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ABSTRACT

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, 'H- and 3'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 POe 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.

1. Introduction

The utilization of flame retardant additives is the most cost-
effective approach to obtain anti-flammable polymer materials. In
recent years, halogen-free anti-flammable agents have been be-
coming the general trend and one of the hot research direc-
tions. Among a wide variety of halogen-free anti-flammable agents,
phosphorus-based chemicals have been considered as one of the
most promising flame retardants owing to their relatively high fire-
retardant efficacy [1]. Over the past few decades, 9, 10-dihydro-9-
oxa-10-phospaphenanthrene-10-oxide (DOPO) is one of the most
famous phosphorus-based compounds for flame retardant epoxy
resin [2-14]. DOPO is a mono-functional compound that reacts
with the epoxy group via ring-opening reaction, leading to the
reduced cross-linking density of the resulting cured epoxy prod-
ucts [15]. Thus, a series of DOPO derivatives have been synthe-
sized to overcome the shortcomings of DOPO. Qian et al. synthe-
sized a DOPO-derived flame retardant additive (HAP-DOPO) with
cyclotriphosphazene as a core, and the epoxy thermosets contain-
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ing 9.3 wt.% HAP-DOPO (1.2 wt.% phosphorus content) passed a
UL-94 V-0 rating [12]. Zhang et al. reported a fire-retardant ad-
ditive (DOPO-PEPA) for epoxy resins, and the epoxy thermosets
with 9.1 wt.% DOPO-PEPA (1.4 wt.% phosphorus content) achieved
an LOI value of 35% and a UL-94 V-0 rating [16]. Chen et al. syn-
thesized a poly(piperazine phosphaphenanthrene) (DOPMPA) from
DOPO and piperazine, and the addition of 13 wt.% DOPMPA en-
dowed the resulting epoxy thermosets with an LOI value of 34%
and a UL-94 V-0 rating [10]. Very recently, Wang et al. synthe-
sized a phosphaphenanthrene/benzimidazolone-containing com-
pound (POBDBI) as an anti-flammable agent for epoxy resin, and
the incorporation of 13.4 wt.% POBDBI (1.0 wt.% phosphorus con-
tent) 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-
branched flame retardant (PDTT) for flame retardant epoxy resins
[18]. Although the epoxy with 10 wt. of PDTT cannot attain UL-
94 V-0 grade, the total heat evolved and the peak heat release
rate were decreased by 25% and 30%, respectively, owing to flame
inhibition. Although these studies demonstrate the DOPO deriva-
tives have imparted good flame retardant property to the epoxy
thermosets, the relatively high addition amount of these DOPO
derivatives usually cause the deteriorated thermomechanical prop-
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erties of the cured epoxy thermosets. Therefore, many researchers
are still devoting themselves to the development of DOPO-derived
flame retardants with high efficiency.

According to the previous studies, the integration of different
oxidation states of phosphorus into one flame retardant molecule
is conducive to flame retardant performance [16,19]. Generally,
phosphorus with a lower oxidation state is more active in the va-
por phase, whereas that with a higher oxidation state plays a pre-
dominant role in the condensed phase [1,20,21]. Since DOPO is
a versatile platform for building the flame retardants, it can re-
act with aldehydes or ketones through addition reaction to form
a P-C bonding; as well, it can react with hydroxyl group through
Atherton-Todd reaction to form a P-O bonding. Thus, it is interest-
ing to integrate different oxidation states of phosphorus into one
flame retardant molecule by combining addition and Atherton-
Todd reactions. Furthermore, the bulky pendant DOPO units result
in high structural stiffness, which is beneficial to the increment of
glass transition temperature and mechanical property.

In this work, a tetra-DOPO derivative with different oxidation
states of phosphorus and rich aromatic structure was successfully
synthesized and implemented as a highly efficient anti-flammable
agent for epoxy resins. The molecular structure of tetra-DOPO
was confirmed by the Fourier transformed infrared (FTIR) spec-
troscopy, and 'H- and 3!P-nuclear magnetic resonance (NMR) spec-
troscopy. The effect of tetra-DOPO on the thermomechanical and
fire-retardant performances of the cured epoxy thermosets was
studied, and the fire-retardant mode of action of tetra-DOPO was
clarified eventually.

2. Experimental
2.1. Materials

Diglycidyl ether of bisphenol A (DGEBA, epoxy value: 0.44
mol/100 g) was purchased from Shanghai Macklin Biochemical
Co., Ltd, China. 9, 10-dihydro-9-oxa-10-phospaphenanthrene-
10-oxide (DOPO), 1, 4-phthalaldehyde (TDCA), and 4, 4-
diaminodiphenylmethane (DDM) were purchased from Shanghai
Aladdin chemicals company, China. Toluene, dichloromethane,
triethylamine, tetrachloromethane, and ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd, China.

2.2. Synthesis of tetra-DOPO

TDCA-DOPO was synthesized according to the previous litera-
ture [5]. In a three necked round-bottom flask which equipped
a nitrogen inlet, a thermometer and a condenser was filled with
TDCA-DOPO (45.2 g, 0.08 mol) and DOPO (34.6 g, 0.16 mol), 200
mL dichloromethane, and triethylamine (17.2 g, 0.17 mol) in one
portion. The mixture was cooled to below 5°C by ice bathing, and
tetrachloromethane (26.15 g, 0.17 mol) was then dropped slowly in
60 min to ensure that the temperature did not exceed 20°C. Af-
ter the completion of tetrachloromethane addition, the system was
heated to ambient temperature and maintained stirring for another
17 h. Then, the precipitate was filtered, and the filtrate was evapo-
rated using a rotary evaporator. The as-obtained crude product was
recrystallized from 300 mL of ethanol, filtered and rinsed with wa-
ter five times. The purified product was dried under vacuum at
80°C overnight to obtain a white powder. The synthetic route of
the tetra-DOPO derivative is illustrated in Scheme 1.

2.3. Preparation of the cured epoxy thermosets
The tetra-DOPO powder was mixed with DGEBA epoxy resin

at 100 °C under stirring for 1 h to yield a homogeneous mixture.
Then, DDM was added to the above mixture at an equivalent molar
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ratio of N-H and epoxy groups. The mixture was stirred for another
10 min and then poured into the mold immediately. The curing
process was 100 °C for 2 h, 150 °C for 2 h, and 180 °C for 1 h.
The formulations of the cured epoxy thermosets containing 0, 2.5,
and 5.0 wt% tetra-DOPO derivative are listed in Table 1. The epoxy
thermoset was fabricated using the same way just without adding
tetra-DOPO derivative.

2.4. Characterization

The molecular structure of the samples was determined by a
Fourier transform infrared spectrometer (FTIR) (IRAffinity-1, Shi-
madzu) using a KBr disc method. The proton and phosphorus nu-
clear magnetic resonance (NMR) spectra were collected by an NMR
spectrometer (AVANCE 400, Bruker) using deuterated dimethyl
sulfoxide as solvent. The thermo-mechanical performance of the
samples was measured by a dynamic mechanical analyzer (DMA)
(Q850, TA Instruments). The samples with the dimensions of 50.0
mm x 10.0 mm x 3.0 mm was heated from 25 to 200 °C at a
linear rate of 5 °C/min. Thermogravimetric analysis (TGA) was per-
formed on a thermo-analyzer (TGA/SDTA851e, Mettler-Toledo) un-
der both nitrogen and air conditions. The sample weighted about
5.0 mg was heated from ambient temperature to 700°C at a lin-
ear rate of 20°C/min. The limiting oxygen index (LOI) was de-
termined on a TTech-GBT2406 oxygen index meter (TESTech In-
strument Technologies Co., Ltd.) following the ASTM D2863-2017a
specification. The sample size was 127 mm x 6.5 mm x 3.2 mm.
The UL-94 vertical burning measurement was carried out by a
CFZ-2-type apparatus (Nanjing Jiangning Analytical Instrument Co.
Ltd.) following the ASTM D3801-2010 specification. The sample
size was 127 mm x 12.7 mm x 3.2 mm. The flammability of the
samples was measured using a cone calorimeter (Fire Testing Tech-
nology Ltd.) following the ISO 5660-1 specification. The heat flux
used was 50 kW/m?, and the sample size was 100 mm x 100
mm x 3 mm. The reported data were averaged from triple mea-
surements. TGA-FTIR technique was employed to detect the py-
rolytic gas species during the thermal degradation of the samples.
A FTIR spectrometer (Nicolet 6700) was coupled with a thermo-
analyzer (Q50, TA Instruments) through a transfer line. The sample
was 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
sent to the gas cell of the FTIR spectrometer. The transfer line tem-
perature was maintained at 230°C to avoid the condensation of py-
rolytic gas species. The surface morphology of the chars was ob-
served by a scanning electron microscopy (SEM) (Gemini 500, Carl
Zeiss) at an accelerating voltage of 3 kV. The micro-structure of the
chars was detected by a Laser confocal Raman spectrometer (inVia,
Renishaw) using an excitation wavelength of 532 nm.

3. Results and discussion

The FTIR spectra of DOPO, TDCA-DOPO, and tetra-DOPO are de-
picted in Fig. 1. It can be seen that the characteristic bands of
DOPO appear at 3062 cm~! (Ph-H), 2434 cm~! (P-H), 1594 cm™!
(C=C in the aromatic ring), 1236 cm~! (P=0), 1119 and 950 cm™!
(Ph—0O-P). In the FTIR spectrum of TDCA-DOPO, the absence of the
characteristic band at around 2434 cm~! (P-H in DOPO) [11] im-
plies the completion of the addition reaction between DOPO and
1, 4-phthalaldehyde. In the FTIR spectrum of TDCA-DOPO, a new
characteristic band appears at 3243 cm~! corresponding to the hy-
droxyl group, and the signals of the cyclic DOPO structure are well
preserved. For tetra-DOPO, the characteristic band at around 3243
cm~! almost disappears, indicating the completion of the substitu-
tion reaction of TDCA-DOPO and DOPO.

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

DOPO

TDCA-DOPO

3243
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Fig. 1. FTIR spectra of DOPO, TDCA-DOPO, and tetra-DOPO.

8.90 ppm in the DOPO disappears in the proton NMR spectrum of
TDCA-DOPO, implying the completion of the addition reaction be-
tween DOPO and 1, 4-phthalaldehyde. For TDCA-DOPO, a series of
signals ranging from 7.10 to 8.30 ppm are allocated to the protons
of aromatic rings, while the signals at 6.22—-6.44 and 5.10-5.41
ppm are attributed to the hydroxyl and methyne protons, respec-
tively [22], manifesting the successful synthesis of TDCA-DOPO.
Compared with TDCA-DOPO, the signals of the hydroxyl protons
disappear in the proton NMR spectrum of tetra-DOPO, implying
the completion of the substitution reaction of TDCA-DOPO and
DOPO. Besides, the chemical shift of the protons accords well with
the expected structure of tetra-DOPO, confirming the successful

synthesis of tetra-DOPO. The 3!'P-NMR spectrum of TDCA-DOPO
displays a single signal at 31.3 ppm (Fig. 3), corresponding to the
DOPO unit linked by P-C bond. For tetra-DOPO, there are two dis-
tinctive signals at 31.3 and 21.8 ppm, corresponding to the linkage
of DOPO units by P-C and P-O bonds, respectively. The FTIR and
NMR results confirm the successful synthesis of tetra-DOPO.

The storage modulus and tané versus temperature curves are
plotted in Fig. 4. The storage modulus at 30 °C of the EP is 1896
MPa, suggesting its high stiffness. After incorporating tetra-DOPO,
the storage modulus at 30 °C of the EP/tetra-DOPO composites re-
mains unchanged or even slightly increases, since the tetra-DOPO
with rich aromatic structures has high rigidity. As the tempera-
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Fig. 2. "H-NMR spectra of DOPO, TDCA-DOPO, and tetra-DOPO.

ture increases, the storage modulus displays a decreasing trend,
and there is a sharp reduction in the temperature range of 130-
185 °C, corresponding to the glassy-rubbery state transition. The
glass transition temperature (Tg) is obtained by the peak of tané
versus temperature curves. The Tg of the EP is 151 °C, while that
of the EP/tetra-DOPO-2.5 composite is increased to 165 °C because
of the rigid structure of tetra-DOPO. Furthermore, the Ty of the
EP/tetra-DOPO-5.0 composite is slightly reduced to 161 °C, which
is ascribed to that the steric hindrance of bulky pendant DOPO
unit decreases the cross-linking density at a higher dosage. How-
ever, the Tg of the EP/tetra-DOPO-5.0 composite is still 10 °C higher
than that of the epoxy thermoset. The cross-linking density (ve) is
computed by the following formula [23]:
ve = E'/3RT
where R is the gas constant (8.314 ]/(moleK)), E' is the storage
modulus at 30 °C beyond Tg, and T is the Kelvin temperature.
The ve of the EP, EP/tetra-DOPO-2.5, and EP/tetra-DOPO-5.0 is
1.32 x 103, 1.54 x 103, and 1.44 x 103 mol/m3, respectively, which
is consistent with the changing trend of the Tg values (Table 2).
The thermal decomposition behaviors of tetra-DOPO, epoxy
resin and their tetra-DOPO composites under nitrogen and air are
shown in Fig. 5. The specific data are depicted in Table 3. Under

nitrogen, tetra-DOPO thermally decomposes in two steps with the
maximum thermal decomposition temperature (Tmax) of 221 and
367 °C. Tetra-DOPO also shows a low 5% weight loss temperature
(T_s%) of 184 °C owing to the decomposition of thermally unstable
phosphorus-based species. Eventually, tetra-DOPO yields only 8.3%
residue, implying the poor charring capacity. All the epoxy sam-
ples have only one thermal degradation stage in the temperature
range of 300 to 500 °C under nitrogen, which is attributable to
the splitting of the three-dimensional macromolecular chains into
some small molecular-weight compounds. Compared with EP, the
T.s4 and the Tpax of epoxy composites are decreased, implying that
the existence of tetra-DOPO causes the early degradation of epoxy
substrates. Besides, the addition of tetra-DOPO results in a very
slight increment in the char yield at the high temperature, indi-
cating the limited charring effect of tetra-DOPO in the condensed
phase. Different from nitrogen, tetra-DOPO thermally decomposes
in three steps with the Trax of 222, 376 and 605 °C. All the epoxy
samples show two thermal degradation stages in air. The first stage
in the temperature range of 300-470 °C is caused by the fracture
of three-dimensional network of epoxy resin, while the second one
in the temperature range of 500-650 °C corresponds to the further
oxidation of the char. By contrast with EP, the T_sy and Tmax of the
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Fig. 3. 3'P-NMR spectra of TDCA-DOPO, and tetra-DOPO.

(a) (b)
2000 - 0.8+
= EP
% —e— EP/Tetra-DOPO-2.5
~ 1500 - 064 — EP/Tetra-DOPO-5.0
E
=
-g 1000 4
=
]
g
‘o- 500 4 EP
n —e— EP/Tetra-DOPO-2.5
—a— EP/Tetra-DOPO-5.0
0 A
50 100 150 200 50 100 150 200
Temperature (°C) Temperature (°C)

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

Table 2
Thermo-mechanical parameters of EP and its composites.
Sample Tg (°C)  E’ at 30°C (MPa)  E’ at Tg+30°C (MPa) ve (mol/m3)
EP 151 1896.2 15.0 1.32 x 103
EP/Tetra-DOPO-2.5 165 1850.3 18.0 1.54 x 103
EP/Tetra-DOPO-5.0 161 1962.1 16.7 1.44 x 103
Table 3
TGA and DTG data of the epoxy samples under the nitrogen and air atmospheres.
Tsy (C£2)  Tmax (C£2) Residues (% + 1.0) at 700 °C
Samples - - -
N, Air N, Air N, 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
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Fig. 5. (a, ¢) 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.

LOI UL-94
Sample (%) — -
t+tp * Dripping Rating
EP 23,5+ 0.5  burning to clamp  Yes Failed
EP/Tetra-DOPO-2.5 29.0 £ 0.5 1445 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.

fire-retardant epoxy samples are declined, and the reason is similar
to that under nitrogen. The yield of char residue at the high tem-
perature under air atmosphere remains almost no change after the
addition of tetra-DOPO, implying that the tetra-DOPO is not very
effective in improving the carbonization of epoxy substrates.

The effect of the tetra-DOPO derivative on the flame-retardant
behaviors of the cured thermosetting resins was studied by the
means of LOI and UL-94 vertical burning test. The LOI and UL-
94 vertical burning test results are summarized in Table 4. The EP
thermoset shows an LOI value of 23.5% and no UL-94 grade, imply-
ing its poor flame resistance. The flame could not self-extinguish
until the specimen was burnt out, with the melt dripping phe-
nomenon. The cured epoxy thermoset containing 2.5 wt.% tetra-
DOPO displays a relatively high LOI value of 29.0% and a UL-94 V-
1 grade, and the melt dripping disappears. Further increasing the
tetra-DOPO derivative content to 5.0 wt.% slightly improves the LOI
of the cured epoxy thermoset to 30.0%, and the UL-94 V-0 grade is

attained, implying the exceptional flame-retardant efficacy of tetra-
DOPO.

The curves of heat release rate (HRR), total heat release (THR),
total smoke production (TSP) and mass loss rate of EP and its tetra-
DOPO composite with time are shown in Fig. 6. The specific pa-
rameters are depicted in Table 5. As shown in Fig. 6a and Table 5,
the addition of tetra-DOPO decreases the tj; of the epoxy com-
posites compared to the epoxy, which is attributed to the earlier
degradation of tetra-DOPO as also proved by the TGA results. Be-
sides, the peak heat release rate of EP is 968 kW/m2, and the PHRR
of epoxy composite with 2.5wt% tetra DOPO is reduced to 805
kW/m2, which is dropped by 16.8% as compared to that of EP. The
PHRR value of EP [tetra-DOPO-5.0 composite is further reduced to
725 kW/m?2, which is dropped by 25.1% relative to that of EP. The
trend of THR is similar to that of PHRR. As shown in Fig. 6b, the
THR of EP is 157.5 M]/m?, and the THR of epoxy composite with
2.5wt% tetra-DOPO is reduced to 135.7 MJ/m?2, which is declined
by 13.8% relative to that of EP. The THR value of EP/tetra-DOPO-5.0
composite is further decreased to 128.0 MJ/m?2, which is dropped
by 18.7% relative to that of EP. The decrease of PHRR and THR of
the composites indicates that tetra-DOPO can inhibit the heat re-
lease of epoxy matrix. In Fig. 6¢c, the TSP of pure EP is 33.2 m2,
while the TSP values of EP/tetra-DOPO-2.5 and EP/tetra-DOPO-5.0
composites are 31.4 and 28.6 m?, respectively, which are declined
by 5.4% and 13.9% as compared to that of pure EP. The reduction
in TSR is less than the reduction in THR. Because cone calorimeter
is a forced flaming condition, there is no smoke suppression, but
the smoke yield increases. The increase in smoke yield may corre-
spond with the flame inhibition. In Fig. 6d, the char yield of EP is
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Table 5

Cone calorimeter data of the cured epoxy systems.

Samples tg(s £2)  PHRR (kW/m? + 40)  THR (MJ/m? £ 3.0) TSP (m? +2.0) Mean EHC (MJ/kg)  Residue (wt% =+ 1.0)
EP 57 968 157.5 332 29.3 5.2
EP/Tetra-DOPO-2.5 50 805 135.7 314 26.2 6.9
EP/Tetra-DOPO-5.0 48 725 128.0 28.6 25.7 7.9

about 5.2%, whereas that of EP/tetra-DOPO-2.5 and EP/tetra-DOPO-
5.0 is slightly grown to 6.9% and 7.9%, respectively. This slight dif-
ference is a difference in the thermo-oxidative stability of the fire
residue. Mean effective heat of combustion (EHC) is an indicator of
flame suppression in the vapor phase [24-26G]. In Table 5, EP/tetra-
DOPO-2.5 and EP/tetra-DOPO-5.0 display a lower mean EHC value
than EP, suggesting that tetra-DOPO plays a flame suppression role
in the vapor phase. This is because tetra-DOPO as a derivative of
DOPO emits POe radicals to quench the He and OHe radicals [27],
thus inhibiting the combustion chain reaction. Based on the analy-
sis above, tetra-DOPO plays a predominant flame-retardant activity
in the vapor phase as well as a relatively minor condensed phase
mode of action.

TGA-FTIR was employed to detect the pyrolytic gas products
of EP and EP/Tetra-DOPO-5.0 during the thermal degradation pro-
cedure. Fig. 7a and b provide the three-dimensional FTIR spectra
of the vapor phase products of EP and EP/Tetra-DOPO-5.0. There
are several intense absorbance peaks observed at the wavenum-
ber range of 3700-3400, 3100-2800, 1800-1700, 1650-1450, and
1300-1100 cm~'. The FTIR spectra of the vapor phase products
of EP and EP/Tetra-DOPO-5.0 at the maximum degradation rate
are given in Fig. 7c. Several characteristic absorbance peaks are

identified at 3650 cm~! (-OH stretching vibration in water), 2975
cm~! (-CH3 and/or -CH,- stretching vibration), 1730 cm~! (car-
bonyl stretching vibration), 1605 and 1510 cm~! (C-C skeleton vi-
bration), and 1175 cm~! (C-0) [28]. After incorporating the Tetra-
DOPO, the shape and position of the FTIR spectrum of the pyrolytic
gas products of EP/Tetra-DOPO-5.0 are very similar to those of EP,
implying that the majority of pyrolytic gas volatiles are the same
as those of EP. However, the band of carbonyl stretching vibration
at 1730 cm~! of EP/Tetra-DOPO-5.0 has a lower intensity than that
for EP, which results from the decreased carbonyl-containing prod-
ucts [18]. Thus, the TGA-FTIR results demonstrate that the presence
of Tetra-DOPO changes the decomposition pathway of epoxy sub-
strates, evidenced by the decreased carbonyl-moieties production.

Raman spectra were detected to explore the micro-structure of
carbonaceous materials. As shown in Fig. 8, there are two intense
peaks observed in the Raman spectra of the chars of EP, EP/Tetra-
DOPO-2.5, and EP/Tetra-DOPO-5.0. The peak at around 1600 cm™!
is ascribed to the scattering of the crystalline carbon atoms in
the graphited structure (named G-peak), while the other one at
around 1360 cm~! is caused by the scattering of the disordered
carbon atoms in the amorphous zone (named D-peak) [29]. Gen-
erally, the graphited structure content of the chars is character-
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Fig. 8. Raman spectra of the chars of (a) EP, (b) EP/Tetra-DOPO-2.5, and (c) EP/Tetra-DOPO-5.0.

ized by the intensity between D-band and G-band (Ip/lg) [30-
32]. The Ip/l; ratio of the char residues shows the following se-
quence: EP > EP/Tetra-DOPO-2.5 > EP/Tetra-DOPO-5.0. The higher
Ip/Ig ratio implies the lower content of graphitized structure. The
char residue of the EP/Tetra-DOPO-5.0 exhibits the lowest Ip/I¢ ra-
tio, meaning the highest graphited structure content. The higher
graphited structure content in the residual chars is conducive to
the enhanced resistance to heat.

Based on the discussion above, the flame retardant mechanism
of Tetra-DOPO could be attributed to the synergism between phos-
phorus with different oxidation states in its structure. According to

the previous report, phosphorus with lower oxidation state such as
DOPO plays a dominant mode of action by releasing POe radicals
to quench the He and OHe radicals in the vapor phase, while phos-
phorus with higher oxidation state serves as a char promoter in the
condensed phase [1,21]. Tetra-DOPO contains phosphine and phos-
phonate simultaneously. Phosphine is highly active in the flame in-
hibition in the vapor phase (as evidenced by the reduced EHC),
but phosphonate plays an inferior role in the charring capacity to
phosphate (that is why the char yield is not high). Braun et al. re-
ported that flame inhibition as a dominant mode of action plus
minor carbonization was a quite effective route for fire retardancy
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[6,33]. Thereby, Tetra-DOPO behaves high efficacy for flame retar-
dant epoxy resins.

4. Conclusions

A tetra-DOPO derivative with different oxidation states of phos-
phorus and rich aromatic structures was synthesized successfully
and implemented as an anti-flammable additive in epoxy resins.
DMA measurement implied that the Tg of the EP/tetra-DOPO-5.0
composite was 10 °C higher than that of the EP thermoset. The TGA
data indicated that the presence of tetra-DOPO derivative slightly
changed the char yield. With 5.0 wt% addition of Tetra-DOPO, the
resulting epoxy thermoset had an LOI of 30.0% and UL-94 V-0
grade, while the EP showed a much lower LOI of 23.5% and no
UL-94 grade. In the cone calorimeter test, the PHRR, THR, and
TSP values of the EP/tetra-DOPO-5.0 composite were 25.1%, 18.7%,
and 13.9% lower than those of the EP, respectively. The high flame
retardant efficacy of tetra-DOPO was attributed to the predomi-
nant vapor flame retardant mechanism by releasing POe radicals to
quench the combustion chain reactions as well as the minor con-
densed flame retardant mechanism by promoting epoxy matrix to
form an intact and compact char layer containing high graphitized
structure. This tetra-DOPO derivative provides a promising solution
for highly efficient flame retardant epoxy thermosets without de-
teriorating the thermo-mechanical performances.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

CRediT authorship contribution statement

Wei Peng: Conceptualization, Methodology, Formal analysis,
Writing - original draft. Shi-bin Nie: Funding acquisition, Project
administration, Writing - review & editing. Yu-xuan Xu: Formal
analysis. Wei Yang: Formal analysis.

Acknowledgement

The authors gratefully acknowledge Anhui Provincial Natural
Science Foundation (1908085]20), University Synergy Innovation
Program of Anhui Province (GXXT-2020-057, GXXT-2020-079) .

References

[1] M.M. Velencoso, A. Battig, ].C. Markwart, B. Schartel, ER. Wurm, Molecular fire-
fighting-how modern phosphorus chemistry can help solve the challenge of
flame retardancy, Angew. Chem. Int. Edit. 57 (2018) 10450-10467.

[2] K.A. Salmeia, S. Gaan, An overview of some recent advances in DOPO-deriva-
tives: chemistry and flame retardant applications, Polym. Degrad. Stabil. 113
(2015) 119-134.

[3] X. Wang, Y. Hu, L. Song, W. Xing, H. Lu, Thermal degradation mechanism
of flame retarded epoxy resins with a DOPO-substitued organophosphorus
oligomer by TG-FTIR and DP-MS, ]. Anal. Appl. Pyrol. 92 (2011) 164-170.

[4] X. Wang, Y. Hu, L. Song, W. Xing, H. Lu, P. Lv, G. Jie, Flame retardancy and
thermal degradation mechanism of epoxy resin composites based on a DOPO
substituted organophosphorus oligomer, Polymer 51 (2010) 2435-2445.

[5] X. Wang, Y. Hu, L. Song, H. Yang, W. Xing, H. Lu, Synthesis and characterization

of a DOPO-substitued organophosphorus oligomer and its application in flame

retardant epoxy resins, Prog. Org. Coat. 71 (2011) 72-82.

B. Perret, B. Schartel, K. St6B8, M. Ciesielski, ]J. Diederichs, M. Doring,

J. Krdmer, V. Altstddt, A new halogen-free flame retardant based on 9,10-dihy-

dro-9-oxa-10-phosphaphenanthrene-10-oxide for epoxy resins and their car-

bon fiber composites for the automotive and aviation industries, Macromol.

Mater. Eng. 296 (2011) 14-30.

S.L. Jin, LJ. Qian, Y. Qiu, Y.J. Chen, F. Xin, High-efficiency flame retardant behav-

ior of bi-DOPO compound with hydroxyl group on epoxy resin, Polym. Degrad.

Stabil. 166 (2019) 344-352.

[8] P. Wang, F. Yang, L. Li, Z. Cai, Flame retardancy and mechanical properties of
epoxy thermosets modified with a novel DOPO-based oligomer, Polym. Degrad.
Stabil. 129 (2016) 156-167.

[6

[7

Polymer Degradation and Stability 193 (2021) 109715

[9] P. Wang, L. Chen, H. Xiao, Flame retardant effect and mechanism of a novel
DOPO based tetrazole derivative on epoxy resin, J. Anal. Appl. Pyrol. 139 (2019)
104-113.

[10] R. Chen, K. Hu, H. Tang, J. Wang, F. Zhu, H. Zhou, A novel flame retardant de-
rived from DOPO and piperazine and its application in epoxy resin: flame re-
tardance, thermal stability and pyrolysis behavior, Polym. Degrad. Stabil. 166
(2019) 334-343.

[11] P. Wang, Z. Cai, Highly efficient flame-retardant epoxy resin with a novel
DOPO-based triazole compound: thermal stability, flame retardancy and mech-
anism, Polym. Degrad. Stabil. 137 (2017) 138-150.

[12] LJ. Qian, LJ. Ye, GZ. Xu, J. Liu, J.Q. Guo, The non-halogen flame retardant
epoxy resin based on a novel compound with phosphaphenanthrene and cy-
clotriphosphazene double functional groups, Polym. Degrad. Stabil. 96 (2011)
1118-1124.

[13] J.L. Wang, C. Ma, PL. Wang, S.L. Qiu, W. Cai, Y. Hu, Ultra-low phosphorus load-
ing to achieve the superior flame retardancy of epoxy resin, Polym. Degrad.
Stabil. 149 (2018) 119-128.

[14] B. Schartel, U. Braun, A.. Balabanovich, ]. Artner, M. Ciesielski,
M. Doéring, RM. Perez, JKW. Sandler, V. Altstidt, Pyrolysis and
fire behaviour of epoxy systems containing a novel 9,10-dihy-
dro-9-oxa-10-phosphaphenanthrene-10-oxide-(DOPO)-based diamino hard-
ener, Eur. Polym. J. 44 (2008) 704-715.

[15] A. Schéfer, S. Seibold, O. Walter, M. Doéring, Novel high Tg flame retardancy
approach for epoxy resins, Polym. Degrad. Stabil. 93 (2008) 557-560.

[16] Y. Zhang, B. Yu, B. Wang, KM. Liew, L. Song, C. Wang, Y. Hu, Highly effective
P-P synergy of a novel DOPO-based flame retardant for epoxy resin, Ind. Eng.
Chem. Res. 56 (2017) 1245-1255.

[17] H. Wang, S. Li, Z. Zhu, X. Yin, L. Wang, Y. Weng, X. Wang, A novel DOPO-based
flame retardant containing benzimidazolone structure with high charring abil-
ity towards low flammability and smoke epoxy resins, Polym. Degrad. Stabil.
183 (2021) 109426.

[18] A. Battig, P. Muller, A. Bertin, B. Schartel, Hyperbranched rigid aromatic phos-
phorus-containing flame retardants for epoxy resins, Macromol. Mater. Eng.
306 (2021) 2000731.

[19] X.M. Zhao, H.V. Babu, ]. Llorca, D.Y. Wang, Impact of halogen-free flame re-
tardant with varied phosphorus chemical surrounding on the properties of
diglycidyl ether of bisphenol-A type epoxy resin: synthesis, fire behaviour,
flame-retardant mechanism and mechanical properties, RSC Adv. 6 (2016)
59226-59236.

[20] U. Braun, A.L Balabanovich, B. Schartel, U. Knoll, ]. Artner, M. Ciesielski, M. Dor-
ing, R. Perez, ] K.W. Sandler, V. Altstadt, T. Hoffmann, D. Pospiech, Influence of
the oxidation state of phosphorus on the decomposition and fire behaviour of
flame-retarded epoxy resin composites, Polymer 47 (2006) 8495-8508.

[21] B. Schartel, B. Perret, B. Dittrich, M. Ciesielski, J. Kramer, P. Muller, V. Altstadt,
L. Zang, M. Doring, Flame retardancy of polymers: the role of specific reactions
in the condensed phase, Macromol. Mater. Eng. 301 (2016) 9-35.

[22] Y.L. Liu, CS. Wu, KY. Hsu, T.C. Chang, Flame-retardant epoxy resins from
o-cresol novolac epoxy cured with a phosphorus-containing aralkyl novolac,
J. Polym. Sci. Pol. Chem. 40 (2002) 2329-2339.

[23] S. Ma, X. Liu, Y. Jiang, L. Fan, ]. Feng, J. Zhu, Synthesis and properties of phos-
phorus-containing bio-based epoxy resin from itaconic acid, Sci. China Chem.
57 (2014) 379-388.

[24] L. Zhong, K.X. Zhang, X. Wang, M.-]. Chen, F. Xin, Z.G. Liu, Synergistic effects
and flame-retardant mechanism of aluminum diethyl phosphinate in combi-
nation with melamine polyphosphate and aluminum oxide in epoxy resin, ]J.
Therm. Anal. Calorim. 134 (2018) 1637-1646.

[25] W. Xu, R. Chen, Y. Du, G. Wang, Design water-soluble phenolic/zeolitic im-
idazolate framework-67 flame retardant coating via layer-by-layer assembly
technology: enhanced flame retardancy and smoke suppression of flexible
polyurethane foam, Polym. Degrad. Stabil. 176 (2020) 109152.

[26] S. Liu, B. Yu, Y. Feng, Z. Yang, B. Yin, Synthesis of a multifunctional bisphos-
phate and its flame retardant application in epoxy resin, Polym. Degrad. Stabil.
165 (2019) 92-100.

[27] A. Schafer, S. Seibold, W. Lohstroh, O. Walter, M. Doring, Synthesis and prop-
erties of flame-retardant epoxy resins based on DOPO and one of its analog
DPPO, J. Appl. Polym. Sci. 105 (2007) 685-696.

[28] Z. Zhang, CJ. Wang, G. Huang, H.R. Liu, S.L. Yang, A.F. Zhang, Thermal degrada-
tion behaviors and reaction mechanism of carbon fibre-epoxy composite from
hydrogen tank by TG-FTIR, J. Hazard. Mater. 357 (2018) 73-80.

[29] X. Wang, S. Zhou, W. Xing, B. Yu, X. Feng, L. Song, Y. Hu, Self-assembly of Ni-Fe
layered double hydroxide/graphene hybrids for reducing fire hazard in epoxy
composites, ]. Mater. Chem. A 1 (2013) 4383-4390.

[30] Z. Xu, W. Xing, Y. Hou, B. Zou, L. Han, W. Hu, Y. Hu, The combustion and pyrol-
ysis process of flame-retardant polystyrene/cobalt-based metal organic frame-
works (MOF) nanocomposite, Combust. Flame 226 (2021) 108-116.

[31] G. Tang, X. Liu, L. Zhou, P. Zhang, D. Deng, H. Jiang, Steel slag waste combined
with melamine pyrophosphate as a flame retardant for rigid polyurethane
foams, Adv. Powder Technol. 31 (2020) 279-286.

[32] G. Tang, X. Liu, Y. Yang, D. Chen, H. Zhang, L. Zhou, P. Zhang, H. Jiang, D. Deng,
Phosphorus-containing silane modified steel slag waste to reduce fire hazards
of rigid polyurethane foams, Adv. Powder Technol. 31 (2020) 1420-1430.

[33] B. Schartel, A.I. Balabanovich, U. Braun, U. Knoll, J. Artner, M. Ciesielski, M. Dor-
ing, R. Perez, JKW. Sandler, V. Altstadt, T. Hoffmann, D. Pospiech, Pyrolysis
of epoxy resins and fire behavior of epoxy resin composites flame-retarded
with 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide additives, ]J. Appl.
Polym. Sci. 104 (2007) 2260-2269.


http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0001
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0001
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0001
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0001
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0001
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0001
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0002
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0002
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0002
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0003
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0003
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0003
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0003
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0003
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0003
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0004
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0004
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0004
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0004
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0004
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0004
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0004
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0004
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0005
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0005
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0005
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0005
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0005
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0005
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0005
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0006
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0007
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0007
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0007
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0007
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0007
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0007
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0008
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0008
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0008
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0008
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0008
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0009
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0009
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0009
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0009
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0010
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0010
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0010
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0010
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0010
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0010
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0010
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0011
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0011
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0011
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0012
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0012
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0012
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0012
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0012
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0012
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0013
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0013
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0013
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0013
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0013
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0013
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0013
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0014
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0015
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0015
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0015
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0015
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0015
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0016
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0016
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0016
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0016
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0016
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0016
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0016
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0016
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0017
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0017
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0017
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0017
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0017
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0017
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0017
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0017
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0018
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0018
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0018
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0018
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0018
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0019
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0019
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0019
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0019
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0019
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0020
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0021
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0022
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0022
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0022
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0022
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0022
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0023
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0023
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0023
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0023
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0023
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0023
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0023
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0024
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0024
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0024
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0024
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0024
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0024
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0024
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0025
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0025
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0025
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0025
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0025
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0026
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0026
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0026
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0026
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0026
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0026
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0027
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0027
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0027
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0027
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0027
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0027
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0028
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0028
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0028
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0028
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0028
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0028
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0028
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0029
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0029
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0029
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0029
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0029
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0029
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0029
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0029
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0030
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0030
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0030
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0030
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0030
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0030
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0030
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0030
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0031
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0031
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0031
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0031
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0031
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0031
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0031
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0032
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033
http://refhub.elsevier.com/S0141-3910(21)00235-4/sbref0033

	A tetra-DOPO derivative as highly efficient flame retardant for epoxy resins
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of tetra-DOPO
	2.3 Preparation of the cured epoxy thermosets
	2.4 Characterization

	3 Results and discussion
	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgement
	References


