tand peak, which is associated with the

crosslinking density [17], decreased as the PFR content increased. Because tand is

the ratio of viscous components to elastic components, it can be assumed that the

increased height is associated with higher segmental mobility and more relaxing

species. Therefore, it can be concluded that the networks for the PFR-rich samples

were tighter.

The storage modulus is closely related to the load bearing capacity of the

materials. As shown in Fig. 5, the initial storage modulus had an obvious decrease

after incorporating PFR into the EP matrix. The poor interfacial adhesion between

the EP matrix and the PFR tended to decrease the crosslinking density of the cured

EP/PFR/DDM systems, which may be responsible for the decrease of initial storage

modulus. However, for these systems, it should be noted that crosslink density was

not the only factor that affected the physical properties of the networks. As far as the

chemical structure was concerned, the bulky and rigid structure of PFR displayed a

reinforced effect to EP. Consequently, the higher load of PFR gave a positive impact

on the storage modulus of EP/PFR composites.

Thermal stability

In order to examine the effect of PFR on the thermal stability of epoxy resins,

thermogravimetric analysis (TGA) was measured and analyzed. Figure 6a and b

gives TG and DTG curves of epoxy resins with various contents of PFR under air

atmosphere, respectively. The temperature at which the weight loss is about 5% is

determined as the initial decomposition temperature. The temperature of 5% weight

Fig. 4 DMA tand curves of EP and EP/PFR composites
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loss (T5%), the temperature of maximum rate of weight loss (Tmax), and the

percentage of char yield at 700 �C are summarized in Table 2.

As can be observed in Fig. 6, the pure EP started to decompose at 369 �C and the

thermal oxidative degradation process mainly had two stages. The first stage was in

the temperature range of 350–450 �C corresponding to a strong DTG peak at

380 �C (Tmax) and the weight loss was about 59%. The second stage was in the

temperature ranges of 500–650 �C corresponding to Tmax of 561 �C. As for EP/PFR

composites, the thermal oxidative degradation process of all the composites had the

similar two stages as the pure EP. However, the temperature of 5% weight loss

(T5%) decreased when PFR content increased, which was probably due to the

decomposition of P–C bonds which had lower thermal stability than C–C bonds

[18]. The major weight loss occurred from about 300 to 450 �C and then weight

continued to decrease at a reduced rate from around 450 to 500 �C. This region of

intermediate thermal stability reflected the thermal stability of the char layer formed

during oxidative degradation. The increased rate of mass loss beyond 500 �C

illustrated the continued degradation of the char layer.

Figure 7a and b shows TG and DTG curves of epoxy resins with various contents

of PFR under nitrogen atmosphere, respectively. In nitrogen, the thermal

degradation process of all the samples was different from that under air because

of the presence of inert atmosphere. The thermal degradation process of all the

EP/PFR composites had only one stage as the pure EP. When the PFR content

increased, T5% decreased, showing a similar trend to the one mentioned above.

From the DTG curves, it can be seen that both in air (Fig. 6b) and inert (Fig. 7b)

atmosphere, the weight loss rate of the phosphorus-containing resin was

significantly lower than that of the phosphorus-free resin. This behavior was in

accordance with the mechanism of improved flame retardance via phosphorus

modification: the PFR could catalyze the polymer matrix to form an insulating

Fig. 5 DMA storage modulus curves of EP and EP/PFR composites
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Fig. 6 TGA curves of EP and EP/PFR composites under air atmosphere

Table 2 TGA data of EP and EP/PFR systems

Sample Nitrogen Air

T5% (�C) Tmax (�C) Chara (%) T5% (�C) Tmax (�C) Chara (%)

EP 372 384 13.3 369 380, 561 0.4

PFR 205 201, 389 31.0 206 201, 369, 456 32.0

EP/PFR-1 311 375 19.9 316 361, 592 3.0

EP/PFR-2 321 361 21.5 305 345, 593 6.5

EP/PFR-3 309 350 23.6 301 365, 583 7.4

a Char yield at 700 �C
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protective layer and this char layer reduced the weight loss rate, increased the

thermal stability at higher temperatures, and improved the fire retardancy. Char

yield under nitrogen is correlated to the polymer’s flame retardancy [19] and the

char yield increased significantly with the PFR content.

Fig. 7 TGA curves of EP and EP/PFR composites under nitrogen atmosphere

Table 3 MCC data of EP and EP/PFR systems

Sample HRC (J/gK) PHRR (W/g) THR (kJ/g) Tp (�C)

EP 478 478 20.7 401

EP/PFR-1 287 282 21.1 376

EP/PFR-2 236 235 19.5 357

EP/PFR-3 219 217 16.3 373
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Microscale combustion calorimeter (MCC) studies

Microscale combustion calorimeter (MCC) is a new, rapid, lab scale test that uses

thermal analysis methods to measure chemical properties related to fire. From just a

few milligrams of samples, MCC can quickly and easily obtain the key flammability

parameters of the materials, such as peak heat release rate (PHRR), heat release

capacity (HRC), total heat release (THR), and temperature at PHRR (Tp) [20, 21].

The HRC values, obtained as sum of the two peak heat release rate (HRR) values,

are summarized in Table 3. Neat EP showed the highest HRC of 478 J/gK and the

highest PHRR of 478 W/g. The sample EP/PFR-1, which contained 5 wt% PFR,

showed HRC value of 287 W/g. Addition of PFR led to further reduction in HRC

and PHRR and the sample with 15 wt% PFR content exhibited the lowest HRC

value, corresponding to about 54.2% reduction in the HRC of neat EP.

Total heat release (THR), calculated from the total area under the HRR peaks, is

another important parameter used to evaluate fire hazard. Neat EP exhibited the

highest THR of 20.7 kJ/g. In the case of EP/PFR composites, incorporation of PFR

into EP led to the reduction of THR. It can be concluded that the addition of PFR

was beneficial for reducing the HRC and THR of EP during combustion.

Figure 8 shows the HRR curves from the MCC compared to the DTG curves

under nitrogen for EP and EP/PFR composites. It was interesting to find that HRR

curve of each sample had the similar shape as DTG curve. Each sample showed a

single degradation step in DTG, and only one HRR–MCC peak was observed in the

Fig. 8 Comparison of MCC and DTG curves for EP and EP/PFR composites
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HRR curve. As can be seen that incorporation of PFR into EP could reduce the mass

loss rate effectively, as well as the heat release rate during combustion.

Thermal degradation of EP and EP/PFR composites

Real time Fourier transform infrared spectra were employed to explore the details of

the thermal oxidative behavior of EP and EP/PFR composite. Figure 9 shows the

real time FTIR spectra of EP. Peaks at 3407, 2967, 2870, 1603, 1510, 1363, 1240,

1180, and 1040 cm-1 were the characteristic absorptions of EP. The band at

3403 cm-1 nearly disappeared at the temperature of 250 �C, and this can be

explained by the release of water. The relative intensities of the peak at 1363 cm-1

for C–H bond in the C(CH3)2 group decreased gradually with temperature

increasing from 200 to 320 �C and disappeared completely above 350 �C,

indicating that methyl side groups of EP were released. While the temperature

rose up to 380 �C, it was found that the absorption peaks at 2967, 2870, 1603, 1510,

1363, 1240, 1180, and 1040 cm-1 nearly disappeared, suggesting that the main

decomposition happened at this stage. This is consistent with the TGA results.

Real time FTIR spectra of EP/PFR-3 is presented in Fig. 10. The characteristic

peaks of EP/PFR-3 included 2967, 2870, 1603, 1510, 1363, 1240, 1030, and

930 cm-1. It can be found that the relative intensities of CH3 stretching vibration at

2967, 2870 cm-1 and CH3 deformation vibration at 1363 cm-1 decreased gradually

from 200 to 320 �C and disappeared completely above 350 �C. Meanwhile, the

peak at 930 cm-1 assigned to P–O–C bond decreased rapidly above 200 �C and

then disappeared completely above 300 �C, indicating that the P–O–C bond in PFR

was not stable when heated. It was worth noting that the peaks at 1603, 1510, 830,

750 cm-1 still existed at high temperature region (above 350 �C), implying the

formation of aromatic structures. The addition of PFR could promote the formation

Fig. 9 Real time FTIR spectra of EP at different pyrolysis temperatures
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of char and the residual char can prevent the materials from further degradation

during combustion. These results are in good agreement with the data obtained from

TGA and MCC.

Conclusions

An organophosphorus oligomer (PFR) was synthesized from the dehydrohalogen-

ation polycondensation of DOPO–HBA with SPDPC. A series of flame retardant

epoxy resins with different PFR contents were prepared by crosslinking with DDM.

The LOI values increased from 20.5% for the pure EP to 33.0% for phosphorus-

containing resins, and UL-94 V-0 materials were obtained with a PFR content of

15 wt%. Tg values of advanced EP/PFR composites increased with the PFR content,

but the initial storage modulus was lower than pure EP. TGA results indicated that

the char yield and the thermal stability of the char increased with PFR content. The

MCC data showed that the incorporation of PFR could significantly reduce the peak

heat release rate and total heat release of the epoxy resins during combustion. The

comparison between DTG curves and the HRR curves indicated that the EP/PFR

composites exhibited decreased mass loss rate and heat release rate when compared

to the pure epoxy resins. The thermal degradation behavior showed that DOPO

group in PFR first degraded and catalyzed the degradation of the composite to form

the protective char layer. This char layer can retard the inner polymer degradation

and combustion, thus the fire resistance of epoxy resins was improved.
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