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a b s t r a c t 

In order to attain highly efficient flame retardant epoxy thermosets without deteriorating the thermo- 

mechanical performances, a 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO)-derived com- 

pound (tetra-DOPO) with different oxidation states of phosphorus and rich aromatic structures was suc- 

cessfully synthesized via addition and Atherton–Todd reactions. The molecular structure of tetra-DOPO 

was confirmed by the FTIR, 1 H- and 31 P-NMR spectra. The DMA measurement indicated that the addition 

of 5.0 wt% of Tetra-DOPO enhanced both the storage modulus and the glass transition temperature of the 

epoxy composite. The EP composite containing 5.0 wt% of Tetra-DOPO had an LOI of 30.0% and UL-94 V-0 

grade, indicating the exceptional fire-retardant efficacy of tetra-DOPO. Additionally, in the cone calorime- 

ter test, the PHRR, THR, and TSP values of EP/tetra-DOPO-5.0 were declined by 25.1%, 18.7%, and 13.9%, 

respectively, as compared to those of the EP. The reduced mean EHC value suggested the flame inhibition 

mechanism of tetra-DOPO in the vapor phase by emitting PO 

• radicals to quench the combustion chain 

reaction. The flame retardant mechanism of Tetra-DOPO was further clarified by detecting the pyrolytic 

gas species using TGA-FTIR as well as analyzing the microstructure of the char residues using SEM and 

Raman spectrometer. The main flame retardant mode of action of Tetra-DOPO was flame inhibition in the 

vapor phase, while it also played a relatively minor role in the condensed phase by forming an intact and 

compact char layer containing high graphitized structure. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The utilization of flame retardant additives is the most cost- 

ffective approach to obtain anti-flammable polymer materials. In 

ecent years, halogen-free anti-flammable agents have been be- 

oming the general trend and one of the hot research direc- 

ions. Among a wide variety of halogen-free anti-flammable agents, 

hosphorus-based chemicals have been considered as one of the 

ost promising flame retardants owing to their relatively high fire- 

etardant efficacy [1] . Over the past few decades, 9, 10-dihydro-9- 

xa-10-phospaphenanthrene-10-oxide (DOPO) is one of the most 

amous phosphorus-based compounds for flame retardant epoxy 

esin [2–14] . DOPO is a mono-functional compound that reacts 

ith the epoxy group via ring-opening reaction, leading to the 

educed cross-linking density of the resulting cured epoxy prod- 

cts [15] . Thus, a series of DOPO derivatives have been synthe- 

ized to overcome the shortcomings of DOPO. Qian et al. synthe- 

ized a DOPO-derived flame retardant additive (HAP–DOPO) with 

yclotriphosphazene as a core, and the epoxy thermosets contain- 
∗ Corresponding author. 
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ng 9.3 wt.% HAP–DOPO (1.2 wt.% phosphorus content) passed a 

L-94 V-0 rating [12] . Zhang et al . reported a fire-retardant ad- 

itive (DOPO-PEPA) for epoxy resins, and the epoxy thermosets 

ith 9.1 wt.% DOPO-PEPA (1.4 wt.% phosphorus content) achieved 

n LOI value of 35% and a UL-94 V-0 rating [16] . Chen et al . syn-

hesized a poly(piperazine phosphaphenanthrene) (DOPMPA) from 

OPO and piperazine, and the addition of 13 wt.% DOPMPA en- 

owed the resulting epoxy thermosets with an LOI value of 34% 

nd a UL-94 V-0 rating [10] . Very recently, Wang et al. synthe- 

ized a phosphaphenanthrene/benzimidazolone-containing com- 

ound (POBDBI) as an anti-flammable agent for epoxy resin, and 

he incorporation of 13.4 wt.% POBDBI (1.0 wt.% phosphorus con- 

ent) resulted in an LOI value of 36.5% and a UL-94 V-0 rating 

17] . Battig et al . synthesized a rigid aromatic DOPO-derived hyper- 

ranched flame retardant (PDTT) for flame retardant epoxy resins 

18] . Although the epoxy with 10 wt. of PDTT cannot attain UL- 

4 V-0 grade, the total heat evolved and the peak heat release 

ate were decreased by 25% and 30%, respectively, owing to flame 

nhibition. Although these studies demonstrate the DOPO deriva- 

ives have imparted good flame retardant property to the epoxy 

hermosets, the relatively high addition amount of these DOPO 

erivatives usually cause the deteriorated thermomechanical prop- 

https://doi.org/10.1016/j.polymdegradstab.2021.109715
http://www.ScienceDirect.com
http://www.elsevier.com/locate/polymdegradstab
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2021.109715&domain=pdf
mailto:nieshibin88@163.com
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rties of the cured epoxy thermosets. Therefore, many researchers 

re still devoting themselves to the development of DOPO-derived 

ame retardants with high efficiency. 

According to the previous studies, the integration of different 

xidation states of phosphorus into one flame retardant molecule 

s conducive to flame retardant performance [ 16 , 19 ]. Generally, 

hosphorus with a lower oxidation state is more active in the va- 

or phase, whereas that with a higher oxidation state plays a pre- 

ominant role in the condensed phase [ 1 , 20 , 21 ]. Since DOPO is

 versatile platform for building the flame retardants, it can re- 

ct with aldehydes or ketones through addition reaction to form 

 P-C bonding; as well, it can react with hydroxyl group through 

therton–Todd reaction to form a P-O bonding. Thus, it is interest- 

ng to integrate different oxidation states of phosphorus into one 

ame retardant molecule by combining addition and Atherton–

odd reactions. Furthermore, the bulky pendant DOPO units result 

n high structural stiffness, which is beneficial to the increment of 

lass transition temperature and mechanical property. 

In this work, a tetra-DOPO derivative with different oxidation 

tates of phosphorus and rich aromatic structure was successfully 

ynthesized and implemented as a highly efficient anti-flammable 

gent for epoxy resins. The molecular structure of tetra-DOPO 

as confirmed by the Fourier transformed infrared (FTIR) spec- 

roscopy, and 

1 H- and 

31 P-nuclear magnetic resonance (NMR) spec- 

roscopy. The effect of tetra-DOPO on the thermomechanical and 

re-retardant performances of the cured epoxy thermosets was 

tudied, and the fire-retardant mode of action of tetra-DOPO was 

larified eventually. 

. Experimental 

.1. Materials 

Diglycidyl ether of bisphenol A (DGEBA, epoxy value: 0.44 

ol/100 g) was purchased from Shanghai Macklin Biochemical 

o., Ltd, China. 9, 10-dihydro-9-oxa-10-phospaphenanthrene- 

0-oxide (DOPO), 1, 4-phthalaldehyde (TDCA), and 4, 4’- 

iaminodiphenylmethane (DDM) were purchased from Shanghai 

laddin chemicals company, China. Toluene, dichloromethane, 

riethylamine, tetrachloromethane, and ethanol were purchased 

rom Sinopharm Chemical Reagent Co., Ltd, China. 

.2. Synthesis of tetra-DOPO 

TDCA-DOPO was synthesized according to the previous litera- 

ure [5] . In a three necked round-bottom flask which equipped 

 nitrogen inlet, a thermometer and a condenser was filled with 

DCA-DOPO (45.2 g, 0.08 mol) and DOPO (34.6 g, 0.16 mol), 200 

L dichloromethane, and triethylamine (17.2 g, 0.17 mol) in one 

ortion. The mixture was cooled to below 5 °C by ice bathing, and 

etrachloromethane (26.15 g, 0.17 mol) was then dropped slowly in 

0 min to ensure that the temperature did not exceed 20 °C. Af- 

er the completion of tetrachloromethane addition, the system was 

eated to ambient temperature and maintained stirring for another 

7 h. Then, the precipitate was filtered, and the filtrate was evapo- 

ated using a rotary evaporator. The as-obtained crude product was 

ecrystallized from 300 mL of ethanol, filtered and rinsed with wa- 

er five times. The purified product was dried under vacuum at 

0 °C overnight to obtain a white powder. The synthetic route of 

he tetra-DOPO derivative is illustrated in Scheme 1 . 

.3. Preparation of the cured epoxy thermosets 

The tetra-DOPO powder was mixed with DGEBA epoxy resin 

t 100 °C under stirring for 1 h to yield a homogeneous mixture. 

hen, DDM was added to the above mixture at an equivalent molar 
2 
atio of N-H and epoxy groups. The mixture was stirred for another 

0 min and then poured into the mold immediately. The curing 

rocess was 100 °C for 2 h, 150 °C for 2 h, and 180 °C for 1 h.

he formulations of the cured epoxy thermosets containing 0, 2.5, 

nd 5.0 wt% tetra-DOPO derivative are listed in Table 1 . The epoxy 

hermoset was fabricated using the same way just without adding 

etra-DOPO derivative. 

.4. Characterization 

The molecular structure of the samples was determined by a 

ourier transform infrared spectrometer (FTIR) (IRAffinity-1, Shi- 

adzu) using a KBr disc method. The proton and phosphorus nu- 

lear magnetic resonance (NMR) spectra were collected by an NMR 

pectrometer (AVANCE 400, Bruker) using deuterated dimethyl 

ulfoxide as solvent. The thermo-mechanical performance of the 

amples was measured by a dynamic mechanical analyzer (DMA) 

Q850, TA Instruments). The samples with the dimensions of 50.0 

m × 10.0 mm × 3.0 mm was heated from 25 to 200 °C at a 

inear rate of 5 °C/min. Thermogravimetric analysis (TGA) was per- 

ormed on a thermo-analyzer (TGA/SDTA851e, Mettler-Toledo) un- 

er both nitrogen and air conditions. The sample weighted about 

.0 mg was heated from ambient temperature to 700 °C at a lin- 

ar rate of 20 °C/min. The limiting oxygen index (LOI) was de- 

ermined on a TTech-GBT2406 oxygen index meter (TESTech In- 

trument Technologies Co., Ltd.) following the ASTM D2863 −2017a 

pecification. The sample size was 127 mm × 6.5 mm × 3.2 mm. 

he UL-94 vertical burning measurement was carried out by a 

FZ-2-type apparatus (Nanjing Jiangning Analytical Instrument Co. 

td.) following the ASTM D3801 −2010 specification. The sample 

ize was 127 mm × 12.7 mm × 3.2 mm. The flammability of the 

amples was measured using a cone calorimeter (Fire Testing Tech- 

ology Ltd.) following the ISO 5660-1 specification. The heat flux 

sed was 50 kW/m 

2 , and the sample size was 100 mm × 100 

m × 3 mm. The reported data were averaged from triple mea- 

urements. TGA-FTIR technique was employed to detect the py- 

olytic gas species during the thermal degradation of the samples. 

 FTIR spectrometer (Nicolet 6700) was coupled with a thermo- 

nalyzer (Q50, TA Instruments) through a transfer line. The sample 

as heated in the TGA from 25 to 800 °C at a linear rate of 20

C/min under nitrogen condition. The pyrolytic gas products were 

ent to the gas cell of the FTIR spectrometer. The transfer line tem- 

erature was maintained at 230 °C to avoid the condensation of py- 

olytic gas species. The surface morphology of the chars was ob- 

erved by a scanning electron microscopy (SEM) (Gemini 500, Carl 

eiss) at an accelerating voltage of 3 kV. The micro-structure of the 

hars was detected by a Laser confocal Raman spectrometer (inVia, 

enishaw) using an excitation wavelength of 532 nm. 

. Results and discussion 

The FTIR spectra of DOPO, TDCA-DOPO, and tetra-DOPO are de- 

icted in Fig. 1 . It can be seen that the characteristic bands of 

OPO appear at 3062 cm 

−1 (Ph-H), 2434 cm 

−1 (P-H), 1594 cm 

−1 

C = C in the aromatic ring), 1236 cm 

−1 (P = O), 1119 and 950 cm 

−1 

Ph −O −P). In the FTIR spectrum of TDCA-DOPO, the absence of the 

haracteristic band at around 2434 cm 

−1 (P-H in DOPO) [11] im- 

lies the completion of the addition reaction between DOPO and 

, 4-phthalaldehyde. In the FTIR spectrum of TDCA-DOPO, a new 

haracteristic band appears at 3243 cm 

−1 corresponding to the hy- 

roxyl group, and the signals of the cyclic DOPO structure are well 

reserved. For tetra-DOPO, the characteristic band at around 3243 

m 

−1 almost disappears, indicating the completion of the substitu- 

ion reaction of TDCA-DOPO and DOPO. 

The proton NMR spectra of DOPO, TDCA-DOPO, and tetra-DOPO 

re given in Fig. 2 . It can be seen that the P-H signal at around
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Scheme 1. The synthetic route of the tetra-DOPO derivative. 

Table 1 

The formulations of the cured epoxy thermosets. 

Sample DGEBA (g) DDM (g) Tetra-DOPO (g) Theoretical P content (wt%) 

EP 82.1 17.9 0 0 

EP/Tetra-DOPO-2.5 80.0 17.5 2.5 0.31 

EP/Tetra-DOPO-5.0 78.0 17.0 5.0 0.62 

Fig. 1. FTIR spectra of DOPO, TDCA-DOPO, and tetra-DOPO. 
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.90 ppm in the DOPO disappears in the proton NMR spectrum of 

DCA-DOPO, implying the completion of the addition reaction be- 

ween DOPO and 1, 4-phthalaldehyde. For TDCA-DOPO, a series of 

ignals ranging from 7.10 to 8.30 ppm are allocated to the protons 

f aromatic rings, while the signals at 6.22 −6.44 and 5.10 −5.41 

pm are attributed to the hydroxyl and methyne protons, respec- 

ively [22] , manifesting the successful synthesis of TDCA-DOPO. 

ompared with TDCA-DOPO, the signals of the hydroxyl protons 

isappear in the proton NMR spectrum of tetra-DOPO, implying 

he completion of the substitution reaction of TDCA-DOPO and 

OPO. Besides, the chemical shift of the protons accords well with 

he expected structure of tetra-DOPO, confirming the successful 
3 
ynthesis of tetra-DOPO. The 31 P-NMR spectrum of TDCA-DOPO 

isplays a single signal at 31.3 ppm ( Fig. 3 ), corresponding to the 

OPO unit linked by P-C bond. For tetra-DOPO, there are two dis- 

inctive signals at 31.3 and 21.8 ppm, corresponding to the linkage 

f DOPO units by P-C and P-O bonds, respectively. The FTIR and 

MR results confirm the successful synthesis of tetra-DOPO. 

The storage modulus and tan δ versus temperature curves are 

lotted in Fig. 4 . The storage modulus at 30 °C of the EP is 1896

Pa, suggesting its high stiffness. After incorporating tetra-DOPO, 

he storage modulus at 30 °C of the EP/tetra-DOPO composites re- 

ains unchanged or even slightly increases, since the tetra-DOPO 

ith rich aromatic structures has high rigidity. As the tempera- 
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Fig. 2. 1 H-NMR spectra of DOPO, TDCA-DOPO, and tetra-DOPO. 
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ure increases, the storage modulus displays a decreasing trend, 

nd there is a sharp reduction in the temperature range of 130- 

85 °C, corresponding to the glassy-rubbery state transition. The 

lass transition temperature (T g ) is obtained by the peak of tan δ
ersus temperature curves. The T g of the EP is 151 °C, while that 

f the EP/tetra-DOPO-2.5 composite is increased to 165 °C because 

f the rigid structure of tetra-DOPO. Furthermore, the T g of the 

P/tetra-DOPO-5.0 composite is slightly reduced to 161 °C, which 

s ascribed to that the steric hindrance of bulky pendant DOPO 

nit decreases the cross-linking density at a higher dosage. How- 

ver, the T g of the EP/tetra-DOPO-5.0 composite is still 10 °C higher 

han that of the epoxy thermoset. The cross-linking density ( υe ) is 

omputed by the following formula [23] : 

e = E 

′ / 3RT 

here R is the gas constant (8.314 J/(mol •K)), E’ is the storage 

odulus at 30 °C beyond T g , and T is the Kelvin temperature. 

he υe of the EP, EP/tetra-DOPO-2.5, and EP/tetra-DOPO-5.0 is 

.32 × 10 3 , 1.54 × 10 3 , and 1.44 × 10 3 mol/m 

3 , respectively, which 

s consistent with the changing trend of the T g values ( Table 2 ). 

The thermal decomposition behaviors of tetra-DOPO, epoxy 

esin and their tetra-DOPO composites under nitrogen and air are 

hown in Fig. 5 . The specific data are depicted in Table 3 . Under
4 
itrogen, tetra-DOPO thermally decomposes in two steps with the 

aximum thermal decomposition temperature (T max ) of 221 and 

67 ◦C. Tetra-DOPO also shows a low 5% weight loss temperature 

T -5% ) of 184 ◦C owing to the decomposition of thermally unstable 

hosphorus-based species. Eventually, tetra-DOPO yields only 8.3% 

esidue, implying the poor charring capacity. All the epoxy sam- 

les have only one thermal degradation stage in the temperature 

ange of 300 to 500 ◦C under nitrogen, which is attributable to 

he splitting of the three-dimensional macromolecular chains into 

ome small molecular-weight compounds. Compared with EP, the 

 -5% and the T max of epoxy composites are decreased, implying that 

he existence of tetra-DOPO causes the early degradation of epoxy 

ubstrates. Besides, the addition of tetra-DOPO results in a very 

light increment in the char yield at the high temperature, indi- 

ating the limited charring effect of tetra-DOPO in the condensed 

hase. Different from nitrogen, tetra-DOPO thermally decomposes 

n three steps with the T max of 222, 376 and 605 ◦C. All the epoxy

amples show two thermal degradation stages in air. The first stage 

n the temperature range of 300-470 ◦C is caused by the fracture 

f three-dimensional network of epoxy resin, while the second one 

n the temperature range of 500-650 ◦C corresponds to the further 

xidation of the char. By contrast with EP, the T and T max of the
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Fig. 3. 31 P-NMR spectra of TDCA-DOPO, and tetra-DOPO. 

Fig. 4. (a) Storage modulus and (b) tan δ versus temperature curves of the cured epoxy thermosets. 

Table 2 

Thermo-mechanical parameters of EP and its composites. 

Sample T g ( °C) E’ at 30 °C (MPa) E’ at T g + 30 °C (MPa) υe (mol/m 

3 ) 

EP 151 1896.2 15.0 1.32 × 10 3 

EP/Tetra-DOPO-2.5 165 1850.3 18.0 1.54 × 10 3 

EP/Tetra-DOPO-5.0 161 1962.1 16.7 1.44 × 10 3 

Table 3 

TGA and DTG data of the epoxy samples under the nitrogen and air atmospheres. 

Samples 

T 5% ( °C ± 2) T max ( °C ± 2) Residues (% ± 1.0) at 700 o C 

N 2 Air N 2 Air N 2 Air 

Tetra-DOPO 184 175 221, 367 222, 376, 605 8.3 10.1 

EP 369 367 381 378, 558 14.0 0.6 

EP/Tetra-DOPO-2.5 347 345 362 360, 558 15.9 1.5 

EP/Tetra-DOPO-5.0 335 336 350 349, 556 16.2 2.5 

5 
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Fig. 5. (a, c) TGA and (b, d) DTG profiles of Tetra-DOPO and epoxy samples under nitrogen and air atmospheres. 

Table 4 

The results of the LOI and UL-94 vertical burning test of the cured epoxy ther- 

mosets. 

Sample 

LOI 

(%) 

UL-94 

t 1 + t 2 
∗ Dripping Rating 

EP 23.5 ± 0.5 burning to clamp Yes Failed 

EP/Tetra-DOPO-2.5 29.0 ± 0.5 14 + 5 No V-1 

EP/Tetra-DOPO-5.0 30.0 ± 0.5 4 + 3 No V-0 

Note: ∗t1 and t2 denote the burning time after the first and second ignition, re- 

spectively. 
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re-retardant epoxy samples are declined, and the reason is similar 

o that under nitrogen. The yield of char residue at the high tem- 

erature under air atmosphere remains almost no change after the 

ddition of tetra-DOPO, implying that the tetra-DOPO is not very 

ffective in improving the carbonization of epoxy substrates. 

The effect of the tetra-DOPO derivative on the flame-retardant 

ehaviors of the cured thermosetting resins was studied by the 

eans of LOI and UL-94 vertical burning test. The LOI and UL- 

4 vertical burning test results are summarized in Table 4 . The EP 

hermoset shows an LOI value of 23.5% and no UL-94 grade, imply- 

ng its poor flame resistance. The flame could not self-extinguish 

ntil the specimen was burnt out, with the melt dripping phe- 

omenon. The cured epoxy thermoset containing 2.5 wt.% tetra- 

OPO displays a relatively high LOI value of 29.0% and a UL-94 V- 

 grade, and the melt dripping disappears. Further increasing the 

etra-DOPO derivative content to 5.0 wt.% slightly improves the LOI 

f the cured epoxy thermoset to 30.0%, and the UL-94 V-0 grade is 
6 
ttained, implying the exceptional flame-retardant efficacy of tetra- 

OPO. 

The curves of heat release rate (HRR), total heat release (THR), 

otal smoke production (TSP) and mass loss rate of EP and its tetra- 

OPO composite with time are shown in Fig. 6 . The specific pa- 

ameters are depicted in Table 5 . As shown in Fig. 6 a and Table 5 ,

he addition of tetra-DOPO decreases the t ig of the epoxy com- 

osites compared to the epoxy, which is attributed to the earlier 

egradation of tetra-DOPO as also proved by the TGA results. Be- 

ides, the peak heat release rate of EP is 968 kW/m 

2 , and the PHRR

f epoxy composite with 2.5wt% tetra DOPO is reduced to 805 

W/m 

2 , which is dropped by 16.8% as compared to that of EP. The 

HRR value of EP /tetra-DOPO-5.0 composite is further reduced to 

25 kW/m 

2 , which is dropped by 25.1% relative to that of EP. The 

rend of THR is similar to that of PHRR. As shown in Fig. 6 b, the

HR of EP is 157.5 MJ/m 

2 , and the THR of epoxy composite with

.5wt% tetra-DOPO is reduced to 135.7 MJ/m 

2 , which is declined 

y 13.8% relative to that of EP. The THR value of EP/tetra-DOPO-5.0 

omposite is further decreased to 128.0 MJ/m 

2 , which is dropped 

y 18.7% relative to that of EP. The decrease of PHRR and THR of 

he composites indicates that tetra-DOPO can inhibit the heat re- 

ease of epoxy matrix. In Fig. 6 c, the TSP of pure EP is 33.2 m 

2 ,

hile the TSP values of EP/tetra-DOPO-2.5 and EP/tetra-DOPO-5.0 

omposites are 31.4 and 28.6 m 

2 , respectively, which are declined 

y 5.4% and 13.9% as compared to that of pure EP. The reduction 

n TSR is less than the reduction in THR. Because cone calorimeter 

s a forced flaming condition, there is no smoke suppression, but 

he smoke yield increases. The increase in smoke yield may corre- 

pond with the flame inhibition. In Fig. 6 d, the char yield of EP is
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Fig. 6. (a) HRR, (b) THR, (c) TSP, and (d) mass loss versus time curves of the cured epoxy systems. 

Table 5 

Cone calorimeter data of the cured epoxy systems. 

Samples t ig (s ± 2) PHRR (kW/m 

2 ± 40) THR (MJ/m 

2 ± 3.0) TSP (m 

2 ± 2.0) Mean EHC (MJ/kg) Residue (wt% ± 1.0) 

EP 57 968 157.5 33.2 29.3 5.2 

EP/Tetra-DOPO-2.5 50 805 135.7 31.4 26.2 6.9 

EP/Tetra-DOPO-5.0 48 725 128.0 28.6 25.7 7.9 
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bout 5.2%, whereas that of EP/tetra-DOPO-2.5 and EP/tetra-DOPO- 

.0 is slightly grown to 6.9% and 7.9%, respectively. This slight dif- 

erence is a difference in the thermo-oxidative stability of the fire 

esidue. Mean effective heat of combustion (EHC) is an indicator of 

ame suppression in the vapor phase [24–26] . In Table 5 , EP/tetra- 

OPO-2.5 and EP/tetra-DOPO-5.0 display a lower mean EHC value 

han EP, suggesting that tetra-DOPO plays a flame suppression role 

n the vapor phase. This is because tetra-DOPO as a derivative of 

OPO emits PO 

• radicals to quench the H 

• and OH 

• radicals [27] , 

hus inhibiting the combustion chain reaction. Based on the analy- 

is above, tetra-DOPO plays a predominant flame-retardant activity 

n the vapor phase as well as a relatively minor condensed phase 

ode of action. 

TGA-FTIR was employed to detect the pyrolytic gas products 

f EP and EP/Tetra-DOPO-5.0 during the thermal degradation pro- 

edure. Fig. 7 a and b provide the three-dimensional FTIR spectra 

f the vapor phase products of EP and EP/Tetra-DOPO-5.0. There 

re several intense absorbance peaks observed at the wavenum- 

er range of 370 0-340 0, 310 0-280 0, 180 0-170 0, 1650-1450, and

30 0-110 0 cm 

−1 . The FTIR spectra of the vapor phase products 

f EP and EP/Tetra-DOPO-5.0 at the maximum degradation rate 

re given in Fig. 7 c. Several characteristic absorbance peaks are 
7 
dentified at 3650 cm 

−1 (-OH stretching vibration in water), 2975 

m 

−1 (-CH 3 and/or -CH 2 - stretching vibration), 1730 cm 

−1 (car- 

onyl stretching vibration), 1605 and 1510 cm 

−1 (C-C skeleton vi- 

ration), and 1175 cm 

−1 (C-O) [28] . After incorporating the Tetra- 

OPO, the shape and position of the FTIR spectrum of the pyrolytic 

as products of EP/Tetra-DOPO-5.0 are very similar to those of EP, 

mplying that the majority of pyrolytic gas volatiles are the same 

s those of EP. However, the band of carbonyl stretching vibration 

t 1730 cm 

−1 of EP/Tetra-DOPO-5.0 has a lower intensity than that 

or EP, which results from the decreased carbonyl-containing prod- 

cts [18] . Thus, the TGA-FTIR results demonstrate that the presence 

f Tetra-DOPO changes the decomposition pathway of epoxy sub- 

trates, evidenced by the decreased carbonyl-moieties production. 

Raman spectra were detected to explore the micro-structure of 

arbonaceous materials. As shown in Fig. 8 , there are two intense 

eaks observed in the Raman spectra of the chars of EP, EP/Tetra- 

OPO-2.5, and EP/Tetra-DOPO-5.0. The peak at around 1600 cm 

−1 

s ascribed to the scattering of the crystalline carbon atoms in 

he graphited structure (named G-peak), while the other one at 

round 1360 cm 

−1 is caused by the scattering of the disordered 

arbon atoms in the amorphous zone (named D-peak) [29] . Gen- 

rally, the graphited structure content of the chars is character- 
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Fig. 7. Three-dimensional FTIR spectra of the pyrolytic gas products of (a) EP and (b) EP/Tetra-DOPO-5.0; (c) The FTIR spectra of the vapor phase products of EP and 

EP/Tetra-DOPO-5.0 at the maximum degradation rate. 

Fig. 8. Raman spectra of the chars of (a) EP, (b) EP/Tetra-DOPO-2.5, and (c) EP/Tetra-DOPO-5.0. 

i

3  

q

I

c

t

g

t

o

p

t

D

t

p

c

p

h

b

p

p

m

zed by the intensity between D-band and G-band (I D /I G ) [30–

2] . The I D /I G ratio of the char residues shows the following se-

uence: EP > EP/Tetra-DOPO-2.5 > EP/Tetra-DOPO-5.0. The higher 

 D /I G ratio implies the lower content of graphitized structure. The 

har residue of the EP/Tetra-DOPO-5.0 exhibits the lowest I D /I G ra- 

io, meaning the highest graphited structure content. The higher 

raphited structure content in the residual chars is conducive to 

he enhanced resistance to heat. 

Based on the discussion above, the flame retardant mechanism 

f Tetra-DOPO could be attributed to the synergism between phos- 

horus with different oxidation states in its structure. According to 
8 
he previous report, phosphorus with lower oxidation state such as 

OPO plays a dominant mode of action by releasing PO 

• radicals 

o quench the H 

• and OH 

• radicals in the vapor phase, while phos- 

horus with higher oxidation state serves as a char promoter in the 

ondensed phase [ 1 , 21 ]. Tetra-DOPO contains phosphine and phos- 

honate simultaneously. Phosphine is highly active in the flame in- 

ibition in the vapor phase (as evidenced by the reduced EHC), 

ut phosphonate plays an inferior role in the charring capacity to 

hosphate (that is why the char yield is not high). Braun et al. re- 

orted that flame inhibition as a dominant mode of action plus 

inor carbonization was a quite effective route for fire retardancy 
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 6 , 33 ]. Thereby, Tetra-DOPO behaves high efficacy for flame retar- 

ant epoxy resins. 

. Conclusions 

A tetra-DOPO derivative with different oxidation states of phos- 

horus and rich aromatic structures was synthesized successfully 

nd implemented as an anti-flammable additive in epoxy resins. 

MA measurement implied that the T g of the EP/tetra-DOPO-5.0 

omposite was 10 °C higher than that of the EP thermoset. The TGA 

ata indicated that the presence of tetra-DOPO derivative slightly 

hanged the char yield. With 5.0 wt% addition of Tetra-DOPO, the 

esulting epoxy thermoset had an LOI of 30.0% and UL-94 V-0 

rade, while the EP showed a much lower LOI of 23.5% and no 

L-94 grade. In the cone calorimeter test, the PHRR, THR, and 

SP values of the EP/tetra-DOPO-5.0 composite were 25.1%, 18.7%, 

nd 13.9% lower than those of the EP, respectively. The high flame 

etardant efficacy of tetra-DOPO was attributed to the predomi- 

ant vapor flame retardant mechanism by releasing PO 

• radicals to 

uench the combustion chain reactions as well as the minor con- 

ensed flame retardant mechanism by promoting epoxy matrix to 

orm an intact and compact char layer containing high graphitized 

tructure. This tetra-DOPO derivative provides a promising solution 

or highly efficient flame retardant epoxy thermosets without de- 

eriorating the thermo-mechanical performances. 
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