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a b s t r a c t 

A bi-DOPO type of prepolymer for flame retardancy epoxy resins with intrinsically flame-retardant was 

successfully synthesized by reacting of 6,6 ′ -((6,6 ′ -dihydroxy-[1,1 ′ -biphenyl]-3,3 ′ -diyl) bis (propane-3,1- 

diyl)) bis(dibenzo[c,e][1,2] oxaphosphinine 6-oxide) (DOBP) with bisphenol A. The characterization of 

the cured epoxy resins, such as cone calorimeter, TGA/infrared, Raman and SEM indicated that DOBP 

with double 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) structure endowed the epoxy 

resins with excellent flame retardancy, including limiting oxygen index of 40.0%, V-0 rating in UL-94, re- 

markable smoke suppression and flame inhibition. The quenching effect of gaseous phase and charring 

effect of condensed phase of phosphaphenanthrene groups in prepolymer together contributed to the im- 

provement on the flame retardant performance of the epoxy resins. In addition, due to the rigid structure 

of DOBP molecules, the cured d -FREP possessed high glass transition temperature of up to 192.9 °C, and 

the tensile modulus of which was increased about 55% compared with the neat epoxy resins. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

It was well known that epoxy resins exhibited excellent adhe- 

ion, chemical resistance, electrical insulation, and high strength 

ecause of the reasonable ratio of rigid and flexible groups in its 

olecular structure [1–5] . Epoxy resins have achieved great suc- 

ess in practical applications such as adhesives, coatings, encap- 

ulating materials, building materials. However, like most organic 

olymer materials, epoxy resins were flammable. For the appli- 

ations where needed high fire requirement, epoxy resins were 

reatly confined [6] . Therefore, improving the flame retardancy of 

he epoxy resins was of great significance to widen its practical 

pplications. Introducing flame retardants was considered to be 

n effective way to improve the flame-retardant properties of the 

poxy resins, such as phosphorus- or nitrogen-containing flame re- 

ardants and intumescent flame retardants, etc [7–11] . 

Among these, 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10- 

xide (DOPO) and its derivatives were widely applied in the epoxy 

esins due to their remarkable flame-retardant effect [ 12 , 13 ]. Schar- 

el et al introduced DOPO-containing flame retardant DOP-Et into 

he molecular structure of epoxy resins. The results showed that 

hen the content of DOP-Et was 15.7 wt%, the limiting oxygen in- 

ex of the cured epoxy resins was increased from 21% to 42%, and 
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here was no deterioration in the tensile properties. The interaction 

etween the DOPO-Et and the epoxy resins changed the decompo- 

ition mechanism of the epoxy resins and increased the formation 

f residual carbon. The release of phosphorus-containing product 

layed a role of flame inhibition [14] . The DOPO exhibited remark- 

ble flame-retardant performance because the active free radicals 

f the flame zone were quenched, and the release of flammable 

olatiles was inhibited by a char layer containing phosphorous [15–

3] . Although the flame-retardant effect of DOPO was remarkable, 

ts compatibility with the epoxy resins was poor. 

To solve this problem, it was a great strategy to embed DOPO 

nto epoxy resins skeleton through a chemical reaction [24–28] . 

hi et al synthesized a kind of DOPO-contained epoxy prepoly- 

er (TEBA), it was proved that TEBA possessed excellent flame- 

etardant properties after cured by DDM. Compared with the neat 

poxy resins, the LOI of the cured epoxy resins containing TEBA 

ncreased from 25.8% to 42.3% , the tensile strength and glass tran- 

ition temperature of the cured epoxy resins containing TEBA de- 

reased by 16% and 18%, respectively [29] . Although the problem 

f poor compatibility of flame-retardant with epoxy resins was 

olved, due to the asymmetry of the DOPO molecular structure, 

he glass transition temperature (T g ) and mechanical properties of 

he epoxy resins were often deteriorated, which greatly hindered 

he practical applications of the epoxy resins. It was challenging to 

esign new type of epoxy resins with both high-efficiency flame- 

etardant and excellent mechanical properties [30–34] . 

https://doi.org/10.1016/j.polymdegradstab.2021.109629
http://www.ScienceDirect.com
http://www.elsevier.com/locate/polymdegradstab
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2021.109629&domain=pdf
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Fig. 1. The preparation processes of DOBP, d -FREP, the cured d -FREP. 
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Fig. 2. The preparation processes of the neat epoxy resins. 
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In this study, epoxy prepolymer with DOPO group ( d -FREP) was 

ynthesized by reacting of DOBP with bisphenol A and epichloro- 

ydrin. Moreover, the flame-retardant properties, mechanical prop- 

rties and glass transition temperature of the cured d -FREP were 

tudied. The flame-retardant mechanism of the cured d -FREP was 

nalyzed. 

. Experimental 

.1. Materials 

Epichlorohydrin (ECH), tetrabutylammonium bromide, 

ichloromethane, sodium hydroxide and bisphenol A were 

rovided by Sinopharm Chemical Reagent Co, Ltd. 9, 10-Dihydro- 

-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was obtained 

rom Zhengzhou Chengtong Chemical. Magnolol (5 ′ ,5-diallyl-2,2 ′ - 
ydroquinone) was purchased from Nanjing Jingzhu Biotechnology 

o, Ltd. The bisphenol A type epoxy resins (commercial name: 

-51) was provided by Bluestar New Material Wuxi Resin Factory. 

,4-diaminodiphenylmethane (DDM) was purchased from Disney’s 

laddin. All chemicals and solvents were used directly without 

urther purification. 

.2. Synthesis of DOBP 

Firstly, DOPO (47.56 g, 0.22 mol) was melted under 120 °C, 

nd then magnolol (30.84 g, 0.10 mol) was added into the flask 

ontaining DOPO. The air in the flask was replaced by nitro- 

en (N 2 ). Then, the addition reaction of DOPO and magnolol 

as occurring at 160 °C for 24 h. The crude product was abso- 

utely dissolved in ethanol (100 mL) and was washed with hot 

eionized water (90 °C). This washing procedure was repeated for 

our times. The 6,6 ′ -((6,6 ′ -dihydroxy-[1,1 ′ -biphenyl]-3,3 ′ -diyl) bis 

propane-3,1-diyl)) bis(dibenzo[c,e] [ 1 , 2 ] oxaphosphinine 6-oxide) 

DOBP) was obtained after dried at 80 °C for 24h in vacuum oven 

nd used for the synthesis of d -FREP. The synthesis route of DOBP 

as illustrated in Fig. 1 . For the characterization of NMR, the col- 

mn chromatography (silica gel, ethyl acetate/methanol = 15/1) 

as carried out to get the purified DOBP. 
2 
.3. Synthesis of d -FREP 

14.20 g DOBP, 4.57 g bisphenol A, and 185.04 g ECH were added 

nto a three-port flask, and then kept stirring until DOBP was com- 

letely dissolved. After that, tetrabutylammonium bromide (0.77 

) was added. The reaction was occurring at 60 °C for 2 h. Sub- 

equently, 25% sodium hydroxide solution was added and reacted 

t 75 °C for 2 h. To remove the sodium chloride, the crude prod- 

ct was dissolved in dichloromethane and washed with hot water 

65 °C) for four times. The purified epoxy prepolymer ( d -FREP) was 

btained after removing dichloromethane and epichlorohydrin by 

otary evaporation. The epoxy equivalent of the d -FREP was 312 

/mol. The synthesis route of d -FREP was illustrated in Fig. 1 . 

.4. Curing of the d -FREP and the neat epoxy resins 

DDM was used as the curing agent of the d -FREP. The d -FREP 

as mixed with DDM in a 4:1 equivalent ratio. The mixture was 

egassed by vacuum process for 3 min, then the mixture was 

oured into the Teflon molds and cured at 115 °C for 2 h, 160 °C for

 h and 210 °C for 2 h. The phosphor content in the cured d -FREP

as determined by ICP-OES (0.22%). The cured route of d -FREP was 

llustrated in Fig. 1 . The curing temperature of the d -FREP was pre-

etermined by DSC nonisothermal thermograms (Table S1). 

The epoxy resins (diglycidyl ether of bisphenol-A, epoxy value 

.51) was heated to 120 °C. Then, DDM was added into the epoxy 

esins at 110 °C and stirring for 3min. The mixture of the epoxy 

esins and DDM was transferred to a vacuum oven at 110 °C for 

egassing. Finally, the gas-free mixture was poured into a Teflon 

old. It was then cured in a vacuum oven at 115 °C for 2 h, 160 °C
or 2 h and 210 °C for 2 h. The cured route of the neat epoxy resins

as illustrated in Fig. 2 . 

.5. Characterization 

.5.1. Structural characterization 

Fourier transform infrared (FTIR) of the DOBP and the d -FREP 

ere obtained by a FTIR-8400S (Shimadzu) spectrometer using KBr 

ellets method. The range of wave numbers were 40 0 0-50 0 cm 

−1 ,

nd the resolution was 1 cm 

−1 . 

Nuclear magnetic resonance (NMR) spectra of DOBP and d -FREP 

ere detected at room temperature using a Bruker DRX 500 spec- 

rometer operated under 500 MHz. The NMR specimen was pre- 

ared by dissolving 30 mg sample in deuterated dimethyl sulfoxide 

DMSO- d 6 ) (500 μL). 

Elemental analysis of DOBP was obtained by a Vario EL elemen- 

al analyzer (Elementar Analysensysteme GmbH, Germany) with a 

ombustion temperature at 900 °C. The results were the average of 

he 2 times repeated tests. 

Mass spectroscopy (MS) was performed via an Agilent LC-MS 

290uplc spectrometer, with the high-resolution MS data was ob- 

ained by an Agilent qtof6550 apparatus. 

The melting points of DOBP were obtained on a Yanagimoto mi- 

ro melting point apparatus without correction. 
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.5.2. Epoxide equivalent weights (EEW) 

The epoxide equivalent weights (EEW) of the d -FREP were ob- 

ained from HCl/acetone titration method according to HGZ-741- 

2. 0.5 g d -FREP was dissolved in 20 mL solution containing HCl 

nd acetone and stored for 30 minutes before titration. Then, 6-8 

rops phenolphthalein used as indicator. 0.1 mol/L ethanol solution 

ontaining sodium hydroxide was used to titrate. 

.5.3. Phosphorus content 

Phosphorus content of the cured d -FREP was measured by in- 

uctively coupled plasma optical emission spectrometer (ICP-OES) 

ccording to Agilent 720ES. 150 mg powder of the cured d -FREP 

as completely combusted into gas under oxygen atmosphere, and 

hen the volatile was absorbed by 25 ml 0.001 mol/L KMnO 4 aque- 

us solution, and then was diluted to 100 ml with deionized water. 

.5.4. Flame retardancy and fire behavior 

The LOI value of the cured d -FREP and the neat epoxy resins 

ere measured using a K-R2406S according to ASTM D2863-00. 

he sheet dimension of each sample was 130.0 × 6.5 × 3.2 mm 

3 . 

The UL-94 of the cured d -FREP and the neat epoxy resins 

ere carried out in an XWW-20A instrument according to ASTM 

3801/UL-94 and the sheet dimension of each sample was 

30.0 × 13.0 × 3.2 mm 

3 . 

The fire behavior of the cured d -FREP and the neat epoxy resins 

ere studied using a FTT cone calorimeter according to ISO 5660-1. 

he samples with a size of 100.0 × 100.0 × 3.0 mm 

3 were exposed 

o a radiant cone (35 kW/m 

2 ). 

.5.5. Differential scanning calorimetry (DSC) 

The glass transition temperature of the cured d -FREP and the 

eat epoxy resins were determined under N 2 atmosphere via the 

ifferential scanning calorimetry (DSC) of the 214 Polyma. The 

eating temperature range was 40-250 °C, and the heating rate was 

0 °C/min. 8 ± 0.5 mg powder sample was used in the test of DSC. 

The mixed liquids (around 5-8 mg) of the d -FREP and DDM 

ere used in the research of nonisothermal curing kinetics. The 

eat scan ranging from 50 °C to 250 °C was performed at varying 

eating rates of 5 °C/min, 10 °C/min, 15 °C/min, and 20 °C/min, re- 

pectively. 

.5.6. Thermogravimetric analyzer (TGA) 

The thermogravimetric analysis (TGA) of the cured d -FREP and 

he neat epoxy resins were carried using a Netzsch thermogravi- 

etric analyzer. 5 ± 0.5 mg powder samples were heated from 

0 °C to 700 °C with a heating rate of 10 °C/min under a nitrogen

ow. 

.5.7. Char residue analysis 

The morphologies of the char residues (inner surface and outer 

urface) of the cured d -FREP were observed by S-3400N Ⅱ scanning 

lectron microscope (SEM) at an acceleration voltage of 10 kV. The 

har residues were coated a conductive Au layer. 

Raman spectrum of char residues powder was performed on a 

abRam HR Evolution Raman spectrometer with excitation wave- 

ength at 532 nm. 

.5.8. Gaseous analysis 

Thermogravimetric analysis/infrared spectrometry (TGA-IR) of 

he neat epoxy resins and the cured d -FREP were performed us- 

ng the TG209F3/TENSOR 27. About 9.0 mg of each sample powder 

as put in an alumina crucible and heated from room temperature 

o 700 °C at a heating rate of 20 °C/min (nitrogen atmosphere, the 

ow rate of 50 mL/min). 
3 
.5.9. Mechanical property test 

According to ASTMD-638, the tensile strength and elastic mod- 

lus of the cured d -FREP and the neat epoxy resins were evaluated 

n an XWW-20A universal testing machine. The selected load was 

0 0 0 N and the stretching rate was 3 mm/min. The dimensions of 

he specimen were 75 mm × 5 mm × 2 mm. The tensile proper- 

ies of the samples were the average of five measured values. 

Notched Izod impact strength of the samples was measured 

ith a XJ-300Aimpact tester according to the ISO 179-1. The thick- 

ess of the notched impact bars was 4 mm, and the impact energy 

as 1 J. 

. Results and discussion 

.1. Characterization of DOBP and d -FREP 

The chemical structure of DOBP was characterized by FTIR. Af- 

er the reaction of DOPO with magnolol, new peaks, such as 1438 

m 

−1 P-C bond, 1030 cm 

−1 P-O bond, P-Ph bond (1595 cm 

−1 and 

476 cm 

−1 ), P-O-C bond (907 cm 

−1 ), and -CH 2 bond at 2932 cm 

−1 ,

henolic hydroxyl group (3403 cm 

−1 ) were appeared, as shown in 

ig. S2. At the same time, C = C (1641 cm 

−1 ) in magnolol and P-H

2432 cm 

−1 ) in DOPO were disappeared, indicating that the DOBP 

as obtained by an addition reaction between P-H bond of DOPO 

nd C = C bond of magnolol. 

The d -FREP was prepared by the reaction of DOBP, bisphenol-A, 

nd epichlorohydrin. The phenolic hydroxyl (3411 cm 

−1 ) in DOBP 

ere disappeared as shown in Fig. S2. Meantime, the new charac- 

eristic absorption peaks of phosphaphenanthrene were appeared 

n 1271 (P = O), 1035 (P-O), and 1437 cm 

−1 (P-C). The absorption 

ands at 1508, 1243, 913 and 858 cm 

−1 belonged to the epoxy 

roup. These results indicated that d -FREP was successfully pre- 

ared. 

The chemical structure of the DOBP was further verified by 
 H-NMR, 13 C-NMR and 

31 P-NMR spectra. In Fig. 3 A, the 13 C-NMR 

DMSO- d 6 , δ): the chemical shifts at 24.1 ppm were assigned to the 

ethylene; the chemical shifts at 26.51-27.55 ppm were ascribed 

o the methylene near benzene; the chemical shifts at 149.6 ppm, 

20.45 ppm -120.60 ppm, 131.23 ppm, 124.9 ppm, 125.88 ppm, 

35.00 ppm, 120.46 ppm -120.62 ppm, 131.8 ppm, 128.3 ppm, 

33.75 ppm, 125.15 ppm, 124.65-124.88 ppm came from the sig- 

al of -CH 2 in phosphaphenanthrene; the chemical shifts at 126.18 

pm, 134.90 ppm -135.05 ppm, 122.2 ppm -122.44 ppm, 153.00 

pm, 116.2 ppm were corresponded to the trisubstituted benzenes; 

he chemical shifts at 153.00 ppm were attributed to the -CH 2 

roup close to the phenolic -OH. 

From the 1 H-NMR (DMSO- d 6 , δ), the chemical shifts at 9.03 

pm were ascribed to the phenolic -OH, as shown in Fig. 3 B. 

he chemical shifts at 7.25-8.25 ppm were corresponded to the 

romatic-H in phosphaphenanthrene. The chemical shifts at 6.70- 

.95 ppm were assigned to -CH 2 in the trisubstituted benzene. The 

hemical shifts at 2.52-2.5 ppm were ascribed to the methylene 

lose to the phenanthroline. The chemical shifts at 2.12-2.21 and 

.65-1.79 ppm were caused by methylene near benzene. 

As shown in Fig. 3 C, the 31 P-NMR (DMSO- d 6 , δ) spectrum 

xhibited signals at 37.51 ppm, which were assigned to phos- 

haphenanthrene. The chemical shift and integrated area of each 

eak were consistent with the number of protons in the DOBP 

hemical structure. 

The element content of DOBP (calculated/experimental, %), C: 

2.20/72.14 ± 0.05; H: 5.17/5.21 ± 0.03. The melting point of 

he DOBP: 113-116 °C. The positive mode of ESI-MS spectrum of 

OBP (Fig. S3) gave the quasi-molecular ion peak [M + H] + at m/z 

99.2037 (calcd. for C 42 H 36 O 6 P 2 H 699.20 0 0). The results showed

hat the target product DOBP was successfully synthesized. 
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Fig. 3. The 13 C-NMR spectra of DOBP (A), the 1 H-NMR spectra of DOBP (B) and d -FREP (D), 31 P-NMR spectra of DOBP (C) and d -FREP (E). 
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The chemical structure of the d -FREP was further verified by 
 H-NMR and 

31 P-NMR spectra. From the 1 H-NMR (DMSO- d 6 , δ) 

pectra ( Fig. 3 D), the chemical shifts at 7.1 ppm-8.3 ppm were 

scribed to the aromatic-H of phosphaphenanthrene group; the 

hemical shifts at 2.52 ppm-2.57 ppm were corresponded to the 

CH 2 near the phosphaphenanthrene group; the chemical shifts at 

.29~2.30 ppm were caused by the H vibration of -CH 2 far away 

rom phosphorus; the chemical shifts at 6.7-7.1 ppm were ascribed 

o the aromatic-H of the benzene ring. Three sets of resonance sig- 

als at 3.50, 3.25 and 2.82 ppm can be distinguished from the 1 H- 

MR spectrum, which were assigned to the protons of -CH (2) and 

CH 2 - (3,4) of the epoxy group. A signal at 1.55 ppm can be ob-

erved and assigned to the protons (1) of methyl on bisphenol-A. 

he signal at 3.58 ppm (5) was attributed to the appearance of hy- 

roxyl, and the signals at 3.95 and 4.25 ppm (6, 7) were assigned 

o -CH and -CH 2 - on -O-CH 2 -CH (OH)-, respectively. 

Fig. 2 E shown the 31 P-NMR (DMSO-d 6 , δ) spectrum of d -FREP. 

he peaks at 45.51 ppm and 37.51 ppm were derived from the 

OPO group of the d -FREP, corresponding to the phosphorus atom 

ear the epoxy group and the phosphorus atom near the ether 

ond, respectively. The 31 P-NMR of d -FREP got multiple peaks close 

o each other. This was due to the steric hindrance effect of bulky 

OPO pendant and the existence of chiral carbon atom, which 

ight result in the formation of diastereomers with unequal phos- 

horus peaks [35–37] . Based on the results and analysis above the 

 -FREP was synthesized successfully. 

.2. Thermal decomposition and fire behavior 

The TGA and DTG curves of the cured d -FREP and the neat 

poxy resins under the nitrogen atmosphere were illustrated in 

ig. 4 . The temperature at the mass loss of 5% (T 5% ), the decompo-

ition temperature at the first stage (T 1 ), the decomposition tem- 

erature at the second stage (T 2 ), the maximum mass loss rate 

R max ) and the residual mass at 700 °C (Residual) were listed in 

able 1 . 

The cured d -FREP exhibited a lower T 5% and T 1 than that of 

he neat epoxy resins as shown in Table 1 , which was proba- 
4 
ly because the O = P-O bond of the cured d -FREP was less sta-

le than that of the C-C bond [ 29 , 34 , 38 , 39 ]. In Fig. 3 (b), the

eat epoxy resins presented a typical one-stage decomposition of 

round 395.7 °C. However, a two-stage decomposition of the cured 

 -FREP can be observed from the DTG curve at 384.1 °C (T 1 ) and

07.4 °C (T 2 ), respectively. According to the pyrolysis characteris- 

ics of the cured d -FREP, the first stage of the weight loss might 

e characteristic decomposition of the joint epoxy resins structure. 

n the second stage, some of the phosphoryl-substituted aromatics 

ere evaporated [28] . Compared with the neat epoxy resins, the 

 max of the cured d -FREP was decreased from 2.3 wt%/ °C to 0.4 

t%/ °C. In addition, the char residue of the cured d -FREP (28.5%) 

as significantly higher than that of the neat epoxy resins (14.3%) 

nd also the existing the epoxy resins of flame retardant [ 12 , 40 , 41 ],

hich showed that the cured d -FREP possessed efficient carboniza- 

ion capacity. 

Table 1 and Table 2 shown the LOI values and UL-94 ratings of 

he cured epoxy resins. The neat epoxy resins were failed to self- 

xtinguish, accompanied by dripping during the combustion pro- 

ess. Thus, the neat epoxy resins did not achieve any classification 

n the UL-94 test. However, the cured d -FREP can automatically ex- 

inguish within 3s for the first ignition, and cannot be ignited for 

he second ignition. Consequently, the cured d -FREP can passe the 

-0 rating in UL-94 test. The LOI value of the cured d -FREP (40.0%) 

as higher than that of the neat epoxy resins (21.0%) and also the 

xisting epoxy resins of flame retardancy [ 12 , 40 , 41 ]. These results

ndicated that the cured d -FREP possessed excellent flame retar- 

ancy. 

In order to gain a deeper understanding of fire behavior of the 

ured d -FREP, the burning characteristic parameters of the cured 

 -FREP and the neat epoxy resins were recorded by the CONE, in- 

luding heat release rate (HRR), peak of the HRR (PHRR), total heat 

elease (THR) and the time to ignition (TTI). Simultaneously, the to- 

al production of smoke (TSP), smoke release rate (SPR), mass loss 

ate (MLR), and average effective heat of combustion (av-EHC) can 

lso be obtained by CONE test. 

The TTI value of the cured d -FREP was decreased compared 

ith the neat epoxy resins as shown in Table 3 . This result implied
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Fig. 4. TGA (A) and DTG (B) curves of the neat epoxy resins and the cured d -FREP under nitrogen atmosphere. 

Table 1 

Thermal decomposition parameters, T g and LOI data of the neat epoxy resins, the cured d -FREP, and other cured epoxy prepolymers of flame 

retardant. 

Sample Phosphorus content (%) T 5% ( °C) T 1 ( °C) T 2 ( °C) R max (wt%/ °C) Residual (%) T g ( °C) LOI (vol %) 

Neat epoxy resins 0 378.4 395.7 - -2.3 14.3 151.9 21.0 ±0.2 

Cured d -FREP 0.22 346.3 384.1 507.4 -0.4 28.5 192.9 40.0 ±0.2 

DOPO-EP1 [40] 8 330.0 - - - 24.2 145.0 46.0 

DOPO-EP2 [40] 4.4 338.0 - - - 18.0 131.0 38.5 

EADI-P4.4 [12] 4.4 288.5 - - - 6.5 101.9 22.8 

PPR-EP [41] 4.1 360.0 - - - 16.7 109.0 30.1 

Table 2 

The UL-94 level of the neat epoxy resins and the cured d -FREP. 

Samples UL-94 (3.2 mm) 

t 1 + t 2 (s) a Dripping Rating 

Neat epoxy resins Lasting burning Yes NR 

Cured d -FREP 3 + 0 No V-0 

a Combustion duration after the first (t 1 ) and the second igni- 

tion (t 2 ). 

Table 3 

Cone calorimeter results of the neat epoxy resins and the cured 

d -FREP. 

Sample Neat epoxy resins Cured d -FREP 

TTI(s) 85 ±3 38 ±2 

PHRR (kW/m 

2 ) 957 ±49 272 ±31 

THR (MJ/m 

2 ) 96.7 ±1.5 34.8 ±0.8 

FIGRA (kW/(m 

2 •s)) 5.35 4.88 

TSP (m ²) 34.70 ±1.61 25.50 ±1.59 

av-EHC (MJ/kg) 22.0 ±0.9 12.9 ±1.5 

MLR (g/s) 0.11 ±0.01 0.06 ±0.01 

Residue (wt%) 11.6 ±0.8 28.6 ±1.3 

CO (kg/kg) 0.04 ±0.01 0.15 ±0.01 

CO 2 (kg/kg) 1.5 ±0.1 0.8 ±0.1 
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hat the phosphaphenanthrene group can catalyze the pyrolysis of 

he cured d -FREP at the early stage, which was consistent with the 

GA results. Fig. 5 A and B showed the HRR and THR curves of the

eat epoxy resins and the cured d -FREP. The HRR was an impor- 

ant parameter to evaluate the intensity of combustion. It was no- 

able that the cured d -FREP showed the lower PHRR than that of 

he neat epoxy resins. Moreover, two peaks appeared in the HRR 

urve of the cured d -FREP, similar to what was previously reported 

or the other type of the flame retardant epoxy resins [ 29 , 42–44 ].

he first peak and the second peak respectively appeared at 49 s 

nd 78 s, and the corresponding PHRRs were 241 kW/m 

2 and 272 
5 
W/m 

2 , respectively. However, the neat epoxy resins showed a sin- 

le PHRR of 957 kW/m 

2 in 179 s. 

Furthermore, the fire hazard of the epoxy resins was estimated 

y FIGRA, which was equal to the maximum value of HRR(t)/t. 

ompared with the neat epoxy resins, the FIGRA of the cured d - 

REP was reduced from 5.35 kW/(m 

2 •s) to 4.88 kW/(m 

2 •s). The 

ured d -FREP showed the low THR value of 34.8 MJ/m 

2 and high 

har residue (28.6%) compared with the neat epoxy resins (THR: 

6.7 MJ/m 

2 and char residue: 11.6%). It was mainly because the 

ecomposition of the cured d -FREP generated the phosphorus- 

ontaining acid, which catalyzed the carbonization reaction and 

ndothermic dehydration of the epoxy resins. Besides, compared 

ith the neat epoxy resins, the MLR of the cured d -FREP was re- 

uced by 45% (from 0.11 g/s to 0.06 g/s). This result suggested 

hat the carbonaceous layer can effectively inhibited the transfer 

f mass, heat and oxygen. More final residue implied that the char 

ayer not only enhanced the protective effect but also the fuels re- 

ease to gaseous phase was reduced. Therefore, compared with the 

eat epoxy resins, the combustion intensity of the cured d -FREP 

as effectively suppressed during the test, a small amount of heat 

as released. The results above proved that the cured d -FREP pre- 

ented better fire safety and lower fire propagation rate than that 

f the neat epoxy resins. 

Compared with the neat epoxy resins, the av-EHC of the cured 

 -FREP (12.9 MJ/kg) was decreased by nearly 41%, which indicated 

hat more significant flame retardant effect of gaseous phase was 

xisted in the cured d -FREP. It was believed that the PO 

• radi- 

als released during the pyrolysis process of the cured d -FREP cap- 

ured the H 

• and HO 

• radicals, insufficient combustion was hap- 

ened, and thereby the chain reaction of free radicals during com- 

ustion of the cured d -FREP was inhibited. Moreover, the carbon 

onoxide yield of the cured d -FREP was significantly increased, 

hile the carbon dioxide yield was reduced compared with the 

eat epoxy resins. This verified the flame inhibition effect of the 

hosphaphenanthrene group was produced in the gaseous phase. 
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Fig. 5. HRR (A), THR (B), TSP (C) and SPR (D) of the neat epoxy resins and the cured d -FREP. 
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Table 4 

TGA-FTIR spectra of pyrolysis products for the neat EP and the cured d -FREP. 

Sample Wavenumber (cm 

−1 ) Assignment 

Neat EP 3648 O-H 

3013 C-H vibration absorption for CH 4 

2970 C-H of hydrocarbons 

2360 CO 2 

2182 CO 

1749 C = O 

1507, 1600 compounds containing aromatic ring 

1258 aromatic ethers 

1182 compounds containing ethers 

819 C-H for aromatic compounds 

Cured d-FREP 3749 H 2 O 

1260 P = O 

917 P-O-Ph 

1118 P-O-P-O 

p  

b

p

d  

d

a

t

p

The TSP and SPR of the cured d -FREP were lower than that of 

he neat epoxy resins as shown in Fig. 5 C and D, revealing that the

ntroduction of phosphaphenanthrene group enhanced the smoke 

nhibition of the cured d -FREP, which was mainly originated from 

he charring and flame inhibition effect of phosphaphenanthrene 

roup. Based on the above analysis, the charring (reduction in fuel 

eleased) was the minor mechanism (17% reduction) of flame re- 

ardancy, the flame inhibition was here the main mechanism (41% 

eduction). 

.3. Analysis of flame-retardant mechanism in gaseous phase 

TGA-FTIR was used to analyze the pyrolysis products of the 

poxy resins during thermal decomposition. The FTIR spectra of 

he pyrolysis products for the neat epoxy resins and the cured d - 

REP at different temperatures were shown in Fig. 6 A and Fig. 6 B,

espectively, and the related data were shown in Table 4 . 

It can be proved that the neat epoxy resins began to produce 

he pyrolysis products at 400 °C, as shown in Fig. 6 A. The main

aseous pyrolysis products were H 2 O (3749 cm 

−1 ), methane (3013 

m 

−1 ), hydrocarbon compound (2970 cm 

−1 ), CO 2 (2360 cm 

−1 ), CO 

2182 cm 

−1 ), aromatic compounds (1507 cm 

−1 , 1600 cm 

−1 ) and 

thers compounds (1749 cm 

−1 , 1258 cm 

−1 and 1182 cm 

−1 ). How- 

ver, the decomposition of the cured d -FREP was occurred at 350 °C 

s shown in Fig. 6 B, where the additional absorption bands may be 

bserved, such as 1260 cm 

−1 (P = O) and 1118 cm 

−1 (P-O-P-O). This 

esult together with the TGA results indicated that earlier decom- 
6 
osition of the cured d -FREP was caused by the pyrolysis of O = P-O

ond. 

After 430 °C, there was no significant variation of the type of 

yrolysis product of the neat epoxy resins. However, for the cured 

 -FREP, the peak intensity of P = O bond (1260 cm 

−1 ) gradually was

ecreased and the characteristic peak of P-O-Ph (917 cm 

−1 ) was 

ppeared in 430 °C. This indicated that the polyphosphate struc- 

ures containing P = O bond can react with phenol of pyrolysis 

roducts of gaseous to form the P-O-Ph bond. 
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Fig. 6. TGA-FTIR spectra of pyrolysis products for the neat epoxy resins (A) and the cured d -FREP (B) at the different temperatures. 

Fig. 7. FTIR spectra of the neat epoxy resins (A) and the cured d -FREP (B) under heating at a different temperature in air for 30 min. 

Table 5 

Assignment of FTIR spectra of the residue for the neat EP and the 

cured d -FREP. 

Sample Wavenumber (cm 

−1 ) Assignment 

Neat EP 3392 -OH of phenol 

2925 -CH 3 and -CH 2 - 

1607, 1512, 1461 C-C of aromatic ring 

1298 -CH 2 - 

1180 C-O 

Cured d-FREP 908 -P-O-Ph 

973 phosphate 

1437 P-C 

1298 -CH 2 - or P = O 

1180 C-O and P-O-Ph 

1450 P-Ph 
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.4. Analysis of flame-retardant mechanism in condense phase 

The FTIR analysis was carried out to verify the variation of the 

hemical structure of the epoxy resins at the different temper- 

tures (between 250 °C and 550 °C) [45] . The data of absorption 

eaks were presented in Table 5 . 

At 350 °C, the type of the pyrolysis products of the cured d - 

REP were similar to the pyrolysis products of the cured epoxy 

esins, as shown in Fig. 7 A and B, but the intensities of most peaks

f the cured d -FREP were decreased and P = O bond was disap-

eared, which meant that the O = P-O bond in the cured d -FREP 
7 
as less stable than that of the C-C bond [46] . At 450 °C, the ab-

orption peaks of -CH 2 , -CH 3 and the aromatic ring of the neat 

poxy resins were disappeared, indicating that the main decompo- 

ition of the epoxy resins was occurred at this stage. In addition, 

he peaks of P-C bond and -P-O-Ph bond of the cured d -FREP were 

isappeared at the 450 °C, which indicated that the decomposition 

f the bi-DOPO structure was occurred, as shown in Fig. 7 B. At 

50 °C, compared with the neat epoxy resins, the new peak at 973 

m 

−1 was appeared in the cure d -FREP, which indicated that phos- 

hate was formed in the char residue of the cured d -FREP. This was 

ainly because the phosphate produced by the decomposition of 

he bi-DOPO group can promote the dehydrate and carbonize of 

he epoxy resins. 

In general, the morphology and structure of the carbon layer 

fter combustion can reflect the flammability characteristics of the 

poxy resins. The morphology of the char residue after the UL- 

4 tests was probed by SEM. Some holes and microcracks were 

howed on the outer and inner surfaces of the char layer of the 

eat epoxy resins, as shown in Fig. 8 A and B. Therefore, flammable 

olatiles and heat can migrate to the combustion zone through the 

orous carbon layer. For the cured d -FREP, the carbon layers of 

uter and inner were uniform and dense, which possessed the bet- 

er barrier effect in condensed phase than that of the neat epoxy 

esins, as shown in Fig. 8 B and D. 

The Raman spectroscopy was used to study the graphitization 

egree of the residual carbon of the cured d -FREP. In Fig. 9 , there

ere two characteristic peaks at 1370 cm 

−1 and 1600 cm 

−1 in the 
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Fig. 8. Scanning electron micrographs and digital image of the residue char after UL-94 test: the outer and inner surface of the neat epoxy resins (A, B) and the cured 

d -FREP (C, D). 
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Fig. 9. Raman spectra of char residues: the neat epoxy resins (A) and the cured d -FREP (B). 
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pectrum, which belonged to D and G bands, respectively. Gener- 

lly, the D band represented the vibration of carbon atoms of the 

isordered graphite structure. The G band corresponded to the vi- 

ration of sp 

2 -hybridized carbons of the graphite layer. The degree 

f graphitization was measured using the integrated intensity ratio 

I D /I G ) of the D and G bands [ 29 , 34 ]. Low I D /I G ratio meant that

he degree of graphitization of carbon was high. The char residue 

ith graphitized structure was regarded as a denser carbonaceous 

har and an effective barrier [47–50] . The I D /I G value of the cured

 -FREP (1.9) was lower than that of the neat epoxy resins (2.7), 

hich indicated that more char residue with the graphitized struc- 

ure was formed during the combustion for the cured d -FREP, as 

hown in Fig. 9 . This kind of the char residue can slow down the

elease of burning gas in the combustion process of the cured d - 

REP. 

.5. Glass transition temperature and mechanical properties of the 

ured d -FREP 

The glass transition temperature (T g ) of the cured d -FREP and 

he neat epoxy resins was measured by DSC, and the results were 

ummarized in Table 1 . Compared with the neat epoxy resins, the 

 g of the cured d -FREP increased from 151.9 °C to 192.9 °C. In gen-

ral, the T g of the epoxy resins was depends on its structure of the 

olecular chain and the substituent [33] . The introduction of rigid 

iphenyl structure into the epoxy backbone increased the difficulty 

f chain rotation, hence the T g of the cured d -FREP was higher 

han that of the neat epoxy resins. In addition, the large-volume 

OPO group with strong-polarity was symmetrically distributed on 

oth sides of the molecular chain of the d -FREP, which increased 

he steric hindrance of the chain rotation, thereby the flexibility 

f the molecular chain was reduced. The T g of the cured d -FREP 

as higher than that of other epoxy resins systems, as shown in 

able 1 [ 12 , 40 , 41 ]. 

Fig. 10 presented the tensile properties of the neat epoxy resins 

nd the cured d -FREP. As can be seen that the tensile modulus of 

he cured d -FREP (2257 MPa) was higher than that of the neat 

poxy resins (1452 MPa), which was attributed to the stronger 

igidity of the d -FREP molecular segment structure. The cured d - 

REP possessed higher tensile strength than that of the neat epoxy 

esins and also the existing flame-retardant epoxy resins [ 32 , 51 ]. 

his was mainly because the DOPO group was symmetrically dis- 

ributed around the d -FREP molecular chain, resulting in the low 

obility of the chain segments. The elongation at break of the 

ured d -FREP (5.7%) was slightly lower than that of the neat epoxy 

esins (6.8%), as shown in Fig. 10 B. The variation of toughness of 
9 
he cured d -FREP was consistent with that of the elongation at 

reak, as shown in Fig. S4. 

. Conclusions 

A bi-DOPO type of flame retardancy epoxy prepolymer ( d -FREP) 

as synthesized, and its chemical structure was confirmed by 1 H 

MR, 31 P NMR and FTIR. The cured d -FREP (phosphorus content: 

.22%) exhibited superior flame retardancy and fire safety com- 

ared to the neat epoxy resins. The LOI value of the cured d -FREP 

as increased from 21.0% to 40.0%, and UL-94 test rating was im- 

roved from no rating to V-0 rating. Besides, the total heat release 

f the cured d -FREP in the cone calorimeter test was decreased by 

4%. The char residue yield of the cured d -FREP (28.6%) was higher 

han that of the neat epoxy resins (11.6%). Compared with the neat 

poxy resins, the average effective heat of combustion (av-EHC) 

f the cured d -FREP was decreased by 42%. The flame-retardant 

echanism of the cured d -FREP was attributed to the flame inhibi- 

ion of phosphate-containing free radicals in the gas phase and the 

arrier effect of the dense carbon layer in the condensed phase . 

he flame inhibition was here the main mechanism of 42% reduc- 

ion. This indicated that the PO 

• produced by the pyrolysis of the 

ured d -FREP captured HO 

• and H 

• radicals, which inhibited the 

hain reaction of free radical. Based on the SEM, Raman, and FTIR 

nalysis of the char layers, the bi-DOPO groups promoted the for- 

ation of a graphitization char in the d -FREP . The cured d -FREP 

ossessed a high T g of 192.9 °C, and tensile properties of the cured 

 -FREP was comparable with the neat epoxy resins. 
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