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It is of great significance to develop high-performance epoxy resins (EPs) combining superior flame retardancy,
smoke suppression, thermal oxidation stability, transparency and mechanical properties. However, current flame
retardant design strategy usually realizes satisfied flame retardancy at the expense of other properties. Herein, a
novel multifunctional high-efficiency boron-containing polyphosphonamide (PB) is synthesized, and its impacts
on integrated properties of EP are studied thoroughly. As expected, the well-designed PB features high flame
retardant efficiency due to the combination of phosphorus, boron and nitrogen elements, only 3 wt% of which
increases the limiting oxygen index (LOI) and UL-94 classification of EP thermoset to 32.2% and V-0, with a
~32.2% decrease in the peak smoke production rate (PSPR). Compared with the unmodified EP sample, the
tensile strength, elongation at break and impact strength of EP sample with 3 wt% PB are elevated by ~29.8%,
~37.7% and ~50.2%, respectively. Meanwhile, high glass transmission temperature and transparency are
maintained. Hence, this work offers an integrated strategy to develop highly efficient multifunctional poly-
phosphonamides for the preparation of high-performance flame-retardant and smoke-suppressive EPs combining
high mechanical strength and toughness, thermal resistance and transparency, which are expected to meet the
increasingly rigorous industrial requirements.

1. Introduction

Polymeric materials have penetrated into every aspect of our life due
to their light weight, low cost, superior chemical resistance, electric
insulation and mechanical performances [1-4]. As is well known, fire is
one common disaster that poses a serious threat to the public safety and
brings great loss of mankind annually, and unfortunately most of poly-
meric materials are highly flammable, thus the fire-proof requirements
on them are continuously raising in recent years [5-7]. Although epoxy
resins (EPs), as one of the most common polymers, exhibit outstanding
integrated performances, they also suffer from inflammability, e.g., low
limiting oxygen index (LOI) of 23-26% and no rating (NR) in UL-94
vertical burning test [8-10]. Hence, it is of great significance to

address the flammability issues of EPs. Traditionally, halogen-based
flame retardants (FRs) are able to impart great flame retardancy to
epoxy resins, but they will release a great deal of toxic and harmful
smoke during combustion, thus many of them have been prohibited
[11-14]. This has significantly driven the development of halogen-free
alternatives for epoxy resins.

Phosphorus (P)-based FRs have been recognized as one of the most
promising halogen-free FRs for their good thermal stability and low
toxicity/smoke [15-17]. P-based FRs can be simply divided into two
types: low-molecular and oligomeric/polymeric [18-20]. Generally, the
low-molecular P-based FRs enhance the flame retardancy of EPs at the
expense of mechanical properties, e.g., strength and toughness, and they
face the migration and leaching issues during practical applications. By
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contrast, the oligomeric/polymeric P-based FRs can effectively avoid
these issues, and some of them can even improve the flame retardancy
and mechanical properties simultaneously [18,21,22]. For instance,
Wang et al. [23] synthesized a 9, 10-dihydro-9-oxa-10-phosphaphenan-
threne 10-oxide (DOPO)-derived oligomer (PDAP) for the preparation of
flame-retardant epoxy resins. With the addition of 7 wt% of PDAP, the
as-prepared EP sample exhibits a high LOI of 35.3% with a UL-94 V-
0 rating. Meanwhile, its tensile strength is increased from 74.16 MPa of
the neat EP sample to 82.44 MPa by 11.2%. Wang et al. [24] reported
the synthesis of a poly(DOPO substituted phenyl dimethanol pentaery-
thritol diphosphonate) (PFR) by polycondensation of DOPO-
disubstituted benzenedimethanol with pentaerythritol diphosphonate
dichloride. 15 wt% of PFR endows epoxy thermoset with enhanced
flame retardancy and toughness, e.g., a high LOI of 36.0%, a UL-94 V-
0 rating, a 60% reduction in peak heat release rate (PHRR, obtained
from microscale combustion calorimeter) and a 50% increase in elon-
gation at break. Zhang et al. [25] also reported a multifunctional P-
containing hyperbranched flame retardant (ITA-HBP) for EPs, which
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combined the flame-retardant, reinforcing and toughening effects.
These attempts have indicated that the application of oligomeric/poly-
meric P-containing flame retardants is able to maintain the inherent
mechanical properties of epoxy thermosets.

Unfortunately, the low flame-retardant efficiency is one major issue
of oligomeric/polymeric P-containing flame retardants, leading to a
high loading level (>5 wt%) required to achieve satisfactory flame
retardancy (e.g., a UL-94 V-0 rating). In previous works, it had been
proved that introducing additional flame-retardant atoms, such as boron
(B), silicon (Si) and nitrogen (N), into P-based FRs contributed to
boosting the flame-retardant efficiency [26-29]. For example, Qiu et al.
[30] reported a P/N-containing high-efficiency flame retardant (TOD)
for epoxy resin. 4 wt% of TOD increases the LOI and UL-94 classification
of EP thermoset to 35.9% and V-0, with 42.4% and 46.5% reductions in
PHRR and total heat release (THR). Similar P/N-containing flame
retardant for epoxy resin has also been reported in other works [31-33].
Additionally, Duan et al. [34] synthesized a P/N/B-containing flame
retardant (TDB) via substitution and esterification between 1,3,5-tris(2-
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Fig. 1. (a) Synthetic route of PB, (b) 1H NMR spectra of DA and PB, (c) FTIR spectra of DA and PB, (d) HRMS spectrum of DA, (e) 31p NMR spectrum of PB, TG and

DTG curves of PB in (f) N, and (g) air conditions.
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hydroxyethyl)isocyanurate, diphenyl phosphoryl chloride and boric
acid. Compared with the neat EP sample, EP composite with 10 wt%
TDB shows 52.7%, 30.4%, and 29.2% decreases in PHRR, THR and total
smoke production (TSP), demonstrating obviously improved flame
retardancy and smoke suppression. Accordingly, the efficiency of P-
based FRs can be increased via introducing other flame-retardant ele-
ments, and thus integrating multiple flame-retardant elements into
oligomeric/polymeric FRs may be an effective strategy for creating
multifunctional high-efficiency flame retardants. However, such multi-
flame-retardant-element oligomers/polymers for epoxy resins are
rarely reported.

Herein, this work aims to develop a highly efficient oligomeric P-
containing FR (PB) with multiple efficacies via introducing boron into
polyphosphonamide, which is employed for the fabrication of high-
performance epoxy resin. Our results show that only 3 wt% of PB rai-
ses the LOI and UL-94 classification of EP thermoset to 32.2% and V-0,
and decreases the PHRR and PSPR by ~24.6% and ~32.2% due to the
synergistic effect of P, N and B atoms. Notably, EP thermoset with 3 wt%
PB exhibits improved mechanical strength and toughness, of which the
tensile strength, elongation at break and impact strength are increased
by ~29.8%, ~37.7% and ~50.2%, respectively, reflecting the rein-
forcing and toughening effects of PB. Besides, this EP thermoset shows
high glass transition temperature (180 °C) and transmittance (76.3%).
This work provides a rational design for creating multifunctional high-
efficiency oligomeric flame retardants to fabricate thermally-resistant,
transparent, mechanically-strong/tough, flame-retardant and smoke-
suppressive EPs, which are expected to find extensive applications in
many industrial fields.

2. Experimental section
2.1. Materials

Bisphenol-A type epoxy resin (DGEBA, epoxy value: 0.53 mol/100 g)
was obtained from Yueyang Baling Huaxing Petrochemical Co., Ltd.
(Hunan, China). 1,4-Phenylenebisboronic acid, 3-amino-1,2-propane-
diol, phenylphosphonic dichloride, N,N’-dimethylformamide (DMF),
ethanol (EtOH) and 30% ammonium hydroxide solution were purchased
from Energy Chemical Co., Ltd. (Shanghai, China). 4,4'-Dia-
minodiphenyl methane (DDM) was provided by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Deionized water was made by our
laboratory. All chemicals were employed as received.

2.2. Synthesis of boron (B)-containing compound (DA)

The synthetic procedure of the intermediate product (DA) is pre-
sented in Fig. 1a. Firstly, 9.895 g of 3-amino-1,2-propanediol, 150 mL
DMF and 0.3 g of deionized water were introduced into a single-neck
flask equipped with a magnetic stirrer. After stirring for 10 min, a
transparent solution was obtained, and 9 g of 1,4-phenylenebisboronic
acid was added in batches within 2 h at room temperature. Then, the
mixture was continuously stirred for 24 h. Then, the crude products
were obtained by filtration, followed by washing with DMF for 2-3 times
and vacuum-dried for 24 h at 120 °C. The yield of the obtained inter-
mediate product (DA) was 72%. In addition to the synthesis of PB, DA
was also applied as a control flame retardant.

2.3. Synthesis of boron (B)-containing polyphosphonamide (PB)

3.0 g of DA and 40 mL DMF were mixed for 30 min in a dried three-
neck flask equipped with a mechanical stirrer, dropping funnel, reflux
condenser and nitrogen inlet. 1.9 g of phenylphosphonic dichloride
dissolved in 20 mL DMF was added dropwise to the flask for 2 h at room
temperature. Afterwards, the mixture was heated to 90 °C and stirred for
6 h, and the evolved hydrogen chloride was taken away by nitrogen
flow. The mixture was cooled down to room temperature, and then it
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was filtered. The filtrate was evaporated under reduced pressure at 90 °C
and the final product (PB) was obtained after vacuum-drying at 120 °C
for 24 h with a yield of 78%. The synthesis route was also presented in
Fig. la.

2.4. Synthesis of phenylphosphonic diamine (PD)

Phenylphosphonic diamine (PD) was synthesized successfully ac-
cording to previous work [35], which was utilized as another control
flame retardant to investigate the synergistic flame retardant effect be-
tween boron-containing and phosphorus-containing groups in PB. The
'H and 3!P nuclear magnetic resonance (NMR) spectra of PD were pre-
sented in Fig. S1.

2.5. Fabrication of EP thermosets

The flame retardant EP samples containing 1, 2, 3 and 5 wt% of PB
were prepared using DDM as curing agent, and denoted as EP/DDM/PB-
1, EP/DDM/PB-2, EP/DDM/PB-3 and EP/DDM/PB-5. Besides, the neat
EP and EP thermosets containing 3 wt% DA or PD were fabricated as
control samples, and named as EP/DDM, EP/DDM/DA-3 and EP/DDM/
PD-3. The detailed preparation procedure was as follows, with the for-
mulations listed in Table S1. Typically, PB and EtOH (1 g PB : 10 mL
EtOH) were added into a flask and a transparent solution was obtained
via ultrasonication for 30 min. DGEBA was introduced, and the solution
was stirred for 2 h at 80 °C to remove EtOH. Then, DDM was added, and
the mixture was stirred for 15 min to become transparent. After
debubbling for 5 min under vacuum, the solution was casted into a pre-
heated mould and respectively curing at 120 °C, 140 °C, 160 °C and
180 °C for 2 h, followed by cooling down to room temperature to obtain
transparent sample. EP/DDM/DA-3 and EP/DDM/PD-3 were prepared
via the same process. EP/DDM was fabricated by directly mixing DGEBA
and DDM at 80 °C and curing at the temperature programming
mentioned above.

2.6. Characterizations

'H and 3'P nuclear magnetic resonance (NMR) spectra were
collected via DD2 400-MR spectrometer (Agilent, USA), with the solvent
of DMSO-dg. Fourier transform infrared (FTIR) spectra were obtained
from Nicolet 6700 spectrometer (Thermo Fisher Scientific, USA) in
wavenumber range of 400-4000 cm ! using KBr pellet. High-resolution
mass spectroscopy (HRMS) was performed on Bruker solanX 70 FT-MS
(Bruker, USA). The number-average molecular weight (M;), weight-
average molecular weight (M,,) and dispersity (P) of PB were tested
using gel permeation chromatography (PL-GPC50, Aligent, USA), with
the solvent of DMF and the standard of polystyrene. Thermogravimetric
analysis (TGA) was conducted on TGA 209 F1 thermogravimetric
analyzer (Netzsch, Germany) from 30 °C to 800 °C using a heating rate
of 20 °C/min in air or N, condition.

Dynamic mechanical analysis (DMA) was carried out on DMA Q800
apparatus (TA Instruments, USA) under single cantilever bending mode
at a heat-up rate of 3.00 °C/min from 30 °C to 250 °C. The tensile
properties were investigated via SHK-A104 universal electronic instru-
ment (Hengke, China) at a stretch speed of 5 mm/min according to the
standard of GB/T 1040.1-2006. Five specimens were tested for each
sample. Notched Izod impact strength was tested on ZBC1400-B Izod
impact equipment (Xinsansi, China) based on ISO180/179 standard,
with the specimen dimension of 80 mm x 10 mm x 4 mm and the notch
depth of 2 mm. The result was the averaged of five specimens.

The transparency of EP samples was evaluated by WGT-S trans-
mittance/haze tester (Shanghai ShenGuang Instrument Co, China), with
the film thickness of 0.3 mm. The result was the average of five different
positions in one film. The UV-Vis spectra of EP thin films were recorded
on Lambda 35 spectrophotometer (PerkinElmer, USA) in the visible
region (wavelength: 400-800 nm). X-ray diffraction (XRD) of EP
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samples was conducted on X-ray diffractometer (X’Pert PRO MPD,
Holland) with Cu Ko radiation (A = 1.542 10\) source.

Limiting oxygen index (LOI) was recorded via PX-01-005 oxygen
index instrument (Phinix, China) based on ASTM D2863, and the spec-
imen dimension was 130 x 6.5 x 3 mm> The UL-94 rating was
measured on CZF-3 vertical combustion tester (Jiangning, China) ac-
cording to ISO-1210, with the specimen dimension of 130 x 13 x 3
mm?. Cone calorimeter test was conducted on FTT-0242 cone calorim-
eter (Fire Testing Technology, UK) in accordance with ISO 5660 under
an external flux of 50 kW/m?2. The sample dimension was 100 x 100 x
3.0 mm®. The results listed in this work were the averages of three
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specimens.

The microstructures of char residues for EP samples after cone
calorimeter test and fracture surfaces of EP samples after impact test
were observed by scanning electron microscope (SEM, JSW-5510LV,
EOL, Japan). The chemical compositions of residual chars were inves-
tigated via ESCALAB XI + X-ray photoelectron (XPS) spectrometer
(Thermo Fisher Scientific, USA) with Al Ka radiation. Real-time Fourier
transform infrared (RT-FTIR) spectrophotometer (Nicole IN 10, Thermo
Fisher Scientific, USA) was employed to investigate the evolved char
residues of EP thermosets during thermal oxidation degradation, which
was equipped with a heating device. The KBr pellet technique was used

Table 1
The characteristic data of thermal stability of EP thermosets.
Condition Sample Tso, (°C) Tmax1 (°C) Timax2 °C) Char yield (%)
Calculated value Experimental value
Ny EP/DDM 371 400 / / 16.25
EP/DDM/DA-3 371 402 / 16.51 20.81
EP/DDM/PD-3 360 403 / 16.20 18.17
EP/DDM/PB-1 370 405 / 16.48 18.76
EP/DDM/PB-2 351 403 / 16.70 18.81
EP/DDM/PB-3 347 402 / 16.93 19.86
EP/DDM/PB-5 329 400 / 17.38 20.04
Air EP/DDM 271 287 532 / 0.95
EP/DDM/DA-3 270 299 532 1.51 0.33
EP/DDM/PD-3 276 290 538 1.03 1.75
EP/DDM/PB-1 270 289 535 1.14 1.60
EP/DDM/PB-2 276 299 539 1.32 1.63
EP/DDM/PB-3 279 290 534 1.51 1.68
EP/DDM/PB-5 272 293 534 1.88 3.15
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Fig. 2. TG and DTG curves of EP thermosets under (a, b) N, and (c, d) air flows.
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and heat-up rate was 10 °C/min.

The gaseous decomposition products of EP samples were investi-
gated by TGA coupled with FT-IR (TG-IR, Thermo-Nicolet iS-10).
Acquisition interval was 2.24 s with the resolution of 4 cm™. To study
the pyrolysis behaviors of EP samples, pyrolysis—gas chromatography-
mass spectrometry (py-GC-MS) analysis was performed on Agilent
7890/5975 GC/MS. The GC/MS interface and cracker temperatures
were set to 280 °C and 500 °C, respectively.

3. Results and discussion
3.1. Synthesis and characterization of PB

The synthesis of B-containing polyphosphonamide (PB) is composed
of two steps (see Fig. 1a). The first step is the fabrication of the inter-
mediate product (DA) via the dehydration reaction between 3-amino-
1,2-propanediol and 1,4-phenylenebisboronic acid. The second step is
the elimination reaction of DA and phenylphosphonic dichloride.
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The molecular structure of DA is respectively characterized by FTIR,
'H NMR and HRMS measurements, with the spectra shown in Fig. 1b-d.
As shown in the 'H NMR spectrum of DA, the signal at about 7.8 ppm
belongs to the protons of benzene group. The chemical shifts at 4.4 and
4.1 ppm are attributed to the protons of methylene in cyclic borate, and
those at 3.2-3.5 ppm are assigned to the protons of methyne. Besides,
the signals at 3.0-3.2 ppm are ascribed to the protons of methylene
attached to amino. The integral area ratio of a, b, c and d peaks is 4: 3.89:
1.96: 3.94, which is very close to the theoretical ratio of the corre-
sponding protons in DA. As presented in the FTIR spectrum of DA, the
absorption bands of N-H appear at 3300-3500 cm ™! [36]; the stretching
vibration of the aromatic ring centers at 1650 cm 1 [37] ; the absorption
peak of B-O-C appears at 1370 cm ™' [38]. Meanwhile, the m/z of DA is
276.13631 [M-+H]", which is consistent with the theoretical molecular
weight of DA (see Fig. 1d). All these results confirm that the boron-based
intermediate product (DA) has been successfully synthesized.

The chemical structure of PB is identified by NMR, FTIR and GPC
techniques, and the spectra are presented in Fig. 1b—e. Besides the
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Fig. 3. (a) Storage modulus plots, (b) Tans, (c) stress—strain curves and (d) Young’s moduli and impact strengths of EP thermosets.

Table 2

Data of EP thermosets obtained from DMA, tensile and impact tests.
Sample Tg" (°C) E'® (MPa) Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%) Impact strength (kJ/m?)
EP/DDM 186 2204 53.4 + 3.0 1280.2 +£ 10.5 57 +0.5 8.7 £ 0.6
EP/DDM/DA-3 186 2486 22.6 £1.7 1023.9 + 14.3 2.2+0.7 2.7 +0.1
EP/DDM/PD-3 179 2343 51.9 £25 1102.3 £12.8 3.7+0.7 3.5+04
EP/DDM/PB-1 187 2280 65.3 + 3.2 1364.5 £ 15.1 7.3+ 0.6 12.3 £ 0.5
EP/DDM/PB-2 184 2231 69.2 £ 1.6 1375.4 £+ 30.5 7.5+0.3 12.4 + 0.3
EP/DDM/PB-3 180 2245 69.3+ 1.6 1426.9 + 36.4 7.9+ 0.3 13.0 £ 0.4
EP/DDM/PB-5 177 2584 80.4 + 2.7 1563.4 £+ 20.9 7.1+ 0.5 12.2+ 0.5

# T,: glass-transition temperature, and E': storage modulus at 30 °C.
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signals of DA mentioned above, PB also exhibits the chemical shift at
~7.4 ppm, belonging to the phenyl in phenylphosphonic group (see
Fig. 1b). Meanwhile, there are some new characteristic peaks can be
observed in the FTIR spectrum of PB (see Fig. 1c). In detail, the newly
emerging absorption peaks at 1140, 970 and 750 cm™! are assigned to
P—O0, P—N and P—C, respectively [39,40]. As presented in Fig. 1e, there
is only one peak at 12.4 ppm in the 3!P NMR spectrum of PB, which is
attributed to the phosphorus atom in phenylphosphonic group. Ac-
cording to GPC result, the number-average molecular weight (M;,) and
dispersity (P) of PB are 5072 and 1.8, respectively, demonstrating its
polyphosphonamide structure. Such results verify the successful fabri-
cation of B-based polyphosphonamide (PB).

The thermal stability of PB in nitrogen or air condition is investigated
by TGA, with the curves shown in Fig. 1f and g. In addition, the TG and
DTG curves of the control flame retardants (DA and PD) are shown in
Fig. S2. The initial decomposition temperature (Tso, the temperatures at
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5% weight loss) of PB are around 205 °C, which may be attributed to the
release of HyO, and such Tsy, is higher than the curing temperature of
EP/DDM system (120-180 °C), meaning that PB can meet the solidifi-
cation requirement. In addition, PB exhibits the maximum mass loss
temperatures (Tpaxs) of ~300 °C in both nitrogen and air conditions,
which are lower than the Ts,s of EP/DDM (see Table 1), demonstrating
that PB can thermally degrade to form a protective char shield before the
decomposition of EP matrix. Meanwhile, the char yields of PB reach
38.89% and 19.49% under Ny and air flows, respectively, which are
much higher than those of DA and PD, indicating its superior high-
temperature stability and carbonization capacity due to the combina-
tion of N, B and P atoms. Such results demonstrate that the as-
synthesized PB can serve as an ideal flame retardant for epoxy ther-
moset due to its relatively low decomposition temperature and superior
carbonization capacity.

Fig. 4. SEM micrographs of Izod impact fractured surfaces of (a;, az) EP/DDM, (b;, by) EP/DDM/PB-3, and (c;, c3) EP/DDM/PB-5 under different magnifications.
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3.2. Thermal stability of EP thermosets

The TG and DTG curves of EP thermosets are presented in Fig. 2, with
the characteristic data (Tse, Tmaxi, Tmaxz and char yield) listed in
Table 1. In Ny condition, EP/DDM shows a single-step decomposition,
with a Tso, of 371 °C, a Tiyax1 of 400 °C and a char yield of 16.25%. The
decomposition procedure of EP/DDM involves the breakage of C—O,
C—N, hydrocarbons and aromatic ring [41,42]. With the introduction of
PB, the Tsys of EP/DDM/PB samples are gradually reduced, but they are
all above 320 °C, manifesting relatively high initial decomposition
temperatures. Notably, the Tax1s of EP/DDM/PB samples (400-405 °C)
are the same as and even higher than that of EP/DDM (400 °C). Such
results demonstrate that PB decomposes in advance to form thermally-
stable char to retard the degradation of epoxy matrix. Based on the
char yields of PB and EP/DDM, the theoretical char yields of EP/DDM/
PB samples are calculated, with the values listed in Table 1. All EP/
DDM/PB samples exhibit higher experimental char yields than the
calculated ones, indicating the promotion effect of PB on the char for-
mation of the epoxy matrix. Similar results can be observed in the char
yields of EP/DDM/DA-3 and EP/DDM/PD-3 thermosets, which dem-
onstrates that both of them can facilitate the carbonization of EP/DDM.
Thus, PB combining superior high-temperature stability and promoting
char-formation effect can not only suppress the thermal decomposition
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but also facilitate the charring of EP matrix.

Under air flow, EP shows two degradation steps. In detail, the first
stage is attributed to the degradation of EP skeleton, and the second one
is ascribed to the thermal oxidation decomposition of char residues [17].
Interestingly, the Tso, Tmax1, and Tmaxz of EP/DDM/PB thermosets are
all higher than those of EP/DDM thermoset, demonstrating that PB en-
hances the thermo-oxidative stability of EP/DDM/PB thermosets. The
promotion effect of PB on char formation can also be confirmed by the
difference between the experimental and calculated char yields in air
condition. All these results manifest that PB is capable of suppressing the
decomposition and promoting the charring formation of EP matrix in
both N5 and air conditions.

3.3. Dynamic and static mechanical properties of EP thermosets

The impacts of PB, DA and PD on the dynamic and static mechanical
properties of EP thermosets are investigated by DMA, tensile and
notched Izod impact tests, with the results shown in Fig. 3 and Table 2.
The neat EP/DDM sample exhibits a high T of 186 °C, with a E’ of 2204
MPa (see Table 2). Incorporating PB leads to a reduction in T, followed
by an increase in E’. For instance, the Tgs of EP/DDM/PB-3 and EP/
DDM/PB-5 samples decrease to 180 °C and 177 °C, while the E’s in-
crease to 2245 and 2584 MPa. It is supposed that some epoxy groups in
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Fig. 6. (a) LOI values and UL-94 ratings, (b) heat release rate curves, (c) total heat release plots, (d) fire performance indexes and fire growth rates, (e) smoke

production rate curves, and (f) total smoke production plots of EP samples.

Table 3

Data obtained from cone calorimeter tests of EP samples.
Sample code TTI' ()  PHRR® (kW/m?  THR®(MJ/m®  FPI’ (m%/kW)  FGR® (kW/m%*/s)  PSPR” (m?/s) TSP® (m?) AEHC" (MJ/kg)  RW" (%)
EP/DDM 62+3 1311 + 61 87.5 + 4.1 0.047 + 0.003  11.8+ 0.6 0.453 +0.022  354+20 24.4+12 10.3 £ 0.5
EP/DDM/DA-3 41 +2 1171 + 56 85.9 + 4.2 0.035 + 0.002  12.3+0.5 0.537 £ 0.025 350+1.8  23.8+1.2 149+ 0.7
EP/DDM/PD-3 39 +2 1184 + 57 86.2 + 3.8 0.033 +£ 0.002  12.2+0.5 0.589 £0.030  38.6+22 235+1.0 12.4 + 0.6
EP/DDM/PB-1 80+ 4 1193 + 54 83.7 + 3.9 0.067 + 0.004  85+0.3 0.340 £ 0.017  309+15 23.8+13 13.1 £ 0.7
EP/DDM/PB-2 74 +3 1146 + 48 83.3 £ 3.7 0.065 + 0.003 8.8 +0.2 0.317 £0.022 27.6+1.3  235+1.1 16.1+0.8
EP/DDM/PB-3  70+2 989 +45 76.7 £ 4.0 0.071 +£0.003  7.9+0.3 0.307 £0.019  27.4+14  235+1.3 16.3 + 0.8
EP/DDM/PB-5  66+3 923 +46 78.2 + 3.6 0.072 +0.004  7.1+0.3 0.286 +£0.018  256+1.3 232+1.1 20.8 +1.0

@ TTIL: time to ignition; PHRR: peak heat release rate; THR: total heat release at 500 s; FPI: fire performance index, FPI =

TTI/PHRR; FGR: fire growth rate, FGR =

PHRR/Tpurr (Tpurr: time to PHRR); PSPR: peak smoke production rate; TSP: total smoke production at 500 s; AEHC: average effective heat of combustion; and RW:

residual weight at 500 s.
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DGEBA react with the —NH— groups in PB, leading to inadequate epoxy
groups to participate in the crosslinking reaction with DDM, which re-
duces the crosslinking density and thus T, value. Meanwhile, the
introduction of rigid benzene-rich structure is responsible for the
increased E’ values and thus the rigidity of EP/DDM/PB samples. Similar
phenomenon has been reported in previous works about oligomeric-
flame-retardant-containing EPs [22,23].

Fig. 3¢, d and Table 2 display the tensile strengths, Young’s moduli,
elongations at break and impact strengths of EP thermosets. The neat
EP/DDM sample shows an intrinsically brittle fracture nature, with a
tensile strength of 53.37 MPa, a Young’s modulus of 1280.2 MPa, an
elongation at break of 5.71% and an impact strength of 8.68 kJ/m?.
With the introduction of PB, EP/DDM/PB samples exhibit enhanced
mechanical properties. For instance, the elongation at break and impact
strength of EP/DDM/PB-3 sample are respectively increased to 7.86%
and 13.04 kJ/m? (by ~37.7% and ~50.2%), demonstrating the
enhanced toughness. Additionally, 5 wt% PB enables EP/DDM/PB-5
sample to achieve a tensile strength of 80.42 MPa and a Young’s
modulus of 1563.4 MPa, which are 50.7% and 22.1% higher than those
of EP/DDM sample, further confirming the improvement in mechanical
rigidity and robustness. Such results manifest the reinforcing and
toughening effects of PB towards EP thermoset. Notably, unlike the
oligomeric PB, both low molecular flame retardants (DA and PD) dete-
riorate the mechanical properties of EP/DDM/DA-3 and EP/DDM/PD-3
thermosets, which indicates that the oligomeric flame retardants are
more suitable for the practical applications relative to the low molecular
ones.

To investigate the toughening effect of PB, the microtopographies of
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Izod impact fractured surfaces for EP/DDM, EP/DDM/PB-3 and EP/
DDM/PB-5 samples are studied by SEM, with the micrographs pre-
sented in Fig. 4. The fractured surface of pure EP/DDM sample is rela-
tively smooth with some linear cracks, indicating typical brittle fracture
characteristic. With the introduction of PB, the fractured surfaces of EP/
DDM/PB-3 and EP/DDM/PB-5 samples become rugged, and some small
crinkles appear, demonstrating the increased fracture propagation path
and area, leading to energy dissipation and thus enhanced toughness
[43,44]. Clearly, the flexible B-O bond in PB features higher bond energy
than the chemical bonds in EP matrix [45], which contributes to the
toughening modification of EP thermoset. In addition, the polar phe-
nylphosphonic group in PB strengthens the interaction between EP
matrix and PB, also playing a positive role in toughening EP thermoset
[8,46]. Generally, the well-designed oligomeric PB is capable of simul-
taneously endowing epoxy thermoset with improved mechanical rigid-
ity, robustness and toughness.

3.4. Transparency of EP thermosets

The influence of PB on the optical performances of EP/DDM ther-
moset is investigated by transmittance/haze tester, UV-Vis spectro-
photometer and digital camera, with the results shown in Figs. 5 and
S3a. As shown in Fig. 5a and S3a, the neat EP/DDM film exhibits a high
transmittance of 84.2% and a low haze of 14.1%, while introducing PB
results in the reduced transmittance and increased haze, implying its
negative effect on optical performances of epoxy thermoset. Fortunately,
the transmittances of EP/DDM/PB films maintain at relatively high
levels (66.8-81.3%), and the same downtrend can also be observed in

Ci1 d:

Fig. 7. Digital photos (Top- and side-view) and SEM images of char residues for (a;-a4) EP/DDM, (b;-bs) EP/DDM/PB-1, (c;-c4) EP/DDM/PB-3 and (d;-d4) EP/DDM/

PB-5 after cone calorimeter tests.
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the UV-Vis spectra curves of EP samples in visible region (see Fig. 5b). In
addition, from the digital photos (see Fig. 5c-g), we can find that the
school emblem of NingboTech University is clearly visible although it is
covered by the EP films. However, the EP/DDM/PB films have yellowed
as the PB content increases. All these results verify that although PB
reduces the transparency of EP samples, the transparency of EP/DDM/
PB samples can remain at a relatively high level, which is expected to
find applications in the industrial fields where high transparency is
required.

The optical performance of epoxy thermoset is mainly determined by
the inner crystallization [47,48], and thus the XRD measurement is
conducted, with the spectra presented in Fig. S3b. Obviously, the high
transmittance of EP/DDM sample is attributed to its non-crystallization
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characteristic, as reflected by a broad diffraction peak within 20 =
10°-40°. It is worth noting that all EP/DDM/PB samples also exhibit
such broad diffraction peak, which indicates that the addition of PB do
not affect the amorphous feature of epoxy thermoset. Thus, the addition
of PB can maintain the high transparency of EP/DDM/PB samples.

3.5. Flame retardancy and smoke suppression of EP thermosets

The LOI and UL-94 testes are conducted to initially evaluate the
flame retardancy of EP thermosets, with the results shown in Fig. 6a.
Typically, pure EP/DDM sample suffers from high inflammability,
which shows a low LOI of 26.5% and cannot pass the UL-94 test, indi-
cating the significance of flame retardancy modification. Unfortunately,
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Fig. 8. Raman spectra of residual chars for (a) EP/DDM, (b) EP/DDM/PB-3 and (c) EP/DDM/PB-5 samples, (d) XPS spectra of residual chars for EP/DDM and EP/
DDM/PB-5 samples, (e) Cls, (f) N1s, (g) Ols, (h) Bls and (i) P2p high-resolution XPS spectra of chars for EP/DDM/PB-5 sample.

Table 4
XPS parameters of char residues for EP/DDM and EP/DDM/PB-5 samples.

Sample Atomic ratio (%) Area (%) Cox/C, ratio”
Cls Nls Ols P2p Bls Cls (C=C/C-C) Cls (C—0) Cls (C=0)

EP/DDM 83.11 4.61 12.28 / / 44.5 51.6 3.8 1.24

EP/DDM/PB-5 78.85 4.95 13.92 0.44 1.84 49.8 46.8 3.4 1.01

2 Cox: oxidized carbons (C,x = total area of C—0 and C—O peaks), and C,: aliphatic and aromatic carbons (C, = area of C—C and C—C peaks).
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Table 5

Supposed pyrolytic products of EP/DDM sample determined by MS.

Peak  Retention m/z  Assigned structure
time (min)
1 4.5 207 HN—/—
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Table 5 (continued)

Peak  Retention m/z  Assigned structure
time (min)
17 24.6

the incorporation of DA or PD only slightly elevates the LOIs and UL-94
ratings of EP/DDM/DA-3 and EP/DDM/PD-3, e.g., the LOIs increasing
to 28.1% and 28.6%, respectively. By contrast, PB endows EP/DDM/PB
samples with satisfied flame retardancy at a low loading level, indicating
high flame retardant efficiency. For instance, 3 wt% of PB enables EP/
DDM/PB-3 sample to achieve a UL-94 V-0 rating, and 5 wt% of PB in-
creases the LOI of EP/DDM/PB-5 sample to 35.6%. Obviously, under the
same content (3 wt%), PB exhibits higher efficiency than DA and PD,
verifying the synergistic flame retardant effect of B, N and P elements in
PB.

Cone calorimeter tests, capable of simulating a real fire [49-51], are
performed to further investigate the flame retardant and smoke sup-
pressive performances of EP samples, with the curves and data shown in
Fig. 6 and Table 3. During this test, EP/DDM sample is ignited at 62 s and
then burns rapidly and fiercely, with the highest PHRR and THR of 1311
kW/m? and 87.5 MJ/m? among all as-fabricated EP samples (see
Table 3). With the introduction of PB, the TTIs of EP/DDM/PB samples
are prolonged, because PB enhances the thermo-oxidative stability of EP
matrix, which is confirmed by the TGA results in air condition. Addi-
tionally, EP/DDM/PB samples exhibit significantly reduced PHRR and
THR values (see Fig. 6b and c). For example, the PHRR and THR of EP/
DDM/PB-3 sample are reduced to 989 kW/m? and 76.7 MJ/m? by
~24.6% and ~12.3%, and those of EP/DDM/PB-5 sample are decreased
to 923 kW/m? and 78.2 MJ/m? by ~29.6% and ~10.6%. Such results
further confirm the significant role of PB in flame retardancy modifi-
cation of EP thermoset. The synergism of B, N and P elements can also be
found when comparing the PHRR and THR between EP/DDM/PB-3, EP/
DDM/DA-3 and EP/DDM/PD-3 samples. The FPI and FGR that are able
to evaluate the fire safety of materials [52] are calculated and listed in
Table 3. Higher FPI and lower FGR demonstrate higher fire safety of
materials [53]. Obviously, EP/DDM/PB samples are featured by higher
FPI and lower FGR relative to EP/DDM, EP/DDM/DA-3 and EP/DDM/
PD-3 samples, further manifesting higher fire safety. Thus, PB signifi-
cantly improves the fire safety of EP/DDM thermoset at a low addition
because of the combination of boron, nitrogen and phosphorus.

In addition to flame retardancy, the smoke suppression of EP samples
is also studied thoroughly, with the SPR and TSP curves shown in Fig. 6e
and f. Clearly, pure EP/DDM sample releases abundant smoke during
combustion because of its high inflammability, of which the PSPR and
TSP reach 0.453 m?%/s and 35.4 mz, respectively (see Table 3). Both DA
and PD cannot inhibit the smoke release of EP samples, while PB exhibits
obvious smoke suppressive function. For instance, the PSPR and TSP of
EP/DDM/PB-5 sample are decreased to 0.286 m?/s and 25.6 m?, which
are 36.9% and 27.7% lower than those of EP/DDM sample. Meanwhile,
EP/DDM/PB samples show remarkably increased RWs, which are
27.1-101.9% higher than that of EP/DDM sample. Such change in RW
manifests that the combustible fragments released into fire zone is
significantly reduced, thus leading to the enhanced smoke-suppressive
performances. According to previous works, AEHC is a specific param-
eter to evaluate the combustion degree of gaseous-phase fragments and
thus the flame retardant mechanism in gas phase [54,55]. Therefore, the
AEHCs of EP samples are listed and compared in Table 3. Compared with
EP/DDM sample, EP/DDM/PB samples only show slight reductions in
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AEHC, which demonstrates the limited flame-retardant function of PB in
gaseous phase. In general, PB inhibits the heat transfer and smoke
generation via its condensed-phase effect in promoting the formation of
carbonaceous protective layer during combustion.

3.6. Condensed phase

To analyze the condensed-phase mechanism, the macro- and micro-
morphologies of char layers for EP/DDM and EP/DDM/PB samples after
cone calorimeter tests are investigated by digital camera and SEM, with
the photographs presented in Fig. 7. As shown in Fig. 7al and a2, pure
EP/DDM sample is almost burned out after test, and just leaves a fragile
and broken char layer. Meanwhile, there are many holes and cracks on
the char surface, leading to unacceptable flame retardancy (see Fig. 7a3
and a4). With the introduction of PB, the morphologies of char layers for
EP/DDM/PB samples have been significantly improved, which become
intumescent and intact. Meanwhile, the char surfaces of EP/DDM/PB
samples are continuous and compact (see Fig. 7b3-d3 and b4-d4),
which are conducive to protecting the underlying matrix during com-
bustion. Supposedly, the P- and B-containing compounds generated by
PB promote the formation of a dense and continuous char from epoxy
matrix during combustion, and the N-based fragments derived from PB
make the char swollen [56,57]. Thus, the formation of such dense and
intumescent char layers is attributed to the synergy of B, N and P in
condensed phase and contributes to retarding the heat transfer, smoke
release and protecting the underlying matrix, thus enhancing the flame
retardancy and smoke suppression of EP thermosets.

In addition, the chemical constitutions of residual chars for EP/DDM
and EP/DDM/PB samples after cone calorimeter tests are studied by
Raman spectroscopy and XPS technique, with the spectra shown in
Fig. 8. As shown in Fig. 8a—c, all Raman spectra show D and G bands,
which are respectively located at 1350 and 1600 cm ™! and assigned to
the disordered-carbon and graphitic-carbon vibrations [58,59]. The in-
tegral area ratio of D and G bands (Ip/Ig) manifests the graphitization
degree and thermal stability of char residue, and the lower Ip/IG, the
higher graphitization degree and thermal stability [60]. The Ip/I value
of EP/DDM char is the highest among all chars, and those of EP/DDM/
PB chars are gradually reduced with the increasing content of PB. Hence,
the introduction of PB increases the graphitization degree and thermal
stability of char layer, thus leading to the enhanced flame retardancy
and smoke suppression.

Fig. 8d-i and S4 display the XPS spectra of char layers for EP/DDM
and EP/DDM/PB-5 samples, with the data listed in Table 4. As presented
in Fig. 8d and Table 4, both EP/DDM and EP/DDM/PB-5 chars show
abundant carbon, oxygen and nitrogen atoms, but boron and phos-
phorus atoms appear in the char of EP/DDM/PB-5 sample. Obviously,
major P and B atoms are remained in char layer to exert condensed-
phase flame-retardant effect during combustion. As shown in Figs. S4a
and 8e, the Cl1s spectra of EP/DDM and EP/DDM/PB-5 chars are fitted to
three deconvoluted peaks (C—C/C—C, C—O and C—=O peaks at 283.2,
284.2 and 287.5 eV) [61]. For both N1s spectra (see Figs. S4b and 8f),
there are two deconvoluted peaks at 397.0 and 398.5 eV, belonging to
pyridinic N and C—N—C, respectively [62]. In terms of O1s spectra (see
Figs. S4c and 8g), two deconvoluted peaks appear at 531.0 and 532.4
eV, which are assigned to C=0 and C—O, respectively [63]. In addition,
the char of EP/DDM/PB-5 sample exhibits two deconvoluted peaks of
B—O and B—C at 190.8 and 188.9 eV [64] in Fig. 8h, and it shows one
peak of P—O—C at 132.5 eV [65] in Fig. 8i. Such results indicate that
abundant B atoms function in condensed phase via forming thermally-
stable oxides and crosslinking with polyaromatic structures. Mean-
while, the P atoms also participate in the crosslinking of char residue
during combustion. Hence, both B and P atoms of PB mainly exert flame-
retardant effect in condensed phase via involving in the crosslinked re-
action of char layer and forming thermally-stable oxides. Besides, as
shown in Table 4, the char of EP/DDM/PB-5 sample exhibits lower Cyx/
C, ratio than that of EP/DDM sample, further verifying the improved
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Table 6
Supposed pyrolytic products of EP/DDM/PB-5 sample determined by MS.

Peak Retention m/z Assigned structure
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thermal oxidative resistance of char residue due to the addition of PB
[66,67].

The RT-FTIR analyses of EP/DDM and EP/DDM/PB-5 samples in air
conditions are conducted to further study the influence of PB on the
thermal oxidation evolution of EP samples, with the spectra in different
decomposition temperatures shown in Fig. 9. The characteristic ab-
sorption peaks of EP matrix can be observed at 3020-2780 cm ™ (hy-
drocarbons), 1610 and 1510 cm~! (aromatic compounds), 1360 cm !
(0O—H), 1250 em! (C—N), 1176 em ! (aliphatic ethers), 1050 em !
(=C—H), 940 cm ! (tri-substituted aromatic compounds) and 840 cm!
(C—H) in both RT-FTIR spectra [68,69]. Obviously, the peak of O—H
first disappears during thermal oxidation procedure, which is mainly
due to the dehydration and dehydrogenation of the secondary alcoholic
groups in EP chains [41]. Additionally, due to the weak C—O and C—N
bonds, the peak of aliphatic ethers disappears at 500 °C, and that of
C—N vanishes at 600 °C in both RT-FTIR spectra. All these results
indicate that the thermal oxidation degradation of EP/DDM thermosets
originates with the breakage of O—H, C—0O and C—N bonds in the
skeleton. At 600 °C, only characteristic peaks belonging to aromatic
structures (1610, 1510, 1050 and 940 cm ') can be observed, demon-
strating that the char residues are mainly composed of polyaromatic
compounds. Notably, the peaks of polyaromatic structures for EP/DDM/
PB-5 sample are more obvious than those for EP/DDM sample in
400-600 °C, further indicating the condensed-phase flame-retardant
function of PB. Unlike EP/DDM sample, the EP/DDM/PB-5 sample ex-
hibits the absorption peak of C=0 at 1760 cm ' in 200-400 °C,
demonstrating the improved oxidation resistance due to the incorpora-
tion of PB [55,70]. In addition, the peaks of RT-FTIR spectra for EP/
DDM/PB-5 sample at 700 cm ! in 200-600 °C are assigned to
B—O—B structure, verifying the formation of boron oxide during ther-
mal oxidation evolution [71]. Thus, the RT-FTIR results validate that PB
functions in condensed phase to enhance thermal oxidation resistance of
char layer and thus fire safety of EP thermoset via promoting the for-
mation of polyaromatic structures and generating thermally-stable
oxides.

3.7. Gaseous phase

The TG-IR analyses of EP/DDM and EP/DDM/PB-5 samples in Ny or
air condition are performed to investigate the gaseous-phase mecha-
nism, with the spectra presented in Fig. 10. In both nitrogen and air
conditions, EP/DDM/PB-5 thermoset show significantly reduced peak
intensities of gaseous products compared with EP/DDM thermoset (see
Fig. 10a-f). As shown in Fig. 10g-i, the gaseous decomposition products
of both EP/DDM and EP/DDM/PB-5 thermosets mainly involve HyO
(0—H, 3650 cm ™), hydrocarbons (2840-3150 cm™!), CO (2260-2410
cm’l), CO (2010-2230 cm’l), carbonyl compounds (1780 cm’l), aro-
matic compounds (1400-1650, 830 em™ D), C—N-containing compounds
(1260 cm’l) and aliphatic ethers (1170 cmfl). Notably, similar down-
trend can also be observed when comparing the peak intensities of
gaseous products for EP/DDM and EP/EP/DDM/PB-5 samples at TpaxS-
As mentioned in Section 3.6, PB facilitates the formation of polyaromatic
structures during the thermal decomposition of EP matrix, resulting in
more chars remained in condensed phase and less fragments released in
gaseous phase. Based on these results, it is speculated that more pro-
tective shields are generated and less combustible fragments (fuels) are
released into fire zone during combustion of EP/DDM/PB-5 sample,
which is responsible for the enhancements in flame retardancy and
smoke suppression.

Py-GC/MS analyses of EP/DDM and EP/DDM/PB-5 samples are
conducted to gain more information about the pyrolysis behaviors, with
the GC chromatograms and the supposed pyrolysis fragments deter-
mined by MS presented in Fig. S5 and Tables 5 and 6. In comparison to
EP/DDM sample, the GC chromatogram of EP/DDM/PB-5 sample shows
reduced peak intensities (see Fig. S5), also indicating the suppression
effect of PB in the release of pyrolysis fragments. Meanwhile, the
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pyrolytic products of EP/DDM/PB-5 sample are similar to those of EP/
DDM sample, and both of them contain abundant aniline- and phenol-
derived fragments, demonstrating the breakage of C-N and C-O bonds
in EP chains at initial pyrolysis stage (see Tables 5 and 6). Such phe-
nomenon is well consistent with the RT-FTIR results. When the retention
time of EP/DDM/PB-5 sample is above 19 min, the pyrolysis fragments
with larger molecular weights (m/z = 256, 284, 340, 429 and 405) are
obviously reduced and even disappear, meaning that most of them are
remained in condensed phase to form polyaromatic compounds during
pyrolysis procedure.

In sum, during combustion, both P- and B-containing compounds
generated by PB facilitate the cross-linking of char layer and form
thermally-stable oxides in condensed phase, and meanwhile N-based
noncombustible gases derived from PB make the char layer become
intumescent. Therefore, such intumescent and dense char decreases the
transfer of heat between fire and matrix, and suppresses the release of
combustible fragments and smoke, bringing about obvious enhance-
ments in flame retardancy and smoke suppression.

4. Conclusions

In this work, a novel multifunctional highly efficient boron-
containing polyphosphonamide (PB) is successfully synthesized and
used to fabricate high-performance EPs (EP/DDM/PBs). Notably, only 3
wt% of PB endows EP with a high LOI of 32.2%, a UL-94 V-0 classifi-
cation and a ~32.2% decrease in PSPR. The high flame-retardant and
smoke-suppressive efficiency is attributed the synergy of P, B and N
atoms in PB, which makes it superior to the previously-reported coun-
terparts. In addition, PB exhibits reinforcing and toughening effects to-
wards EP, 3 wt% of which increases the tensile strength, elongation at
break and impact strength by ~29.8%, ~37.7% and ~50.2%, respec-
tively. The as-prepared EP thermoset remains high glass transition
temperature (180 °C) and transmittance (76.3%). This work provides a
rational methodology for creating high-efficiency polyphosphonamides
with manifold functions to fabricate mechanically strong/tough,
thermally-resistant, transparent, flame-retardant and smoke-
suppressive EPs, which are expected to drive the development of olig-
omeric/polymeric flame retardants in the future.
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