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ABSTRACT: Polystyrene (PS) is widely used in our daily life, but it
is flammable and produces a large number of toxic gases and high-
temperature flue gases in the combustion process, which limit its
application. Improving the flame retardancy of PS has become an
urgent problem to be solved. In addition, in view of the disadvantage
that small-molecule flame retardants can easily migrate from
polymers during use, which leads to the gradual reduction of the
flame retardant effect or even loss of flame retardant performance,
and the outstanding advantages of ATRP technology in polymer
structure design and function customization, we used ATRP
technology to synthesize the high-molecular-weight bifunctional
additive PFAA-DOPO-b-PDEAEMA, which has flame retardant
properties and antistatic properties. The chemical structure and
molecular weight of PFAA-DOPO-b-PDEAEMA were characterized by FTIR, 1H NMR, GPC, and XPS. When the addition of
PFAA-DOPO-b-PDEAEMA was 15 wt %, the limiting oxygen index (LOI) of polystyrene composites was 28.4%, which was 53.51%
higher than that of pure polystyrene, the peak of the heat release rate (pHRR) was 37.61% lower than that of pure polystyrene, UL-
94 reached V-0 grade, and the flame retardant index (FRI) was 2.98. In addition, when the PFAA-DOPO-b-PDEEMA content is 15
wt %, the surface resistivity and volume resistivity of polystyrene composites are 2 orders of magnitude lower than those of
polystyrene. This research work provides a reference for the design of bifunctional and even multifunctional polymers.

1. INTRODUCTION
With the application of polymer materials becoming more and
more widespread, fire caused by the flammability of polymer
materials has posed a threat to the safety of people’s lives and
property, and the flame retardant problem of polymer materials
needs to be solved urgently.1 In the final analysis, the methods
to improve the flame retardancy of polymer materials can be
divided into two types: materials design and materials
processing. In general, flame retardants are added to polymer
materials to improve the flame retardancy of polymer
materials.2 The flame retardant systems mainly include mineral
flame retardants,3−6 halogen flame retardants, nitrogen flame
retardants,7−9 silicone flame retardants,10−12 bio-based flame
retardants13−16 and phosphorus flame retardants.17−23 Among
them, a mineral flame retardant needs to be added in a large
amount to achieve a flame retardant effect, which will have a
certain influence on other properties of materials and halogen
flame retardants are prohibited in many fields because of their
high toxicity. The application of nitrogen flame retardants is
limited due to their low thermal stability. A phosphorus flame
retardant is considered as the best substitute for a halogen
flame retardant because of its nontoxicity.1,13 Jiang et al.

synthesized the DOPO-based macromolecular flame retardant
DOPONH2-S containing P/N/S for flame retardancy of epoxy
resin. When the mass percentage of DOPONH2-S is 6.75 wt %,
the LOI of the epoxy resin composite is 30.5% and UL-94
reaches the grade V-0. At the same time, the impact strength of
the epoxy resin composite is improved by 62.5%, with good
toughness and no damage to Tg.

18 Zhao et al. synthesized an
efficient modifier for MXD6 by combining a DOPO derivative
(DT) and the nucleating agent Bruggolen P22. When 11.0 wt
% DT and 0.1 wt % P22 were added, the crystallinity of MXD6
increased by 60%, LOI increased by 26.52%, and the FRI was
1.65.24 Zhao et al. synthesized a reactive flame retardant
(DTP) containing triazole, phosphaphenanthrene, and hy-
droxy groups; although the addition of DTP weakens the
stability of epoxy thermosets, it decreases the degradation rate
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and increases the char yield at 750 °C. With the addition of 6
wt % DTP (P content: 0.5 wt %), the LOI value of the epoxy
resin composite was 31.42% and obtained a V-0 rating in a UL-
94 test.25 Zhang et al. adopted a 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide derivative (DiDOPO) with a
conjugated structure as a new conjugated flame retardant.
Polypropylene (PP)/DiDOPO conjugated flame retardant
composites were prepared by melt extrusion with a twin-
screw extruder. It is said in this paper that DiDOPO can
significantly improve the flame retardant effect of PP. When
the content of DiDOPO in conjugated structure was 16 wt %,
the LOI value of polypropylene composites was 24%, reaching
V-0 grade, and the composites might have low conductivity
and charge mobility. In addition, according to the data
provided in this paper, the FRI value at this time was 0.80.26

Yang et al. synthesized the multifunctional flame retardant
EAD with a conjugated structure by an addition reaction of P−
H of DOPO and the alkynyl group of 4-ethynylaniline (EA).
When 2 wt % EAD was added to the epoxy resin, the
phosphorus loading was only 0.186 wt %, which could
effectively improve the flame retardancy of the epoxy resin
and LOI increased by 31% and UL-94 reached V-0 grade.27 To
sum up, DOPO is often used as a basic raw material to
synthesize phosphorus flame retardants with high molecular
weight, and these DOPO-based flame retardants have obvious
flame retardant effects. However, these DOPO-based flame
retardants with large molecular weight are still small-molecule
flame retardants, and their structures and functions cannot be
customized.
In recent years, there have been more and more studies on

bifunctional and multifunctional additives with flame retard-
ancy and other functions.28−45 Gao et al. prepared PS/silicon-
wrapped ammonium polyphosphate/multiwall carbon nano-
tube (PS/SiAPP/MWCNT) composites with a segregated
structure via the methods of ball milling and hot pressing. The
PS/SiAPP/MWCNT hybrid material was a satisfactory
electromagnetic interference shielding material with excellent
flame retardancy for electronic equipment.46 In addition, Gao
et al. also deposited high-efficiency cetyltrimethylammonium
bromide/multiwall carbon nanotubes@two-dimensional tita-
nium carbide (C-MWCNT@Ti3C2Tx) on PS to prepare PS@
C-MWCNT@Ti3C2Tx composites. SiAPP-NH2@Ti3C2Tx was
prepared by coating ammonium polyphosphate (APP-NH2)
with γ-propyltrimethoxysilane and Ti3C2Tx. Polystyrene
composites with good flame retardancy and electromagnetic
shielding properties were obtained by adding SiAPP-NH2@
Ti3C2Tx to prepare PS@C-MWCNT@Ti3C2Tx.

47 Li et al.
prepared an P−N−Si integrated flame retardant (DGO) by
modifying DOPO with γ-aminopropyltriethoxysilane and
graphene oxide through mild Mannich and silanization
reactions and then made DGO and phenolic resin into a
coating material to obtain a multifunctional flame retardant for
building insulation.48 Yuan et al. took a lotus leaf as a design
inspiration and prepared a hydrophobic porous metal−organic
framework (S-FeMOF) that significantly improved the flame
retardancy of PS on the basis of their original work, which
provided inspiration for the design of a hydrophobic structure
and enlightenment for the preparation of multifunctional
materials.49 Zhu et al. synthesized the multifunctional additives
5,10,15,20-tetra(4-bromophenyl)porphyrin and zinc
5,10,15,20-tetra(4-bromophenyl) orphyrin to improve the
mechanical properties, ultraviolet resistance, thermal stability,
and fire safety of polystyrene.50 It can be seen that the research

on developing bifunctional and even multifunctional additives
with flame retardancy is increasing.
Controlled radical polymerization techniques, including

atom transfer radical polymerization (ATRP) and reversible
addition−fragmentation chain-transfer (RAFT) polymeriza-
tion, have been developed in the field of precision polymer
chemistry.51 ATRP is one of the most important living/
controlled free radical polymerizations. Compared with the
traditional free radical polymerization, ATRP has the
characteristics of a controllable molecular weight of the
polymer and a narrow molecular weight distribution, and
ATRP is usually used in polymer molecular design to
customize the molecular structure and function of poly-
mers.51−59 Cao et al. successfully copolymerized various vinyl
monomers, including acrylate, styrene, acrylonitrile, and
acrylamide, with α-haloacrylate by the ATRP technology,
which realized chain growth, and a high monomer conversion
rate and produced well-defined branched polymers with
tunable degrees of branching.52 Tamura et al. first synthesized
the macromonomer poly(methyl methacrylate) (PMMA) by
the ATRP technology and then prepared a PMMA bottle
brush polymer by ring-opening metathesis polymerization then
used the PMMA bottle brush polymer to effectively control
and eliminate the orientation birefringence of the optical
polymer PMMA.60 It can be seen that ATRP has unique
advantages in polymer structure design and function
predetermination.
Electroconductive PS composites with ideal flame-retardant

properties are considered as potential electromagnetic
interference (EMI) shielding materials.46 For the phospho-
rus-containing flame retardant DOPO and its derivatives
usually are designed to possess double bonds for polymer-
ization,61 and some studies have shown that the amino groups
are protonated and hydrophilic.62 Therefore, we expect to use
the ATRP technology to achieve the combination of DOPO
and DEAEMA properties and prepare a bifunctional high-
molecular-weight additive with flame retardancy and a certain
conductivity with a controllable structure. In addition, many
years of experience have confirmed that screw extruders are
better machines for the preparation of materials with a
heterogeneous composition. This is mainly due to the higher
shear stress generated on materials and a more efficient heat
and mass transfer of screw extruders compared to piston
extruders. Melt compounding via screw extrusion is an efficient
technique for the preparation of novel polymer blends and
composites.2 Therefore, we chose a twin-screw extruder to mix
the composites fully and uniformly before sample preparation.

2. MATERIALS AND METHODS
2.1. Materials. 9,10-Dihydro-9-oxa-10-phosphaphenan-

threne 10-oxide (DOPO, 97%, AR), anhydrous ethanol
(99.5%, AR), formaldehyde aqueous solution (FA, 37%, AR),
triethylamine (TEA, 99%, AR), dichloromethane (DCM,
99.5%, AR), acryloyl chloride (AC, 96%, stabilized with 200
ppm of 4-methoxyphenol, AR), N,N-dimethylformamide
(DMF, 99.5%, AR), ethyl α-bromoisobutyrate (EBiB, 98%,
AR), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDE-
TA, 99%, AR), acetic acid (99.5%, AR), 2-(diethylamino)ethyl
methacrylate (DEAEMA, 99%, AR), and cuprous bromide
(CuBr, AR) were purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Polystyrene (158 K) was
purchased from BASF-YPC Co., Ltd. These reagents were used
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as received without further purification, except that CuBr was
purified with acetic acid before use.
2.2. Synthesis of 6-(Hydroxymethyl)dibenzo[c,e][1,2]-

oxaphosphinine 6-oxide (FA-DOPO). Referring to Wang’s
literature method,61 the method63 in Zhou’s study was
improved, and FA-DOPO was synthesized by a one-step
feeding method. The synthetic procedures of FA-DOPO are
illustrated in Scheme 1. DOPO (89.14 g, 0.4 mol) and 37% FA
aqueous solution (40.58 g, 0.5 mol) were dissolved in 250 mL
of anhydrous ethanol in a four-necked round-bottom flask
equipped with a magnetic stirring rotor, a condenser tube, a
thermometer, and a nitrogen protection device. Then the
mixture was heated to 60 °C with stirring until the mixed
solution became a uniform transparent solution; then the
reaction temperature was increased to 95 °C and the solution
refluxed for 8 h. After cooling to room temperature and
standing overnight, the precipitated white powder was
collected by filtration, washed several times with anhydrous
ethanol, and dried under vacuum at 40 °C. Yield: 90%. 1H
NMR (600 MHz, CDCl3, ppm): δ 8.03 (dd, J = 8.1, 4.8 Hz,
1H), 8.01−7.94 (m, 2H), 7.75 (t, J = 7.7 Hz, 1H), 7.56 (ddd, J
= 7.9, 7.0, 3.2 Hz, 1H), 7.42−7.38 (m, 1H), 7.28 (dd, J = 9.0,
1.4 Hz, 2H), 4.31−4.19 (m, 2H), 2.37 (s, 1H). FTIR (KBr,
cm−1): 3316 (CH2−OH), 2930 (−CH2−), 1585 (P−Ph),

1208 (P�O), 1120, 760 (P−O−Ph). The band at 2440 cm−1

belonging to a P−H bond disappeared.
2.3. Synthesis of (6-Oxidodibenzo[c ,e][1,2]-

oxaphosphinin-6-yl)methyl acrylate (FAA-DOPO). Refer-
ring to Wang’s literature method,61 the synthetic procedures of
FAA-DOPO are illustrated in Scheme 1. The detailed synthesis
processes are shown as follows. FA-DOPO (49.24 g, 0.2 mol)
and TEA (20.44 g, 0.2 mol) were dissolved in 100 mL of DCM
in a four-necked round-bottom flask equipped with a magnetic
stirring rotor, a condenser tube, a thermometer, a nitrogen
protection device, and a constant-pressure dropping funnel.
AC (18.86 g, 0.20 mol) in 50 mL of DCM was added dropwise
at −5 to 0 °C over 6 h with the constant-pressure dropping
funnel. The mixture then was heated to room temperature and
stirred for 24 h. Subsequently, the precipitated triethylamine
hydrochloride was removed by filtering, and the filtrate was
rotary evaporated to remove the solvent under reduced
pressure. The residue was washed with DCM, the rotary
evaporation step was repeated, and the product was dried
under vacuum at 40 °C; an orange-yellow viscous product was
obtained. Yield: 80%. 1H NMR (600 MHz, CDCl3, ppm): δ
8.04−7.99 (m, 1H), 7.99−7.90 (m, 2H), 7.75 (ddt, J = 8.4, 7.3,
1.2 Hz, 1H), 7.58−7.52 (m, 1H), 7.38 (ddt, J = 8.9, 7.7, 1.4
Hz, 1H), 7.26−7.22 (m, 2H), 6.01 (dd, J = 17.3, 1.3 Hz, 1H),

Scheme 1. Synthesis Route for FA-DOPO, FAA-DOPO, PFAA-DOPO-Br, and PFAA-DOPO-b-PDEAEMA
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5.78 (dd, J = 17.3, 10.5 Hz, 1H), 5.66 (dd, J = 10.5, 1.3 Hz,
1H), 4.87−4.64 (m, 2H). FTIR (KBr, cm−1): 2930 (−CH2−),
1740 (C�O), 1625 (C�C), 1585 (P−Ph), 1208 (P�O),
1120, 760 (P−O−Ph). The band at 3316 cm−1 belonging to
the CH2−OH bond disappeared.
2.4. Synthesis of Macroinitiator PFAA-DOPO-Br via

ATRP. PFAA-DOPO-Br was synthesized using the ATRP
technique as follows; the synthetic procedures of PFAA-
DOPO-Br are illustrated in Scheme 1. FAA-DOPO (6.005 g,
0.02 mol), EBiB (0.039 g, 0.0002 mol), CuBr (0.0287 g,
0.0002 mol), and PMDETA (0.104 g, 0.0006 mol) were
dissolved in 100 mL of DMF in a four-necked round-bottom
flask equipped with a magnetic stirring rotor, a condenser tube,
a thermometer, and a gas inlet/outlet. The reaction mixture
was deaerated by nitrogen gas for some minutes, and then the
reaction temperature was raised to 130 °C and the mixture
refluxed for 9 h. After the mixture was cooled to room
temperature, the precipitated light yellow powder was collected
by filtration, washed several times with anhydrous ethanol, and
dried under vacuum at 40 °C. 1H NMR (600 MHz, CDCl3): δ
7.86 (s, 3H), 7.57 (s, 1H), 7.37 (s, 1H), 7.23(s, 1H), 7.11 (s,
2H), 4.53 (s, 2H), 3.42(s, 1H), 3.13−2.66 (m, 2H). FTIR
(KBr, cm−1): 2930 (−CH2−),1740 (C�O), 1585 (P−Ph),
1208 (P�O), 1120, 760 (P−O−Ph). The band at 1625 cm−1

belonging to the C�C bond disappeared.
2.5. Synthesis of PFAA-DOPO-b-PDEAEMA via ATRP

Using PFAA-DOPO-Br Initiator. PFAA-DOPO-b-PDEAE-
MA was synthesized using the ATRP technique as follows; the
synthetic procedures of PFAA-DOPO-b-PDEAEMA are
illustrated in Scheme 1. DEAEMA (9.3566 g, 0.05 mol),
PFAA-DOPO-Br (13.26g, 0.0005 mol), CuBr (0.0717 g,
0.0005 mol), and PMDETA (0.2626g, 0.0015 mol) were
dissolved in 300 mL of DMF in a four-necked round-bottom
flask equipped with a magnetic stirring rotor, a condenser tube,
a thermometer, and a gas inlet/outlet. The reaction mixture
was deaerated by nitrogen gas for some minutes, and then the
reaction temperature was raised to 130 °C and the mixture
refluxed for 9 h. After the mixture was cooled to room
temperature, the precipitated yellow powder was collected by
filtration, washed several times with anhydrous ethanol, and
dried under vacuum at 40 °C. 1H NMR (600 MHz, CDCl3): δ
8.05−7.18 (m, 8H), 4.53 (s, 9H), 3.42 (s, 1H), 3.13−2.66 (m,
2H), 2.16 (s,7H). FTIR (KBr, cm−1): 2930 (−CH2−), 2870
(−CH3), 1740 (C�O), 1585 (P−Ph), 1208 (P�O), 1120,
760 (P−O−Ph).
2.6. Preparation of PFAA-DOPO-b-PDEAEMA/Poly-

styrene Test Splines. PFAA-DOPO-b-PDEAEMA and
polystyrene were mixed with a GRH-10 high speed mixer
according to the mass ratios of 0%, 2%, 4%, 6%, 8%, 10% and
15%, respectively, extruded by a SHJ-20B double-screw
extruder, and pelletized by a JDIA pelletizer, and the test
samples were prepared by a FH-100 injection molding
machine.
2.7. Characterization. 1H NMR spectra were recorded

with a Bruker AVANCENMR instrument operating at 600
MHz for 1H at room temperature, using CDCl3 (1H, 7.26
ppm) as a solvent with the internal standard TMS (1H, 0.00
ppm).
The Fourier transform infrared (FTIR) spectra were

recorded with a PerkinElmer Spectrum One B spectrometer
using KBr pellets. Spectra in the range of 4500−450 cm−1 were
obtained by 32 scans at a resolution of 4 cm−1.

The X-ray photoelectron spectra (XPS) were recorded with
a Thermo ESCALAB250Xi spectrometer using Al Kα excition
radiation (hν −5000 eV).
The number-averaged molar mass (M̅n) and polydispersity

index (PDI) were determined with a Wyatt GPC/SEC-MALS
instrument equipped with a DAWN 8 laser light scattering
detector and an Optilab T-Rex refractive index detector, using
DMF (0.5 mL/min) with 0.1 M LiBr as the mobile phase at 50
°C, and polystyrene standards with narrow distributions were
used for calibration.
The limiting oxygen index (LOI) measurement was carried

out with a JF-3 oxygen index measurement instrument
according to the GB/T2406.2-2009 testing procedure with a
sample size of 100 mm × 10 mm × 4 mm (length × width ×
thickness).
Cone calorimeter (CC) tests were carried out with an FTT

Cone calorimeter according to ISO 5660 with a heat flux of 50
kW m−2. The experiments were terminated after the flame
stopped for 100 s. The sample size was 100 mm × 100 mm × 3
mm (length × width × thickness).
Vertical burning tests (UL-94) tests were carried out with a

M607 UL-94 instrument according to GB/T 2408-2021. The
dimension of specimens was 125.0 mm × 13.0 mm × 3.0 mm
(length × width × thickness).
Vahabi proposed a dimensionless measure to quantify the

flame retardancy of thermoplastic polymer matrix composites
by measuring the peak of the heat release rate (pHRR), total
heat release (THR), and time to ignition (TTI) based on cone
calorimetry, and defined it as the flame retardant index (FRI).
The FRI was defined as the ratio ( )THR pHRR

TTI
× between the

neat polymer and the corresponding thermoplastic composite
containing only one flame retardant additive, and the FRI can
be categorized into FRI < 1, 1 < FRI < 10, and 10 < FRI < 100,
corresponding to the flame retardancy performance symbol-
ized as “poor”, “good” and “excellent”, respectively.1,24,64−66
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( )

flame retardancy index (FRI)

THR

THR

pHRR
TTI neat polymer

pHRR
TTI composite

=
×

×
(1)

The surface resistivity (ρs) and volume resistivity (ρv) of
composite materials were measured by a PC68 high resistivity
meter made by Shanghai No.6 Electric Meter Factory, which
was used to characterize the antistatic properties of the
materials. A, ρv, and ρs are calculated using eqs 2−4,
respectively:

A d g
4

( )1
2= +

(2)

R
A
hv v=

(3)

R
P
gs s=

(4)

In these formulas, A is the effective area of the protected
electrode in m2, d1 is the diameter of the protected electrode in
m; g is the gap between measuring electrodes in m, ρv is the
volume resistivity in Ω m; Rv is the volumetric resistance in Ω;
h is the thickness of the sample in m, ρs is the surface resistivity
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in Ω m, Rs is the surface resistance in Ω, and P is the effective
perimeter of the protected electrode in m.

3. RESULTS AND DISCUSSION
3.1. Structure Characterization of PFAA-DOPO-b-

PDEAEMA. 3.1.1. FTIR Analysis. The FTIR spectrum of
PFAA-DOPO-b-PDEAEMA is shown in Figure 1a. For
convenience of comparison, FTIR spectra of DOPO, FA-
DOPO, FAA-DOPO, and PFAA-DOPO-Br are also provided
in Figure 1a.
As far as the FTIR spectrum of FA-DOPO is concerned,

after the addition reaction between DOPO and FA, the
absorption peak at 2440 cm−1 for the P−H stretching vibration
in DOPO disappeared, while a new absorption peak at 3316
cm−1 for the C−OH stretching vibration appeared. The
absorption peaks at 1585 cm−1 (P−Ph), 1208 cm−1 (P�O),

and 1120 and 760 cm−1 (P−O−Ph) were assigned to the
cyclic DOPO structure, which was well maintained.
For FAA-DOPO, when the substitution reaction between

FA-DOPO and AC occurred, the peak at 3316 cm−1 for the
C−OH stretching vibration disappeared, and new peaks at
1740 cm−1 for C�O and 1625 cm−1 for the C�C stretching
vibration can be observed clearly, which demonstrated the
presence of an acrylate group in FAA-DOPO. Besides these,
the other characteristic absorption peaks that belonged to the
cyclic DOPO structure were still well maintained in FAA-
DOPO.
When the macroinitiator PFAA-DOPO-Br was prepared by

ATRP polymerization with FAA-DOPO as the monomer, the
band at 1625 cm−1 for the C�C stretching vibration in FAA-
DOPO disappeared and the other characteristic absorption
peaks that belonged to the FAA-DOPO structure were still
well maintained in PFAA-DOPO-Br.

Figure 1. (a) FTIR spectra and (b) 1H NMR spectra of DOPO, FA-DOPO, FAA-DOPO, PFAA-DOPO-Br, and PFAA-DOPO-b-PDEAEMA.
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For the block copolymer PFAA-DOPO-b-PDEAEMA, it can
be seen that the functional groups of PFAA-DOPO-b-
PDEAEMA and PFAA-DOPO-Br have almost the same
chemical structures as shown in Scheme 1, and according to
Dong67 and Lu,68 the position of the N−C chemical bond of
the tertiary amine in PFAA-DOPO-b-PDEAEMA is difficult to
distinguish, as shown in Figure 1a; the positions of the
characteristic functional groups in the FTIR spectra of PFAA-
DOPO-b-PDEAEMA and PFAA-DOPO-Br are almost the
same, but the peak intensity of the characteristic functional
groups is increased.
3.1.2. 1H NMR Analysis. A 1H NMR spectral comparison of

DOPO, FA-DOPO, FAA-DOPO, PFAA-DOPO-Br, and
PFAA-DOPO-b-PDEAEMA is provided in Figure 1b. As far
as the 1H NMR spectrum of FA-DOPO is concerned, the
signal of P−H(a) in 8.56 ppm disappeared. The signals of the
Ph−H proton were observed in the range 8.03−7.28 ppm. The
chemical shifts of the characteristic protons −C(OH)−H(b)
and C−OH(c) were found at 4.31−4.19 and 2.37 ppm,
respectively, confirming the expected structure of FA-DOPO.
As compared to FA-DOPO, the characteristic shifts of C−

OH(c) completely disappeared in FAA-DOPO, and the
−CH�CH2(e,f) protons gave rise to signals in the range of
6.01−5.66 ppm, which demonstrated the existence of an
acrylate group. Additionally, the 1H NMR spectra of
−CH2(b)− in FA-DOPO and −CH2(d)− in FAA-DOPO
showed signals at 4.31−4.19 and 4.87−4.64 ppm, respectively,
because of the different chemical environment.
As compared to FAA-DOPO, the characteristic shifts of

−CH�CH2(e,f) completely disappeared in PFAA-DOPO-Br,
and the −CH(g)− and −CH2(h)− protons gave rise to signals
at 3.42 and 3.13−2.66 ppm, respectively. Additionally, the 1H
NMR spectra of Ph−H and −CH2(d)− in PFAA-DOPO-Br
showed signals at 7.86−7.11 and 4.53 ppm, respectively.
Furthermore, these 1H NMR peaks present hill-like peaks that
polymers should have.
As compared to PFAA-DOPO-Br, the characteristic shifts of

Ph−H and −CH2(d)− are almost unchanged, but the relative
proportion of the number of protons has changed. Addition-
ally, the 1H NMR spectra of−CH(g)−, −CH2(h)−, and
−CH3(i) in PFAA-DOPO-b-PDEAEMA showed signals at
3.36 ppm. Furthermore, these 1H NMR peaks present hill-like
peaks that polymers should have.
In addition, we will use GPC and XPS to further characterize

the successful synthesis of PFAA-DOPO-b-PDEAEMA.
3.1.3. GPC Analysis. The GPC trace of PFAA-DOPO-b-

PDEAEMA is shown in Figure 2. For better comparison, the
GPC trace of the corresponding macroinitiator PFAA-DOPO-
Br is also shown in Figure 2. The number-average molecular
weights of PFAA-DOPO-Br and PFAA-DOPO-b-PDEAEMA
were 26520 and 38700, respectively, and the PDIs of PFAA-
DOPO-Br and PFAA-DOPO-b-PDEAEMA were 1.062 and
1.063, respectively. The number of structural units in PFAA-
DOPO-Br and PFAA-DOPO-b-PDEAEMA was calculated
according to the GPC test results and the molecular weight of
each structural unit in the polymer. According to the calculated
results, PFAA-DOPO-Br and PFAA-DOPO-b-PDEAEMA
were named PFAA-DOPO88-Br and PFAA-DOPO88-b-
PDEAEMA66, respectively. Furthermore, the ratio of proton
numbers in the polymer structure calculated by GPC
measurement is consistent with the corresponding proton
integral ratio in 1H NMR spectra.

3.1.4. XPS Analysis. XPS spectra of PFAA-DOPO-b-
PDEAEMA are shown in Figure 3. For a better analysis, the
electron binding energy data in the peak fitting diagram of C
1s, O 1s, N 1s, and P 2p in Figure 3 are mapped to the
characteristic functional groups of PFAA-DOPO-b-PDEAE-
MA, and this correspondence is given in Table 1.69 The
chemical environment of O in the molecular structure of
PFAA-DOPO-b-PDEAEMA is relatively simple, and according
to the above GPC analysis, the numbers of −P−O− bonds,
−P�O bonds, −C−O− bonds, bonds, and

bonds in the molecular structure of PFAA-DOPO-b-
PDEAEMA are 88, 88, 154, 88, and 154, respectively.
Therefore, in the fitting data of O 1s, the fitting peak area
corresponding to −P−O− bonds and −P�O bonds, the sums
of the fitting peak area corresponding to −C−O− bonds and

bonds and the fitting peak area percentages

corresponding to bonds should be 15.385%, 15.385%,
42.308%, and 26.922%, respectively, which is consistent with
the peak fitting data of O 1s in Table 1. In addition, in C 1s
fitting data, the peak area corresponding to each fitting curve is
slightly different from the corresponding functional group
percentage in PFAA-DOPO-b-PDEAEMA, but the overall
coincidence is very high. The results of XPS analysis were
consistent with those of 1H NMR and GPC. According to the
above FTIR, 1H NMR, GPC, and XPS analysis results, PFAA-
DOPO88-b-PDEAEMA66 was successfully synthesized by
ATRP.
3.2. Flame Retardancy of PFAA-DOPO-b-PDEAEMA.

In order to characterize the flame retardancy of PFAA-DOPO-
b-PDEAEMA, PFAA-DOPO-b-PDEAEMA was added with
polystyrene in different proportions to form test splines. Figure
4 shows the heat release rate (HRR) curve of the samples, and
some detailed data, such as LOI, HRC, pHRR, THR, and Tp,
are given in Table 2.
According to the LOI data in Table 2, the LOI of the

composites showed an upward trend with an increase in the
addition of PFAA-DOPO-b-PDEAEMA in polystyrene; when
the addition of PFAA-DOPO-b-PDEAEMA was 15 wt %, the
LOI value of the composites increased by 53.51% compared
with that of pure polystyrene. As also shown in Figure 4, the
HRR value of the composites is significantly lower than that of
pure polystyrene. According to the CC data in Table 2, with
the increase of PFAA-DOPO-b-PDEAEMA content in

Figure 2. GPC traces of the macroinitiator PFAA-DOPO-Br (a) and
the corresponding block copolymer PFAA-DOPO-b-PDEAEMA (b).
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polystyrene, the HRC, pHRR, and THR of the composites
decreased obviously, and when the PFAA-DOPO-b-PDEAE-
MA content was 15 wt %, the HRC, pHRR, and THR of the
composites decreased by 44.01%, 37.61%, and 42.89%,
respectively, compared with pure polystyrene. In addition,
the FRI values of PFAA-DOPO-b-PDEAEMA composites are
all greater than 1 and less than 10, which shows that the flame
retardant performance of PFAA-DOPO-b-PDEAEMA is
“good”. When the mass percentage of PFAA-DOPO-b-
PDEAEMA is 15 wt %, the flame retardant ability of the

flame retardant in this study is relatively good compared with
the flame retardant index of the flame retardant summarized by
Vahabi in the literature.64,70

3.3. Antistatic Properties of PFAA-DOPO-b-PDEAE-
MA. Table 3 gives the surface resistivity and volume resistivity
of polystyrene composites with addition of 0, 2, 4, 6, 8, 10, and
15 wt % PFAA-DOPO-b-PDEAEMA in polystyrene. The data
in Table 3 show that the addition of PFAA-DOPO-b-
PDEEMA can reduce the surface resistivity and volume
resistivity of polystyrene composites; when the addition

Figure 3. XPS spectra of PFAA-DOPO-b-PDEAEMA: (a) wide-scan spectra of PFAA-DOPO-b-PDEAEMA; (b−e) C 1s, O 1s, N 1s, and P 2p
core-level high-resolution spectra of PFAA-DOPO-b-PDEAEMA, respectively.

Table 1. Binding Energy and Peak Area of XPS C 1s, O 1s, N 1s and P 2p Peaks of PFAA-DOPO-b-PDEAEMA

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05809
ACS Omega 2022, 7, 44287−44297

44293

https://pubs.acs.org/doi/10.1021/acsomega.2c05809?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05809?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05809?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05809?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05809?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05809?fig=tbl1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


amount of PFAA-DOPO-b-PDEEMA is 15 wt %, the surface
resistivity and volume resistivity of composites decrease by 2
orders of magnitude. The surface resistivity and volume
resistivity of polystyrene composites decreased to 1.96% and
1.82% of the surface resistivity and volume resistivity of pure
polystyrene, respectively. It can be seen that the addition of
PFAA-DOPO-b-PDEEMA can reduce the surface resistivity
and volume resistivity of polystyrene composites to a certain
extent, and it is promising as a potential electromagnetic
interference shielding material.

4. CONCLUSIONS
A novel bifunctional high-molecular-weight block copolymer
based on the DOPO structure was synthesized by the ATRP
technique. The addition of PFAA-DOPO-b-PDEAEMA has an
obvious influence on the flame retardant properties of PS
materials and has a certain degree of influence on the electrical
conductivity of PS materials. When the addition of PFAA-
DOPO-b-PDEAEMA was 15 wt %, the LOI value of
polystyrene increased from 18.5% to 28.4%, the UL-94 test
reached V-0 grade, the flame retardant index value reached
2.98, the flame retardant ability was “good”, and the volume
resistivity and surface resistivity decreased by 2 orders of
magnitude. It can be seen that the flame retardant property of
PFAA-DOPO-b-PDEAEMA is remarkable, while the antistatic
property is slightly improved. In the future, it is necessary to
solve the problem of the low antistatic performance of PFAA-
DOPO-b-PDEAEMA.
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PDEAEMA in Polystyrenea

content (wt %) UL-94 LOI (%) HRC (J g−1 K−1) TT I(s) pHRR (W g−1) THR (kJ g−1) Tp (°C) FRI

0 N/A 18.5 1161.0 33.1 1101.6 47.8 438.4 1
2 V-2 19.9 901.8 33.5 977.5 38.3 443.2 1.42
4 V-2 21.3 792.4 34.8 918.0 36.3 445.1 1.66
6 V-1 23.2 720.8 34.8 785.2 28.8 448.7 2.45
8 V-0 23.4 658.3 34.9 730.7 28.4 450.2 2.68
10 V-0 28.1 751.4 35.1 690.6 27.5 453.7 2.94
15 V-0 28.4 650.1 35.1 687.3 27.3 454.1 2.98

aAbbreviations: HRC, heat release capacity; pHRR, peak heat release rate; THR, total heat release; Tp, temperature of pHRR.

Table 3. Surface Resistivity and Volume Resistivity of
Polystyrene Composites with Addition of 0, 2, 4, 6, 8, 10,
and 15 wt % PFAA-DOPO-b-PDEAEMA in Polystyrene

content (wt %) surface resistivity (Ω) volume resistivity (Ω m)

0 1.68 × 1016 1.59 × 1015

2 1.21 × 1016 9.58 × 1014

4 4.8 × 1015 7.66 × 1014

6 3.6 × 1015 2.65 × 1014

8 1.92 × 1015 1.19 × 1014

10 7.5 × 1014 5.4 × 1013

15 3.3 × 1014 2.9 × 1013
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