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Abstract

It's acknowledged that the inferior toughness of bismaleimide resin (BMI) is the
crucial problem hindering its development and application especially in aerospace,
mechanical and electronic fields. While the poor fire safety of toughened BMI is
another problem urgently needed to be resolved. Therefore a novel g-CsNs@PPZ
hierarchical architecture constituted of porous ¢-CsNs tubes modified by
polyphosphazene was designed and fabricated to improve the fire safety and
mechanical properties of BMI in this work. Especially compared to pure BMI, the peak
heat release rate (PHRR) and peak smoke production rate (PSPR) of BMI with an
incorporation of 2 wt% g-CsN4@PPZ (BMI/g-CsN4s@PPZ2.0) are at 246.3 kW/m? and
0.12 m?/s accompanying with 52.1% and 53.8% reduction respectively. The total heat
release (THR) and total smoke production (TSP) of BMI/g-C3sNs@PPZ2.0 are endowed
with reductions of 29.4% and 42.9% as well, which demonstrates that the fire safety
including heat and smoke hazards of BMI/g-C3N4s@PPZ2.0 is significantly improved.
With regard to the mechanical performance of BMI composites, the impact strength of
BMI/g-CsNs@PPZ1.5 is 18.89 kJ/m? which increases by 184.0% in comparison with
that of pure BMI resin (6.65 kJ/m?). And it’s found that the impact strength of BMI/g-
C3N4@PPZ are still higher than pure BMI in hot-humid environment, which signifies
that the BM1/g-C3sN4@PPZ would be preferred in the industrial applications. Meantime
the possible flame retardant and toughening mechanism of g-CsN4s@PPZ in BMI is
detailed investigated and proposed as well.

Key words: Bismaleimide, Polyphosphazene, Toughness, Fire safety, Mechanism
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1. Introduction.

Bismaleimide (BMI) resin with double active end groups is an important branch
of thermosetting polyimide, which can be cross-linked to cure in similar conditions of
epoxy resin and unsaturated polyester resin. The bismaleimide which can be as
advanced composite matrix, high temperature resistant insulation materials, high
temperature resistant structural adhesive, etc. is widely applied in aerospace,
transportation and mechanical and electronic fields due to its excellent heat resistance,
corrosion resistance, radiation resistance, high mechanical properties. Whereas, the
inferior toughness of BMI due to the high degree of crosslinking and benzene ring
structures of its main chain is a crucial problem which seriously hinders further
developments and applications of BMI.Y' 2 There are many methods of process and
toughening modification for BMI, such as aromatic binary amine chain extension
modification, allyl compound modification, thermoplastic resin modification,
elastomer modification, introduction of new monomer modification, inorganic nano-
material modification, etc. Meanwhile, the BD system composed of 44-
diphenylmethane bismaleimide (BDM) modified by diallyl bisphenol A (DBA) resin
has achieved a certain success and been widely used in many resin systems such as
XU292 of Ciba-Geigy companies and FM5245, FM5250 of Cytec company in the
United States. However, with the modification of toughness reinforcing agents the low
fire safety including smoke and heat hazards of BD system becomes another weakness
that restricts its further application in industrial fields like electronic fields.®# Therefore,

growing number of studies have been carried out to improve the combination



performance especially the toughness and flame retardant of BD system.>** For
example, a PMI-His composed of multi-maleimide terminated branched polysiloxane
was obtained to enhance the mechanical and flame retardant properties of BD system.®
With addition of 15 wt% PMI-HSi, the impact strength of BD system was more than
1.8 times. Meanwhile a functional 3D boron nitride porous framework (sBN) was
synthesized to enhance the thermal conductive and flame retardant of BD system as
well.*® The release behavior of heat and smoke of BD/sBN was apparently suppressed.
However, to achieve the requested flame retardant and mechanical properties of BMI,
the addition amount of designed flame retardants are always relative large.
Consequently, it’s desired to design an efficient flame retardant and toughening system
using various flame retardant and toughening technologies to improve the
comprehensive performance of BMI and detailed investigate. 46

Graphite carbon nitride (g-C3N4), a two-dimensional layered material, is the most
stable allotrope of carbon nitride, which is a poly(tri-triazine) structure composed of
nitrogen atoms bridging. Due to the excellent chemical stability, high thermal stability
and photoelectric chemical properties of g-CsNa, great attentions have been paid to
investigate its applications in many fields such as photo-catalysis field, energy field,
flame retardant and mechanical enhancer fields in recent years. Especially, the g-C3Na4
has been widely applied to enhance the flame retardant and mechanical performance of
materials due to the advantages of environmental friendliness, abundant component (C,
N) elements, low cost, simple large scale preparation and special two-dimensional

structure.r”® And -NH; and -NH groups remained on the surface of g-CsN4 are
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regarded as active sites to react with other materials containing functional groups,
which is another superiority of g-CsN4 based hybridization to realize multifunction in
composite material system. For example, hybrids of graphitic carbon nitride and
organic aluminum hypophosphites (g-C3N4/OAHPi) were prepared through
esterification and salification reactions, which contributed to reduce the release of heat
release and smoke of polystyrene (PS).?° Therefore it’s significant to design a
hybridization system based on g-CsNs structure and organics to enhance the toughness
and fire safety of BD system.

Cross-linked polyphosphazene, synthesized by nucleophilic substitution of active
chlorine in hexachlorocyclotriphosphazene (HCCP), is a typical kind of
polyphosphazenes polymers, which is easier to synthesize and has higher yield in
comparison with familiar linear polyphosphazenes. Cross-linked polyphosphazenes are
widely used to reinforce flame retardant performance of composites due to their high
phosphorus and nitrogen contents and high thermal stability.?!2® Besides, due to the
presence of lone pair electrons in phosphorus and nitrogen, the cross-linked
polyphosphazene are easy to coordinate with the electrophilic reagents and thus they
are effortless to self-assemble on the surface of materials to form a coating layer.
Namely, various functional surface modification of fillers can be provided due to the
molecular structure designability of the cross-linked polyphosphazenes.?*?®> An amino-
rich BP-PZN composed of black phosphorus wrapped by cross-linked
polyphosphazene was synthesized and incorporated into epoxy resin, which improved

the comprehensive performance including flame retardant and mechanical properties
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of epoxy.?® A GNS-Fe304.@PZM consisted of graphene, Fe3O4 nanoparticles and cross-
linke polyphosphazene was designed to enhance the tribological property of BMI and
the aligned GNS-Fe304@PZM/BMI showed superior thermal stability and mechanical
properties as well,?® which indicates the hybrids of inorganic material and cross-linked
polyphosphazene can greatly enhance the comprehensive performance of materials.?
26

As previously mentioned, the toughness and flame retardant properties of BMI are
urgent to be improved for exploring its further industrial applications. Hence, based on
the toughening principle of inorganic particles toughening and allyl toughening, the g-
C3N4 nanostructure and cross-linked polyphosphazenes accompanying with molecular
designability are utilized in this work to construct a novel BD system equipped with
prominent toughness and fire safety, which is supposed to meet industrial production
requirements. More precisely, a novel porous tube structure composed of g-CzN4 and
polyphosphazene (g-CsN4s@PPZ) is constructed and fabricated. And the porous g-C3Na
tube architecture is self-assembled by g-CsN4 nanosheets and then is surface modified
by a functional cross-linked polyphosphazene designed with allyl functional groups,
which is in line with the toughening principles of bismaleimide. Furthermore, the
synergistic flame retardant effect of phosphorus-nitrogen elements which compose of
the main elements in g-C3sN4@PPZ is anticipated to greatly improve the fire safety of
bismaleimide including low generation of heat and toxic smoke from the combustion.
Meanwhile, the mechanisms of mechanical toughening and flame retardant are

discussed in detail as well, which is believed to enlighten the further investigation of
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bismaleimide composite system.
2. Experimental section.
2.1 Materials.

Hexachlorocyclotriphosphazene (HCCP, 98%) bought from Aladdin Reagent,
(China) was purified by recrystallization from n-hexane. Bisphenol-S (BPS 98%), 4,4'-
diallyl bisphenol-S (DABPS 98%), dicyandiamide, absolute ethanol were provided by
Sinopharm Chemical Reagent Co., Ltd. (China) and used without further treatment.
Triethylamine (TEA) and acetonitrile obtained from Aladdin Reagent, China was
dehydration using CaH>. 1,1'-(Methylenedi-4,1-phenylene)bismaleimide (BDM, 98%)
and Diallyl bisphenol A (DBA, 90%) were provided by Aladdin Reagent, China as well.
Deionized water was obtained from our laboratory.

2.2 Synthesis of 3D porous g-CsNa tubes.

Firstly, 1 g dicyandiamide powders were dissolved in 30 ml deionized water with
continuing mechanical stirring for 40 min. Then the solution was diverted to an 80 ml
Teflon-lined stainless autoclave and maintained at 180 °C for 5 h. The above solution
was following natural cooled to room temperature and then the solution containing
dicyandiamide was freeze-dried for about 48 h. Finally the obtained white powders
were heated in a ceramic crucible which was put at tube furnace to 600 °C at the
2°C/min and maintained for 4 h. The acquired yellow powders were defined as g-
C3Na.Z’

2.3 Fabrication of 3D g-C3sN4«@PPZ tubes.

The 3D g-C3Ns@PPZ tubes were synthesized as followed: the obtained 0.1g g-C3Na4
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and 0.2 g HCCP powders were dispersed in 100 ml acetonitrile accompanying with
constant stir and sonication for about 30 min, and this mixture was defined as solution
A. Then 0.35 g DABPS, 0.25g BPS and 1.35 ml TEA were diffused in 50 ml acetonitrile
with continue stir under sonication for 30 min and defined as solution B. The solution
B was next dripped into solution A and this system was reacted at 30 °C for 4 h with
mechanical stir and sonication. At last the hybrids of g-C3Ns4 and polyphosphazene
(PPZ) were collected by centrifugation at 9000 rpm and washed several times utilizing
absolute ethanol and deionized water. The final products defined as g-CaN4s@PPZ were
obtained by drying at 80 °C for 48 h in vacuum oven.

2.4 Preparation of BMI and BMI/g-CsN4s@PPZ composites.

The BMI and BMI/g-C3sN4@PPZ composites were prepared in a typical method.
The method of BMI/g-CsN4@PPZ1.0 is stated as below. Firstly, 1 g g-CsN4@PPZ was
included to 42 g of DBA with continue stir and this mixture was maintained at 145 °C
for about 30 min. Meantime, 58 g of BDM were melted at 145 °C till the BDM became
a transparent and clear liquid. Then the mixture of g-CsNs@PPZ and DBA was added
into the BDM with further reaction at 145 °C for about 30 min to obtain the pre-
polymers. Finally, the pre-polymers was vacuum degassing for another 30 min and
thereby the generated polymerized compounds were transferred into preheated mold.
The representative curing process of BMI composites was 150 °C/2h + 180 °C/2h +
200 °C/2h + 220 °C/2h + 240 °C/4h and final products were regarded as g-BMI/g-
C3Ns@PPZ1.0 sample. Meanwhile 1 wt% g-C3N4s@PPZ are replaced by the other

proportional amount g-CsN4@PPZ additives and the other BMI samples were prepared
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in an analogously process.
3. Results and discussion.
3.1 Characterization of g-CsNs@PPZ

The preparation process of 3D porous g-CaN4@PPZ tubes is presented in Scheme
1. Firstly the porous g-CsNs tube was synthesized through a common calcination
method using dicyandiamide obtained after hydrothermal and freeze-drying treatments
as precursor and the reaction is presented in Scheme 1. Then the obtained g-CsN4 tubes
were surface modified by polyphosphazene containing allyl groups, which can increase
the matrix compatibility with bismaleimide and inhibit the agglomeration of g-C3N4
tubes caused by the formation of hydrogen bond between amino groups on the surface
of g-CaNs. The g-CsN4+@PPZ containing allyl groups participated into the formation of
bismaleimide cross-linked networks during curing by diene addition reaction and Diels-
Alder reaction, which could enhance the interface compatibility between g-CsNs@PPZ
and BMI resin (Fig.S1). The morphology of g-C3Ns and ¢g-CsNs@PPZ was
characterized by SEM and TEM (Fig.1). It can be noticed that the 3D g-C3N4 tubes are
self-assembled by irregular g-C3aN4 nanosheets and the average length of the tubes is
dozens of micron (Fig.1a-b). As displayed in Fig.1c-e and Fig.S2a-f, with modification
by polyphosphazene, the surface of g-CsN4@PPZ becomes much rougher and there is
a coating layer about 70 nm on the surface of 3D g-CsNa tubes. Additionally, according
to the results of SEM-EDS mapping, the special P, S elements occur and are equally
distributed in the g-C3Ns@PPZ sample, which also reveals that the surface of g-C3Na

was successfully modified by polyphosphazene.
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The characterizations of XRD and FT-IR were performed to further define the micro
composition and structure of g-CsNs@PPZ. It can be observed in Fig.2a that two
characteristic peaks located at 20 = 12.9° and 27.7° appear in bulk CsN4 sample due to
the in-plane tris-triazine ordered alignment and the interlayer stacking reflection of
conjugated aromatic segments, which are attributed to the (100) and (002) diffraction
planes.?” Whereas the diffraction peaks of g-C3N4 tubes are similar to that of bulk CsNa
and the (002) plane of g-C3Na tubes presents an obvious peak at 26 = 27.9°, larger than
bulk g-CsN4 sample, which reveals the stacking distance is decreased.?” %8 Besides, the
diffraction peaks of g-C3N4 tubes maintain obvious weaker intensity, which might be
as a result of poorer inplanar and interlaminar periodicity. The FT-IR patterns of g-C3Na
tubes and g-C3aN4@PPZ were also analyzed and shown in Fig. 2b. It’s observed that the
g-CsNj4 tubes and g-CsNs@PPZ possess analogous infrared characteristic absorption
peaks. Specifically, the stretching vibration of -OH and -NH groups are at 3000 cm™ to
3500 cm* and meanwhile the characteristic peaks of CN heterocycles are between 1200
cm® and 1600 cm™. Furthermore, the obvious peak at 811 cm™ is due to the vibration
of tri-s-triazine units in g-C3Na4. There are some other apparent peaks arising in the g-
C3Ns@PPZ hybrids as well. The characteristic absorptions at 1152 cm™ and 1105 cm'?
are ascribed to O=S=0 stretching vibration of the sulfonydiphenol units and P=N
stretching vibration of the cyclotriphosphazene structure, respectively. The
characteristic peaks at 830 and 663 cm™ are attributed to the C-H in the -C=CH and P-
Cl, respectively.?* 2 And the peak located at 883 cm™ and 952 cm™ are belonging to

the typical stretching vibration of P-N and Ar-P-O functional groups. Therefore, it can
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be concluded that 3D hierarchical g-CsN4@PPZ construction was successfully
synthesized based on the mentioned analysis.

XPS characterization was conducted to further investigate the chemical
composition and structure of g-CsN4@PPZ and the results are analyzed in Fig.2c-f.2%-32
There are typical peaks ascribed to C 1s, N 1s, O 1s of the g-C3N4 and g-CsNs@PPZ
samples in the XPS summary spectra. And the additional characteristic peaks of P 2p,
S 2s occur in the survey spectrum of g-CsN4s@PPZ, which implies that the PPZ are
coated on the surface of g-C3N4. Meanwhile, the high-resolution XPS spectrum of C 1
s in Fig.S3 is fitted into two typical peaks at 284.8 eV and 288.4 eV which are affiliated
to the C=C and C-N=C bonds of pure g-C3sN4. With regard to g-CsNs@PPZ, the high-
resolution XPS spectrum of C 1 s in Fig.2f is distributed to three characteristic peaks
located at 284.5 eV, 286.7 eV and 285.2 eV, which are defined as C=C, C-N=C and C-
C bonds. Additionally, some differences appear in the high-resolution XPS spectra of
N 1s of pure g-C3N4 and g-CaNs@PPZ samples in Fig.2d-e. Specially, the three peaks
at 398.7 eV, 399.3 eV and 400.9 eV in Fig.2d are assigned to the C-N=C, N-(C)z in
triazine ring and terminal N-H groups of pure g-CsNg, respectively and the proportion
of terminal amino groups is 6% (atomic content). While the characteristic C-N=C, N-
(C)z peaks of g-C3sN4s@PPZ are located at 398.1 eV, 398.8 eV in Fig.2e. The peak at
400.7 eV is ascribed to the P=N and the peak at 401.5 eV belonging to the terminal
amino groups in g-CsNs@PPZ sample is obviously smaller than that of pure g-C3Na
which suggests that the terminal amino groups of g-CsN4 reacted with PPZ during the

surface modification. The high-resolution P 2p XPS spectrum of g-CsNs@PPZ is
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analyzed in Fig.S3 as well. And due to the P=N and P-O groups in polyphosphazene
the peaks of P 2p in g-CaN4s@PPZ are fitted into 134.1 eV and 134.9 eV, respectively,
which indicates the successful fabrication of 3D hierarchical g-CsN4@PPZ construction.
3.2 Thermal properties analysis

The thermal properties of g-CsNi, ¢-C3Ns@PPZ and BMI/g-CsNs@PPZ
composites were studied by TGA characterization under nitrogen atmosphere and the
results are presented in Fig.3 and Table S1. And it’s a consensus that the temperatures
(Tswie and Tmax) of reaching 5 wt% thermal weight loss and maximum thermal weight
loss rate are the evaluation indexes of thermal properties of materials.®3* The char
residue amount at 750 °C of polymer materials is also another key information to
analyze the thermal properties of polymer materials.” 8 It can be noted in Fig.3a that
g-CsN4 possesses high thermal stability and Tsw Of it is at 584.5 °C. And at early phase
the weight of g-CsNs is slight increased which is owing to the porous structure of g-
C3sNa tubes. Moreover, Tswi 0f g-CaN4@PPZ is decreased to 440.8 °C due to the earlier
degradation of polyphosphazene modifying g-C:Ns and the initial degradation
temperature of g-CsNs@PPZ is 296.2 °C which is still far higher than the
polymerization temperature of BMI at 240 °C and matches well with the application of
BMI. The char residue of g-CsN4@PPZ is 35.9 wt% and while the pure g-C3N4 displays
a rapid weight loss in the range of 550°C to 700°C due to the decomposition of carbon
nitride into (CN)2, N2 or (CN)x* without char remaining® %°, which implies that the
modification of polyphosphazene promotes char formation of g-CsN4s@PPZ additives.

It can be discovered in Fig.3c-d that the thermal degradation of BMI/g-C3Ns@PPZ
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displays a similar process with pure BMI, which presents a one-step degradation
process of BMI at about 400 °C. Specifically, as shown in Fig.3c-d and Table S1, Tswto
and Tmax of BMI/g-C3Ns@PPZ composites become slight lower due to the earlier
degradation of the g-CsN4@PPZ accelerating the degradation of BMI. The residual char
of BMI/g-C3Ns@PPZ3.0 maintains 49.5 wt%, increasing by 89.6% in comparison with
that of pure BMI (26.1 wt%). It can be clearly observed from Fig.3d that the maximum
weight loss rate of BMI composites decreases with the increased addition of g-
C3N4@PPZ, which indicates that the thermal degradation of BMI/g-CsNs@PPZ is
restrained. The remarkable enhanced yield of char residue of BMI/g-CsNs@PPZ was
due to the interaction of degradation products of g-CaNs@PPZ and BMI resin such as
condensation, cyclization, cross-linking and other reactions, which is proved by the
TGA results of g-CaNas, g-CaNs@PPZ analyzed in Fig.3a-b and chemical structure of
char residue of BMI/g-C3sN4@PPZ analyzed in Fig.6. Consequently, it’s scientifically
concluded that the thermal properties of BMI composites are significantly enhanced
with the addition of g-CsN4s@PPZ.
3.3 The fire safety analysis

The cone calorimeter (cone) based on the oxygen consumption principle can
relatively easily measure the release of heat and smoke from burning materials under
different thermal radiation fluxes, which has become an ideal test instrument for
studying and evaluating the combustion properties of materials.** Therefore, the cone
tests were carried out to evaluate the fire safety of BMI and BMI/g-C3sNs@PPZ samples

and the results are analyzed in Fig.4, Table S2. It can be clearly found in Fig.4 that the
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heat release rate (HRR) and smoke production rate (SPR) of BMI composites are
significantly inhibited with the incorporation of g-CsN4@PPZ. Specifically speaking,
the peak value of heat release rate (PHRR) of BMI/g-CsNs@PPZ2.0 is 246.3 kW/m?
which is the lowest value and with a reduction of 52.1% compared to that of pure BMI
(514.6 kW/m?). Meantime the peak value of smoke production rate (PSPR) of BMI/g-
C3Ns@PPZ2.0 in Fig.4c is 0.12 m?/s, which is decreased by 53.8% in comparison with
pure BMI as well. It’s noticed that the PHRR and PSPR of BMI/g-CsNs@PPZ3.0
sample are 294.2 kW/m? and 0.17 m?/s respectively, which may be owing to the
excessive addition of g-CaN4@PPZ with high thermal conduction promotes the further
combustion of underlayer BMI.*? As presented in Fig.4, it’s discovered that due to the
presence of g-CsN4s@PPZ, the time reaching the peak heat release rate and the smoke
production rate of BMI/g-CsN4s@PPZ composites are shorten, which indicates that the
high thermal conductive g-CsNa fillers would promote the thermal transfer to decrease
the time.*® The total heat release (THR) and total smoke production (TSP) vs time
curves of BMI and BMI/g-C3N4s@PPZ are shown in Fig.4b and Fig.4d. And the THR
of BMI/g-CsN:s@PPZ2.0 values 64.1 MJ/m? which is decreased by 29.4% in
comparison with that of pure BMI (90.9 MJ/m?). Similar to the heat release behavior,
the smoke release behavior of BMI/g-CsN4s@PPZ2.0 during combustion is distinctly
suppressed and the TSP of BMI/g-C3sN4s@PPZ2.0 reduces by 42.9% compared to that
of pure BMI. It’s deduced that the fire safety of BMI/g-CsN4s@PPZ composites is
evidently improved based on the cone results, which is in line with original intention of

designing g-CsN4@PPZ architecture.
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3.4 Analysis of condensed phase and gas phase flame retardant mechanism

The possible flame retardant mechanism of g-CsN4s@PPZ is studied on the basis of
analysis generated from condensed and gas phases. The char residue after cone tests
were collected and investigated by SEM, Raman, XRD, XPS.** It can be clearly found
from the digital and SEM images in Fig.5a and Fig.5d the char residue of pure BMI
presents a fragile and porous morphology. While with addition of g-CsNs@PPZ, the
quality of char residue is improved significantly. Especially the char residues of BMI/g-
C3Ns@PPZ1.0 and BMI/g-C3sNs@PPZ2.0 in Fig.5e-f are more compact and robust, and
hold much less holes, which perform as a physical barrier to inhibit the transfer of heat,
oxygen and combustible gases between external environment and the internal matrix.
The graphitization degree of carbonaceous layer can be estimated by Raman spectra.
There are two typical absorptions centered at about 1364 and 1600 cm™ which are
ascribed to D and G peaks respectively. The D peak at 1364 cm™ is generally considered
to be disordered vibration peak of graphite carbon. The G peak at 1600 cm™ is caused
by the in-plane vibration of the sp? carbon atom. The I/l which is defined as the ratio
of integral area intensity of D and G bands is used to evaluate the graphitization
degree.*> ¢ The lower the 1o/l value, the higher the degree of graphitization of the char
residual and the greater the barrier effect of the underlying polymer.*> %€ It can be
definitely observed in Fig.5g-i that with the inclusion of g-CsN4s@PPZ, the Ip/lg is
greatly decreased. And the BMI/g-C3sN4@PPZ2.0 has the lowest Ip/lc value of 2.31,
which indicates that improved char residues of BMI/g-C3sNs@PPZ samples play an

important role in condensed phase flame retardant effect.
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To further investigate the flame retardant mechanism of g-CsN4s@PPZ, the chemical
structure and composition of char residue after combustion of BMI samples were
studied by XRD and XPS tests (Fig.6).*” The XRD pattern of char residues of pure BMI
and BMI/g-C3N4s@PPZ2.0 display a similar tendency in Fig.6a. Especially the broad
peak at 24° is ascribed to the (002) characteristic peak of graphite carbon and a smaller
peak at about 42° is classified into diffraction of (100) or (101) peak of graphite carbon,
which reveals that the composition of char residue is mainly the carbon material.*®
Meanwhile, the XPS test was conducted to explore the chemical composition of residue
char. There are common C 1s, N 1s and O 1s in the XPS scan-survey spectra of pure
BMI and BMI/g-C3N4s@PPZ2.0 samples which is accordance with the composition of
bismaleimide material. Whereas, in Fig.6b an additional P 2p peak occurs in the char
residue of BMI/g-CsN4s@PPZ due to the addition of polyphosphazene. In Fig.6c, the
typical peak at 130.2 eV is assigned to the P-Ph band in triphenylphosphine and
triphenyl phosphorus oxychloride.*® And the peaks at 132.9 eV and 133.7 eV are
belonging to P-O bonds of (CeHs)2P(O)N(CHs). compounds and P-O bonds of
polyphosphoric acid, phosphoric acid compounds.®® 3t Moreover the characteristic
peaks centered at 134.8 eV and 138.26 eV are attributed to P-N bands, PCI(Ce¢Hs):
compound.>? Therefore, it can be deduced that the amount and graphitization of char
residue generated from BMI/g-CsN4s@PPZ composites are increased due to the
participant char formation of aromatic phosphorus compounds, nitrogen-containing
organic compounds, and phosphoric acid compounds, which endow the underlying

resin with a protective barrier.
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TG-IR technique was used to investigate the gas pyrolysis products. Three dimension
TG-FTIR spectra and the FTIR spectra of pyrolysis products at different temperatures
of pure BMI and BMI/g-CsNs@PPZ2.0 are presented in Fig.S4 and Fig.7.%% % The pure
BMI resin releases more cracked products during thermal decomposition and while the
release mount of cracked flammable products for BMI/g-C3sNs@PPZ2.0 is much less
than that of pure BMI in Fig.S4, which means that the g-CaN4s@PPZ can effectively
inhibit the combustion of BMI resin and is consistent with the cone calorimetry results.
The TG-DTG vs temperature curves of BMI and BMI/g-C3sN4s@PPZ2.0 obtained from
the TG-FTIR tests are shown in Fig.7a and Table S1, which is accordance with the TGA
results. As shown in Fig.7b-c that pure BMI and BMI/g-C3sN4@PPZ2.0 exhibit similar
pyrolysis processes.> > With regard to pure BMI in Fig.7b, when the temperature
reaches Tswi at 430 °C, the peaks of 2300-2400 cm™ ascribed to CO- absorption is
clearly observed. In addition, with the temperature increasing, aromatic compounds
(1513 cm?, 1712 cm?, 3014 cm™), aliphatic compounds (867 cm™, 748 cm™) and
nitrogen-containing compounds (1174 cm™, 1373 cm™) begin to appear and the
absorption intensities become stronger. The degradation of DBA in BMI main chains
produces phenol group compounds (3014 cm™), and the degradation of the imine ring
produces carbonyl compounds (1712 cm™). As the temperature increases, the release
amount of each gas product also increases and when the temperature reaches Tmax
(453 °C), these peaks become very noticeable and then weaker. While as for the TG-IR
results of BMI/g-CsN4@PPZ2.0 in Fig.7c, the infrared absorption peaks are mainly

consistent with pure BMI. Specially the intensity of absorption peaks of CO. (2300-
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2400 cm™), aromatic compounds (1513 cmY), nitrogen-containing compounds (1350
cm™) and aliphatic compounds (748 cm™) of BMI/g-CsN4s@PPZ2.0 sample are weaker
than pure BMI, which reveals that with the addition of g-CsN4s@PPZ aliphatic and
aromatic compounds generated from the combustion of BMI are more participated into
residue char. Meantime due to the participation of aromatic compounds, much denser
and more compact char residue layer of BMI/g-C3sN4@PPZ is formed to block the heat
source thereby further reducing the amount of volatiles generated. Furthermore, there
is a change about the absorption intensity of the characteristic peaks at 3014 cm™ and
1712 cm which reveals the DBA fragments in BMI/g-CsNs@PPZ2.0 are mainly
degraded into the phenol group compounds. The peak at 3014 cm™ ascribed to phenol
groups is overlapped with the characteristic absorption of amino compounds generated
from the degradation of g-C3sN4.*C When the temperature increases over 500 °C, the
typical peaks at 665 cm™, 713 cm™ ascribed to the C-H in the -C=CH of g-CsN.@PPZ
and the peaks at 952 cm™, 1103 cm™ belonging to the typical stretching vibration of Ar-
P-O, P-N bonds appear in the FT-IR spectra of BMI/g-CsN4s@PPZ. The absorptions at
3096 cm™* and 1298 cm™ occurring at the temperature over 500 °C are attributed to the
characteristic peaks of amide or amine compounds and CN heterocycles, which
suggests series reactions between g-CsN4s@PPZ and BMI resin are conducted in the
degradation. Therefore it can be deduced from the mentioned analysis that when the
temperature increases over 500 °C, the g-CsN4s@PPZ in BMI/g-C3sNs@PPZ samples
are degraded into NHz and phosphoric acid compounds, which react with the

decomposition products of BMI and facilitate the aliphatic and aromatic compounds
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into crosslinked network of char residue layers. And the free radical trapping effect of
phosphorus can further improve the flame retardant effect in gas phase of the BMI/g-
C3Ns@PPZ composites.

The absorption intensity of typical decomposition compounds vs time curves of pure
BMI and BMI/g-CsNs@PPZ2.0 are presented in Fig.7d-i. It can be found that with
inclusion of 2 wt% g-CsN4+@PPZ the total pyrolysis generations of BMI is remarkably
decreased. Meanwhile, compared to pure BMI, the intensity of absorption peak of
hydrocarbons at 2966 cm™ in BMI/g-C3N4@PPZ2.0 sample is obviously reduced. The
characteristic absorption of CO, and CO are at about 2345 cm™ and 2191 cm?,
respectively. The production of CO> during pyrolysis process of BMI/g-C3Ns@PPZ is
lower and while the production of CO is much the same in comparison with that of pure
BMI. What’s more, the typical peaks of aromatic and organonitrogen compounds are at
1513 cm™? and 1173 cm™, respectively. As presented in Fig.7h-i, the intensity of
aromatic and organonitrogen compounds of BMI/g-CsNs@PPZ2.0 are evidently
reduced, which suggests that more aromatic and organonitrogen compounds are
participated in the formation of char residue. The yields of aromatic and hydrocarbon
compounds regarded as typical volatile flammable compounds of BMI/g-
C3Ns@PPZ2.0 are markedly decreased which is favorable in decreasing release amount
of heat. Meantime, the yield of smoke is also decreased due to the less generation of
aromatic compounds in gas phase, thus heightening the fire safety.

A possible flame retardant mechanism of g-CsNs@PPZ is proposed based on the

mentioned analysis of condensed and gas products and described in Schematic 2. It can
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be inferred the polyphosphazene in g-CsN4@PPZ is conversed to organic and inorganic
phosphorus compounds such as phosphoric acid or polyphosphoric acid which can form
a non-volatile protective film composed of triphenylphosphine, triphenyl phosphorus
oxychloride and etc. on the surface of underlayer BMI to insulate the air. And when the
temperature is over 500 °C, g-C3N4 is decomposed into amino compounds such as NH3
which can dilute the generated combustible gases.*® Furthermore, more nitrogen-
containing and phosphorus-containing organic compounds are generated and thereby a
carbonaceous structure is formed by chemical bonds such as P-C, P-O, P-N remained
in the residual char. Consequently, the char residue is endowed with a physical barrier
effect, which can inhibit the transfer of combustible gas, oxygen and heat between the
outside and the inner layer of BMI, thereby protecting the underlayer BMI from further
combustion. In addition, when the BMI/g-C3sN4@PPZ is burned, due to the existence
of polyphosphazene in g-CsNs@PPZ, PO- radicals are formed which can react with H-,
HO:- radicals in the flame region to suppress the flame and interrupt the chain reaction
of combustion.?® The g-CsN4@PPZ also facilitates the aromatic compounds and
aliphatic hydrocarbons generated from the thermal decomposition of BMI resin to
participate in the carbonization reaction, which endows the char residue with higher
graphitization degree and more compact structure (Fig.5-6), thereby further suppresses
the transfer of heat and mass between BMI matrix and the combustion zone or the
outside environment.

3.5 Mechanical properties analysis of BMI and BMI composites

It’s acknowledged that the poor toughness of BMI polymers restricts its application.
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Therefore the mechanical properties of BMI samples were investigated by the beam
impact and DMA tests and the results are displayed in Fig.8 and Table S3. Especially,
the toughness of BMI polymers can be evaluated in some way by the impact strength
obtained from the beam impact tests. And the better toughness the higher impact
strength. It’s clearly observed in Fig.8a that with inclusion of g-C3N4@PPZ the impact
strengths of BMI samples are increased significantly. In particular, the impact strength
of BMI/g-CsN4s@PPZ1.5 possesses the maximum value of 18.89 kJ/m? which is
increased by 184.0% in comparison with that of pure BMI resin (6.65 kJ/m?). With the
addition of 2 wt% g-CsN4@PPZ, the impact strength of BMI increases to 9.89 kJ/m?,
lower than BMI/g-CaNs@PPZ1.5 sample which may be due to the unsatisfied
dispersion.®® The storage modulus (E') and the glass transition temperature (Tg) of BMI
samples were studied by DMA test and the results are shown in Fig.8c and Fig.S5. All
the BMI samples display similar dynamic mechanical thermodynamic processes. The
E' of BMI samples from 50 °C to 100 °C rapidly decrease, which is mainly due to the
secondary transformation of the polymer structures and slow declines interval from 100 °C
to 250 °C. When the temperature is over 250 °C, the E' of BMI samples quickly decline,
which is due to the glass transition and softening process of cured BMI. The E' of
BMI/g-C3sNs@PPZ samples slightly decrease in comparison with pure BMI which
means that the rigidity of BMI with the addition of g-C3sN4@PPZ is reduced. Meanwhile
among the BMI/g-C3sN4s@PPZ samples, BMI/g-C3N4s@PPZ1.5 possesses the highest
storage modulus value of 3463.86 MPa, which is slightly lower than that of pure BMI

(3510.71 MPa). As shown in Fig.S5a, the Tg of BMI samples can be obtained through
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the temperature of the peak value of Tand. It’s found that the Tg of BMI with addition
of g-CsNs@PPZ were slightly decreased which indicates that g-CsN4s@PPZ plays a role
of plasticization in BMI. Specially, due to the reaction between the double bonds of g-
C3N4s@PPZ and the BMI polymer backbone in Fig.S1, the crosslink density of BMI/g-
C3N4s@PPZ polymer network is reduced and thus the segments are easier to move
which is manifested by the decreased Tg of BMI/g-CsNs@PPZ samples. The
comparison of improvement in impact strength of this work and literatures is shown in
Fig.8d. It’s evident that the impact strength of BMI with inclusion of 1.5 wt% g-
C3N4@PPZ is significantly increased to 18.89 kJ/m? which is with excellent efficiency
compared with other BMI systems. And therefore the designed BMI/g-CsNs@PPZ
system is believed to give some positive effect in further investigates of toughening
BM |.25’ 57-64

To investigate the damp-heat resistance of the BMI samples, the pure BMI and BMI
composites splines were treated according to the standard 1SO 4611:2008 and then the
toughness of the treated splines were characterized by impact test. As presented in
Fig.8b, the impact strength of pure BMI obtained from drying after the damp heat test
is reduced to 2.58 kJ/m? and whereas the impact strength of pure BMI splines without
drying after the damp heat test decreases to 3.73 kJ/m?, which may be attributed to the
generated internal stress even cracks as the result of that BMI resin is swelled and
absorbs water. Nevertheless, it’s a fact that whether the samples treating by the damp
heat test is dry or not, the impact strengths of BMI/g-CsNs@PPZ are much better than

pure sample, which indicates the toughness of BMI composites with inclusion of g-
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C3N4s@PPZ are obviously enhanced in hygrothermal environment. There is a slight
difference in the impact strength between the BMI samples in normal environment and
hygrothermal environment. In the damp heat test, the dried or undried BMI/g-
C3N4@PPZ1.0 sample possesses the highest impact strength values of 5.81 kJ/m? and
4.69 kJ/m? respectively, which is possibly ascribed to the less damages at the interfaces
between g-CsN4@PPZ and BMI resin in comparison with BMI/g-CsN4@PPZ1.5 and
BMI/g-C3Ns@PPZ2.0.

The impact sections of BMI samples were investigated by SEM characterization and
the images are shown in Fig.9. The surface of pure BMI presents a typical brittle
fracture morphology and many longitudinal cracks in the surface are resemblance to
the flows of streams. The cracks in pure BMI collect and form a stress concentrating
center which is the break reason of BMI. While the impact surface of BMI/g-
C3:Ns@PPZ1.5 and BMI/g-CsNs@PPZ2.0 display entirely different morphology
compared to pure BMI in Fig.9b-d. It’s noticed that many ductile dimple areas are
generated in BMI/g-CsNs@PPZ samples, which are conductive to transfer, absorb
stress, avoid stress concentration. Furthermore, some aggregations of g-CsN4@PPZ in
BMI/g-CsNs@PPZ2.0 are found in Fig.9c-d which would be the centers of stress
accompanying with worse interfacial adhesion and result in reduced impact toughness.
Therefore, it’s deduced that the designed 3D g-C3N4@PPZ hierarchal architecture plays
a role as stress concentration absorption points and then consumes the stress by
deformation, shear yield or microcracks and crack deflection of 3D g-C3sNs@PPZ.

Besides the designed 3D g-CsN4@PPZ hierarchal tubes are liable to deformation, shear
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yield crack deflection performance.® 56 8 Fyrthermore, the good dispersion of g-
C3N4s@PPZ and excellent interfacial compatibility with BMI resin are much more
beneficial to the transfer of stress and microcracks, and can prevent the propagation of
microcracks, thereby further improving the toughness of the BMI/g-CsNs@PPZ. When
the aggregation of g-CsN4s@PPZ occurs, the microcracks under stress are easier to
develop to macroscopic cracks due to the poor interfacial adhesion and reduced
distances between microcracks. Additionally due to the excellent thermal stability,
water resistance and good interfacial compatibility properties of designed 3D g-
C3N4@PPZ tubes, the toughness of BMI/g-C3sN4s@PPZ composites are still much better
in comparison with pure BMI in damp heat environment, which is believed to play a
role in BMI further application.

4. Conclusion.

In this work, a 3D g-CsNs@PPZ architecture with excellent thermal and flame
retardant properties was designed and synthesized which was expected to offer a
solution of poor toughness and unsatisfactory flame retardancy of BMI. It’s definite
that the 3D g-CsNs@PPZ porous tubes composed of irregular nanosheets was
successful fabricated based on the analysis of SEM, TEM, XRD characterizations and
so on. The TGA and cone tests were conducted to investigate thermal stability and flame
retardant properties of pure BMI and BMI/g-C3sN4s@PPZ composites. With addition of
g-C3N4s@PPZ, the yields of char residue of BMI resin are enhanced. Meanwhile, the
PHRR and PSPR of BMI/g-C3sN4s@PPZ2.0 have the lowest value of 246.3 kW/m? and

0.12 m?/s, which are accompanied by reductions of 52.1% and 53.8% in comparison
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with pure BMI, respectively. Furthermore, compared to pure BMI, the THR of BMI/g-
C3Ns@PPZ2.0 is 64.1 MJ/m? decreasing by 29.4% and the TSP reduces by 42.9% as
well. Therefore, it’s certificated that the fire safety of BMI/g-CsNs@PPZ is greatly
enhanced which is consistent with pre-assumed intention. The possible flame retardant
mechanism of g-CsN4@PPZ was proposed on the basis analysis of condensed and gas
phases. A series of chemical reactions took place between the g-CsN4s@PPZ and BMI
resin during combustion, which facilitates aromatic compounds and aliphatic
hydrocarbons into the formation of char residue. The phosphorus free radical trapping
effect of polyphosphazenes and P-N synergistic flame retardant effect of g-CsNs@PPZ
inhibit the release of heat and smoke as well. On the other hand, the toughness of BMI
resin in the normal and hot-humid environments were studied. Specially, with inclusion
of g-C3Ns@PPZ, the BMI composites are endowed with better toughness. Especially
the impact strength of BMI1/g-CsNs@PPZ1.5 is 18.89 kJ/m? which increases by 184.0%
in comparison with pure BMI resin (6.65 kJ/m?). The toughness of BMI samples are
reduced in the hot-humid environment and whereas the impact strengths of BMI/g-
C3N4@PPZ are still higher than pure BMI, which signifies that the BMI/g-CsNs@PPZ

would be preferred in actual industrial applications.
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Scheme 1. Schematic diagram of the synthetic route of g-CaNs@PPZ.

38



SU8200 3.0KV 4.5mm x3.50K Sy

Fig.1 The SEM and TEM images of pure g-CsN4 (a-b), g-CsNs@PPZ (c-d), and SEM

mapping results of g-CzNs@PPZ (e).
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Fig.2 XRD patterns of bulk C3N4 and g-C3N4 (a); FT-IR spectra (b) and XPS survey
spectra (c) of g-C3N4 and g-C3Ns@PPZ; high-resolution N 1s XPS spectra of of g-C3N4

(d) and g-C3sN4@PPZ (e) and high-resolution C 1s XPS spectrum of g-CsNs@PPZ (f).
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41



600

500

HRR(KW/m?

—=— BMI

—e— BMI/g-C;N,@PPZ0.5

—#— BMI/g-C,N,@PPZ1.0

—v— BMI/g-C;N,@PPZ1.5
BMU/g-C;N,@PPZ2.0

—<— BMI/g-C;N,@PPZ3.0

0 100 200 300 400 500 600 700 800 900
Time (s)

THR(MJ/m?)

120

100 -

.
=]

—=—BMI

T e BMUg-C,N,@PPZ0.5
—4— BMI/g-C;N,@PPZ1.0
—v— BMV/g-C;N,@PPZ1.5
BMI/g-C,N,@PPZ2.0
—<— BMI/g-C;N,@PPZ3.0

0 100 200 300 400 500 600 700 800 900
Time (s)

—=— BMI
—s— BMI/g-C,;N,@PPZ0.5
—=— BMI/g-C,N,@PPZ1.0

301d

—a— BMI/g-C;N,@PPZ1.5 o
BMI/g-C;N@PPZ2.0( ~5() e rssnesnnnassd
—=—BMUI/g-C,;N,@PPZ3.0 E
A B e  E e <
215 —=—BMI
10- —e— BM1/g-C;N,@PPZ0.5
—— BMI/g-C,;N,@PPZ1.0
5. —v— BMI/g-C;N,@PPZ1.5
BMI/g-C,N,@PPZ2.0
- 0- —<— BM1/g-C;N,@PPZ3.0
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900

Time (s)

Time (s)

Fig.4 The heat release rate (HRR), smoke production rate (SPR), total heat release

(THR) and total smoke production (TSP) vs time curves of BMI and BMI composites

(a-d).
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Fig.5 The digital photos of the residue char of pure BMI, BMI/g-CsN4@PPZ1.0 and
BMI/g-CsNs@PPZ2.0 after cone test from top view and side view (a-c); the SEM

images and Raman spectra of the residue char of pure BMI, BMI/g-CsNs@PPZ1.0 and

BMI/g-CsN4@PPZ2.0 (d-i).
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Fig.6 XRD patterns for the char residue of pure BMI, BMI/g-CsN4s@PPZ2.0 after cone
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CaN4@PPZ2.0 (c).
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Fig.7 TGA (left Y coordinate) and DTG (right Y coordinate) curves of pure BMI,
BMI/g-CsNs@PPZ2.0 in TG-FTIR test (a); FT-IR spectra of pure BMI, BMI/g-
C3Ns@PPZ2.0 at different pyrolysis temperatures (b-c); Absorbance of pyrolysis
products versus time curves of pure BMI, BMI/g-CsNs@PPZ2.0: total pyrolysis

products (d), hydrocarbons (e), CO. (f), CO (g), aromatic compounds (h) and

organonitrogen compounds (i), respectively.

45



Journal Pre-proofs

Gas phase: PO+ H-—HPO-
HPO-+ H-—H,+ PO-
g-C;N,@PPZ—NH;+phosph
acid/amine compounds

condensed phase:

g-C;N,@PPZ+BMI—
(CeHs),P(O)N(CH;),, C5H;sP,
C15Hy5OP, (CGH5),PCHCN...

1 =

Burning

>

ISBI[AI o

Less heat and
Smoke release

Scheme 2. Schematic illustration of flame-retardant mechanism for g-CsNs@PPZ in

BMI composites.

46



214 6.0 B vith drying
a b - Without drying
a1 8 5.54
E
=
=15+
£
2012
g
& 9-
E
2 64
E
3 -
0-
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Content (wt%) Content (wt%)
4000 c 55 250
—BMI
3500+ —— BMI/g-C3N,@PPZ0.5 50 d L0
£ — BMU/g-C3N,@PPZ1.0 '4,;: 454 A g
% —BMIgCN@ppz1s| 340 A " /‘ 1150 g
225001 BMUg-CyNg@Ppz2o| = 35 / \ Lioo i
g 2301 A, o
20007 ] y /A 5
S 1 <00l g1 / s 5o g
$1500 42" @ R 2
s Ll 2 204 b
10001 E1s] &
500" 10+ 1-50
ﬂ 36 38 fﬂm":rz“mr:q‘{:m 48 S0 5 5 —1 00

50 100 150 200 250 300 350 25 57 58 59 60 61 62 63 64 This work
Temperature (°C) Literatures
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Fig.9 The SEM images of impact fracture surface of pure BMI (a) and BMI/g-

CsNs@PPZ1.5 (b) and BMI/g-C3sN4s@PPZ2.0 (c-d) composites.
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