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ARTICLE INFO ABSTRACT

Keywords: The creation of porous materials with both good thermal insulation and flame retardancy is of great importance
POSS for construction of energy-saving coatings in many applications. Herein, we report the facile fabrication of
Monolithic nanoporous polymers octasilsesquioxane (POSS)-based monolithic nanoporous polymers (named as PDVB-POSS) by solvothermal
Flame retardant method using octavinyl-POSS as monomer and divinylbenzene (DVB) as crosslinker followed by freeze drying.
Thermal insulation The as-prepared PDVB-POSS show abundant porosity with mesopore sizes ranging from 8 nm to 13 nm, which
results in a high thermal insulation with a low thermal conductivity of 0.024 Wm ™" k™" in air. The PDVB-POSS
also possesses excellent flame retardancy with a peak heat released rate (pHRR) of as low as 144 W g~ . Torch
burn test implies that the PDVB-POSS shows self-extinguishing behaviors without generation of any melt
dripping, further reflecting an excellent flame retardancy. Taking advantages of simple fabrication process,
easily to be scaled-up, excellent thermal insulation and flame retardancy, such POSS-based monolithic porous

polymers may have great potential as energy-saving coatings for real applications.

1. Introduction

With the huge energy consumed by the rapid development of
modern industry, human society is facing an increasingly serious energy
crisis. More ominously, the enormous use of fossil fuels on the other
hand has resulted in a number of severe environmental issues, including
emerging ecological concerns and global warming, etc. Therefore, the
development of alternative energy sources or improvement of energy
efficiency is of great importance for construction of sustainable overall
energy ecosystem. Nowadays, enormous amounts of fossil fuels have
been consumed for heating and air conditioning in residential and
commercial buildings each year. For example, residential and com-
mercial buildings consume 40% of the total energy in the United States
[11, with 33% used for heating and 7% for cooling [2]. To reduce the
energy waste and enhance the energy utilization efficiency which in
turn decrease the fossil fuels consumption, the use of materials with
good thermal insulation for exterior wall insulation has been proven to
be one of the most efficent way to this end. So far, a wide variety of
natural or synthetic polymers with porous feature as well as low
thermal conductivity (x, W/(m'K)), including chitosan [3,4], cellulose
[5]1, polystyrene [6], urethane [7], polyethylene [8] and so on [9,10],
have been used as thermal insulation coatings for modern energy-
saving building construction. However, these mentioned polymers are
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organic in nature and therefore very flammable, which would pose the
serious problem of fire risk. In this regard, the requirements for high-
performance thermal insulation materials are still very high, not only
good thermal insulation performance but also superior flame retardant
performance.

Low thermal conductivity is a prerequisite for thermal insulation
materials. In fact, to achieve a better thermal insulation property, the
creation of a porous structure on these materials with low thermal
conductivity has been proven to be a more effective strategy which
could be reflected by the following two factors, i.e., the porous structure
would impede the solid-state heat conduction along the skeleton of the
substrate materials, while small pores would facilitate to confine air in a
small space to prevent thermal convection. Along this line, several
kinds of porous materials with superior thermal insulation property
have been developed, including aerogels [11,12], porous synthetic
polymers [13,14], and natural polymers [15], to name a few. On the
other hand, to endow the additional flame retardant properties on these
mentioned thermal insulation materials, surface modification by phy-
sical or chemical methods has been well investigated to this end. For
example, layer-by layer assembly has been extensively adopted to
physically create flame-retardant coatings on various porous substrate
materials with thermal insulation property [16-18]. Surface modifica-
tion of these substrate materials by grafting-on approach has also been
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employed to chemically bond the flame-retardant moieties onto the
target substrate materials to produce the disired performance [19].
Though significant progress have been achieved in terms of improving
both thermal insulation and flame retardant properties by using these
methods, big obstacle still remains as these methods have their re-
spective limitations such as multistep processes, time consuming or
highly complicated techniques, which hinders their practical applica-
tions. Even more, in some cases, these “adding” approaches may result
in the impairment in the intrinsic properties, e.g., mechanical proper-
ties or optical properties, of the thermal insulation substrates. Such
phenomenon would become more worse especially in a high loading of
flame retardant where much more dopants are required to achieve ef-
fective fire retardancy.

In our previous works, we have reported the synthesis of nano-
porous flame retardants with good thermal insulation properties based
on benzotriazole-based conjugated microporous polymers and fluorine-
rich conjugated microporous polymer [20,21]. In these cases, the ex-
cellent porosity combined with the flame-retardant moieties which are
chemically bonded on the framework of conjugated microporous
polymers are responsible to their desired flame retardancy and thermal
insulation. As well as we known, octavinyl-POSS has been widely used
to prepare POSS-based porous polymers by many other different ways
[22-26]. Herein, we porpose a new approach for facile fabrication of
POSS-based monolithic nanoporous polymers by solvothermal method
using octavinyl-POSS as monomer and divinylbenzene as crosslinker
followed by freeze drying. Our primary design lies in the employment
of rigid POSS and aromatic ring as building blocks to construct a in-
herentely nanoporous network architecture to improve the thermal
insulation, while the introduction of the flame retardant moieties, i.e.,
POSS units, into the skeleton of as-synthesized PDVB-POSS framework
itself would produce better flame retardancy performance. As antici-
pated, the resulting POSS-based monolithic nanoporous polymers show
low thermal conductivity as well as excellent flame retardancy, makes
them ideal candidate as efficient flame retardant and thermal insulation
materials.

2. Experimental details
2.1. Materials

Vinymethyltrimethoxysilane (VTMO) and divinylbenzene (DVB)
were obtained from macklin Biochemical Technology Co., Ltd.,
Shanghai, China. 2,2’-Azobis(2-methylpropionitrile) was offered by
BASF Chemical industry Co., Ltd., Tianjin, China. Tetrahydrofuran was
obtained from Baishi Chemical Co., Ltd., Tianjin, China. All chemicals
used as received with a purity of 98% or greater. The chemical struc-
tures of the materials are shown in Fig. S1.

2.2. Preparation of octavinyl-POSS

The octavinyl-POSS was synthesis by hydrolysis condensation re-
action of vinymethyltrimethoxysilane (VTMO) [27], as shown in Fig.
S2. Acetone (675mL) and VIMO (67 g) were placed in a 1L flask,
which was mixed evenly under magnetic stirring. A mixed solution of
concentrated hydrochloric acid (112.6 mL) and distilled water (130 mL)
was added dropwise to the reactants, followed by reflux at 40 °C for
48 h. Thereafter, the reaction mixture turned brown and a white solid
deposited on the flask wall. The solvent mixture was poured into a flask
for recycling, the white solid was separated and washed with ethanol
for three times and then dried at 60 °C. The crude product was re-
crystallized to obtain the octavinyl-POSS in a mixed solvent of di-
chloromethane and acetone (volume ratio 1:3). The molecular struc-
tural formula and simulation structure of octavinyl-POSS are shown in
Fig. S3.
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2.3. Preparation of porous polymers

Octavinyl-POSS (1.27 g), divinylbenzene (DVB, 1.04g) and 2,2’-
Azobis(2-methylpropionitrile) (AIBN, 50 mg) were placed in an auto-
clave (100 mL hydrothermal high pressure reactor, Xi'an Dexiang ex-
perimental equipment), and then 20 mL tetrahydrofuran (THF) with
2 mlL distilled water were added. After stirring for half an hour at room
temperature, the magnet was taken out. The solution was treated at
65 °C for 72h. The system was cooled to room temperature and the
solvent was replaced with distilled water. The solid monolith was ob-
tained after freeze-drying (mamed as PDVB-POSS). Poly (divi-
nylbenzene) (PDVB) was prepared as a comparative sample by the same
preparation method. Digital photographs of PDVB-POSS before drying
are shown in Fig. S4.

2.4. Characterization

Fourier transform infrared (FTIR) spectra were recorded in the
wavelength range of 4000-400 cm ~ ' using the KBr pellet technique on
a Nexus 670 spectrum instrument. '°C cross-polarization magic angle
Spinning (CP/MAS) NMR spectra were carried out on a Bruker AVANCE
III 400 MHz NMR spectrometer at a resonance frequency of 100.6 MHz
and recorded using a MAS probe 4 mm in diameter and a spinning rate
of 14 kHz. The powder X-ray diffraction (XRD) patterns were recorded
on a D/Max-2400 X-ray diffractometer (Rigaku Miniflex, Japan) using
Cu-Ka radiation, operated at 40kV and 100 mA from 2° to 80°. (The
foams were grinded into powder for XRD test) The morphologies of
PDVB and PDVB-POSS were observed by scanning electron microscope
(SEM, JSM-6701F, JEOL, Ltd.), and the samples were sprayed with a
layer of Au film before measurement. Energy-dispersive X-ray spec-
troscopy (EDX) was performed to obtain the relative elemental com-
positions of the samples at the surface and inner using an EDX appa-
ratus (INCA type, British Oxford Instrument Co.). The thermal stability
was investigated by thermogravimeter analysis (TGA) from ambient
temperature to 800 °C at a heating rate of 10 °Cmin~' under nitrogen
atmosphere. The Brunauer-Emmett-Teller (BET) surface areas and pore
structures of the samples were measured by a micromeritics ASAP 2020
apparatus at 77.3K, all samples were degassed at 120 °C overnight
under vacuum before analysis. The thermal conductivity values of
samples were measured by a multi-function rapid thermal conductivity
tester (DRE-III, China) by transient plane source method. The infrared
thermal image is obtained with an infrared camera (Thermal Imager
TESTO 869, Testo SE & Co. KGaA, Germany). Torch burn tests were
evaluated by exposure to direct flame from a butane torch at a 45° angle
for 10s. (inner flame of the torch is light blue and 4 cm in length.)
Microcalorimetry (MCC) tests were conducted on a MCC-1 microscale
combustion calorimeter (GOVMARK, USA, ASTM D7309), the samples
were dried at 75 °C for 8 h in a blower box before the test and about
5mg samples were heated at a heating rate of 1°Cs~! from 75 °C to
750 °C.

3. Results and discussion
3.1. Characterization of chemical structure

In this work, we first prepared octavinyl-POSS by hydrolysis con-
densation reaction under acid catalysis. Subsequently, the porous
polymer based on octavinyl-POSS (PDVB-POSS) are prepared by sol-
vothermal method using octavinyl-POSS as monomer, AIBN as initiator,
DVB as crosslinking agent in the miscible liquids of THF and distilled
water, the specific synthesis route of PDVB-POSS is shown in Fig. 1.
Two kinds of PDVB-POSS were prepared according to the molar ratio of
the monomer (octavinyl-POSS) to crosslinker (DVB) of 1:4 (named as
PDVB-POSS (1:4)) and 1:2 (named as PDVB-POSS (1:2)), respectively.

The molecular level structure of octavinyl-POSS, PDVB and PDVB-
POSS were confirmed by NMR, as shown in Fig. 2. As shown in Fig. 2a
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Fig. 1. Synthesis

and b, 13C and 'H NMR spectra were measured to confirm the structure
of octavinyl-POSS. In Fig. 2a, the chemical shift of CH=CH, present at
5.96 ppm and 6.06 ppm. The peak of the deuterated reagent appears at
7.26. Moreover, the resonance signal peaks appear at 128.8 ppm and
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route of PDVB-POSS.

136.6 ppm in Fig. 2b were attributed to the signal peaks of CH=CH,
[27]. The peak at 78 ppm was ascribed to deuterated reagent. Fig. 2c
shows the results of the '*C NMR solid spectra of PDVB and PDVB-
POSS, they are very similar. For PDVB, the peaks at 128 ppm and

(a) '"H NMR (b) “C NMR
J ) N iy I
12 10 8 6 4 2 0200 150 100 50 0
Chemical shift (ppm) Chemical shift (ppm)
——PDVB ©
—— PDVB-POSSs
250 200 150 100 50 0 -50 -100
o/ ppm

Fig. 2. (a) '"H NMR spectra and (b) '*C NMR spectra of octavinyl-POSS and (c) *C CP/MAS NMR spectra of PDVB and PDVB-POSS.
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Fig. 3. FTIR spectra of PDVB and PDVB-POSS.

138 ppm were attributed to the resonance of Ca, site. The weak peak at
112 ppm was assigned to the terminal C=C. The peaks at 41 ppm was
assigned to the resonance of —CH—CH,— site [28], indicating that DVB
has been polymerized. For PDVB-POSS, the peaks at 128 ppm, 138 ppm
and 41 ppm were consistent with PDVB, indicating that DVB and oc-
tavinyl-POSS were successfully polymerized.

The structure of PDVB and PDVB-POSS were further analyzed by
FTIR. The FTIR spectra of PDVB and PDVB-POSS as shown in Fig. 3, the
main characteristic peaks of PDVB and PDVB-POSS are basically si-
milar. A broad peak at 3400 cm ™! was ascribed to the O—H vibration,
because of the presence of physically adsorbed water in the network
structure. For PDVB, the characteristic absorption peaks in the range of
1450-1510cm ™! were associated with the benzene ring skeleton
stretching vibration. The characteristic peaks at 710cm™! and
795cm™! were attributed to the meta-substituted position on the
benzene ring, and the peak at 833 cm ™! was ascribed to the para-sub-
stituted position on the benzene ring. In addition, the peak at
3020 cm ~ ! was classified as the stretching vibration of Car—H, and the
range of 1000-1070 cm ™! were classified as the bending vibration of

X30000 WD 80mm
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Fig. 5. XRD spectra of PDVB and PDVB-POSS.

Car—H. The strong characteristic peak at 2926 cm ™! was ascribed to
the stretching vibration of -CH2-, which indicates that DVB has been
polymerized. As for PDVB-POSS, the peaks at 1410cm ' and
1276 cm ™~ ! were attributed to the bending vibration of C—H. The peaks
at 1118 cm ! and 465 cm ™! were assigned to the stretching vibration
of $i—0—S8i, and the bending vibration of Si—O—Si at 583 cm™!. The
peak at 1603cm ™' was assigned to the stretching vibration of the
terminal C=C. After careful observation, it was found that the other
absorption peak positions of PDVB-POSS were consistent with PDVB,
indicating that the polymerization reaction occurred between DVB and
octavinyl-POSS. Based on the analysis of FTIR and '*C CP/MAS NMR, it
was found that PDVB and PDVB-POSS were successfully synthesized

3.2. Morphological characterization

SEM was used to observe the micromorphology of PDVB and PDVB-
POSS, as shown in Fig. 4. It can be clearly seen that the morphology of

Fig. 4. SEM images of PDVB (a) and PDVB-POSS (b, c). Scale bar: (a,b,c) 100 nm.
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Fig. 6. (a) SEM image of PDVB and EDX carbon mapping of the region shown in (a), (b) SEM image of PDVB-POSS and EDX carbon, oxygen and silicon mapping of

the region shown in (b). Scale bar: (a,b) 500 pm.
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Fig. 7. TGA curves of PDVB and PDVB-POSS under nitrogen.

PDVB and PDVB-POSS are different. The PDVB exhibits a large deposit
of small particles (Fig. 4a), and possesses a porous three dimensional
network structure with a heterogeneous pore size distribution, mainly
composed of mesopores and macropores. The PDVB-POSS (1:4) is also
composed of a large number of small particles, which is accompanied
by partial agglomeration (Fig. 4b). The porous structure of PDVB-POSS
(1:4) is also dominated by mesopores and macropores. The PDVB-POSS
(1:2) is composed of relatively uniform irregular spherical particles
(Fig. 4c), which are arranged very tightly to make the pore size sig-
nificantly smaller than PDVB and PDVB-POSS (1:4). Obviously, as the
monomer content increases, the pore size of PDVB-POSS is decreases
and the particle agglomeration of PDVB-POSS is increases, which in-
dicates that the molar ratio of octavinyl-POSS and DVB has a greater
influence on the morphology of PDVB-POSS. The difference in mor-
phology has stimulated our interest in exploring crystal forms of PDVB
and PDVB-POSS. The XRD spectra of PDVB and PDVB-POSS were per-
formed to analyze their crystal forms. Fig. 5 shows both PDVB and

PDVB-POSS have a large broad peak at about 22°, which was associated
with the diffraction pattern of a typical amorphous polymer. For PDVB-
POSS, the peak present about 9° is ascribed the POSS [29], which
confirm the presence of POSS moieties in the polymer.

3.3. Surface chemical characterization

To determine the distribution of individual elements in PDVB and
PDVB-POSS, the elemental mapping of PDVB and PDVB-POSS were
further observed by scanning electron microscopy with energy dis-
persive X-ray (SEM-EDX) [30], the results as shown in Fig. 6. The PDVB
is mainly composed of C element, Fig. 6a shows SEM image and C
mapping of the region of the PDVB. Apparently, the main element in
PDVB is the C element, which is consisted with the composition of C
element in the PDVB skeleton. Similarly, the PDVB-POSS is mainly
composed of C element, Si element and O element, Fig. 6b shows SEM
image and the C mapping, Si mapping and O mapping of the region of
the PDVB-POSS. Obviously, the C elements, Si element and O element
were uniformly distributed in the skeleton of PDVB-POSS, it was ben-
eficial for the flame retardant experiment. The SEM-EDX results further
confirm that PDVB and PDVB-POSS are successfully synthesized by
solvothermal methods.

3.4. Thermal stability

TGA was used to characterize the thermal stability of PDVB and two
PDVB-POSS. For PDVB and PDVB-POSS, the TGA tests are performed in
nitrogen atmosphere and the results are shown in Fig. 7. The mass loss
of PDVB is 12% in the temperature range from room temperature to
200 °C due to the breakage of the oligomer in PDVB. The thermal de-
composition temperature of PDVB is about 450 °C. When the tem-
perature reaches 800 °C, the mass loss of PDVB reached nearly 92%. It
can be clearly observed that the thermal stability of PDVB-POSS is
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Fig. 8. Nitrogen adsorption and desorption isotherms
of PDVB measured at 77.3 K, (b) Nitrogen adsorption
and desorption isotherms of PDVB-POSS(1:4) and
PDVB-POSS(1:2) measured at 77.3K, (c) Pore size
distribution for PDVB, calculated according to deso-
rption data, (d) Pore size distribution for PDVB-POSS
(1:4) and PDVB-POSS(1:2) calculated according to
desorption data (filled circles: adsorption, semi-filled
circles: desorption).

. 9. Thermographic images of (a) PDVB, (b) PDVB-POSS(1:4) and (c) PDVB-POSS(1:2).
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Fig. 10. Digital photos of (a) PDVB, (b) PDVB-POSS(1:4) and (c) PDVB-POSS(1:2) burning tests and before (above) and after (under) the tests.

Fig. 11. Schematic illustration of the flame retardant mechanism of PDVB-
POSS.

——PDVB
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—— POSSHCPs(1:2)

100 200 300 400 500 600 700
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Fig. 12. HRR curves of PDVB and PDVB-POSS.

significantly superior to PDVB. The mass loss of PDVB-POSS was less
than that of PDVB before 200 °C, indicating that a bit of oligomers was
formed in PDVB-POSS. The mass loss of PDVB-POSS in only 15% as the
temperature up to 450 °C, and the thermal decomposition temperature
of PDVB-POSS was about 480 °C. At 800 °C, the mass loss of PDVB-POSS
(1:4) and PDVB-POSS (1:2) is 60% and 47%, respectively. The analysis
of TGA shows that PDVB-POSS have outstanding thermal stability. It

also shows that the thermal stability and decomposition temperature of
PDVB-POSS are in direct proportion to the content of octavinyl-POSS.

3.5. Porosity properties

BET was used to analyze the porosity properties of PDVB and PDVB-
POSS by the N5 adsorption and desorption tests at 77.3 K, as shown in
Fig. 8. According to the classification of [UPAC, PDVB and PDVB-POSS
give rise to type-II/IV mixed nitrogen adsorption isotherms [31-33].
PDVB and PDVB-POSS exhibit strong nitrogen adsorption (shown in
Fig. 8a and b) at a relative pressure (P/P,) range from 0.8 to 1.0, de-
monstrating the presence of macropores in PDVB and PDVB-POSS.
Furthermore, hysteresis loops exist in PDVB and PDVB-POSS due to the
elastic deformation or swelling effect caused by the adsorption gas of
the polymer [34]. The pore performance data of PDVB and PDVB-POSS
are presented in Table S1. The apparent BET surface areas of PDVB,
PDVB-POSS (1:4) and PDVB-POSS (1:2) were 417 m*g~!, 208 m?g~!
and 319 m? g~ !, respectively. The micropores surface area of PDVB was
calculated to be 97 m?g~! using t-plot method, while the micropores
surface areas of PDVB-POSS (1:4) and PDVB-POSS (1:2) were 4 m>g ™'
and 8 m?g~!, respectively. And the total pore volume are
0.495cm®g~! for PDVB, 1.026cm®g~' for PDVB-POSS(1:4) and
0.705 cm® g_1 for PDVB-POSS(1:2). Besides, the pore size distribution
(PSD) curves (shown in Fig. 8c and Fig. 8d) of PDVB and PDVB-POSS
show that the polymer mainly contain microporous and mesoporous,
and the adsorption average pore width was calculated to be 4.7 nm,
13.8 nm and 8.8 nm for PDVB, PDVB-POSS (1:4) and PDVB-POSS (1:2),
respectively.

3.6. Thermal insulation and combustion properties

To investigate the thermal insulation properties of PDVB and PDVB-
POSS, the thermal conductivity of the three polymers were measured
under ambient temperature and pressure, and the results are shown in
Table S2. The thermal conductivity of PDVB, PDVB-POSS (1:4) and
PDVB-POSS (1:2) was 0.018Wm 'k~!, 0.024Wm 'k™' and
0.032Wm ™'k, respectively. The thermal conductivity values of the
three polymers are lower than traditional thermal insulation materials
[35-371, thus they can be used as thermal insulation materials. For
PDVB, it has a large number of microporous structures, which can
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Fig. 13. SEM images of (a) PDVB-C1, (b) PDVB-POSS(1:4)-C2 and (c) PDVB-POSS(1:2)-C2. Scale bar: (a, b, ¢) 1 um.

——PDVB
—— POSSHCPs

ffffff POSSHCPs-C2

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Fig. 14. FT-IR spectra of PDVB and PDVB-POSS and the same polymer after
burning tests.

restrict the relative motion of air molecules to reduce thermal con-
vection, thereby giving the polymer a lower thermal conductivity.
PDVB-POSS also have some microporous structures, but the number of
microporous is much less than that of PDVB. Therefore, the thermal
conductivity of PDVB-POSS is higher than that of PDVB. What‘s more,
the thermal conductivity of PDVB-POSS is increased with the increase
of POSS content, which makes the polymer denser lead to the thermal
insulation properties of the polymer was weakened.

To observe the thermal insulation performance of PDVB and PDVB-
POSS, we further verified with thermographic images, as shown in
Fig. 9. The temperature distribution of PDVB and PDVB-POSS can be
clearly observed by the colors of the thermographic images. The PDVB
(thickness is 1.3 cm) was placed on the heating plate to form a larger
temperature gradient (dT/dx = 21.5°Ccm™?), indicating that PDVB
can effectively prevent the transmission of heat, so PDVB has excellent
thermal insulation properties. On the contrary, the thermal insulation

of PDVB-POSS is relatively weak, and the temperature gradient of
PDVB-POSS (1:4) and PDVB-POSS (1:2) are 19.1°Cem™' and
17.9°Ccem ™}, respectively. From the values of temperature gradient, it
was found that the thermal insulation properties of PDVB and PDVB-
POSS are consistent with the results of thermal conductivity.

The combustion performance of PDVB and PDVB-POSS were in-
itially studied by torch combustion tests. PDVB and PDVB-POSS were
directly exposed to the blue flame of butane, which was remained
stationary and maintained at a 45° angle with the horizontal direction,
and the combustion results are shown in Fig. 10. When PDVB is exposed
to a butane flame, it ignites immediately and the bright flame spreads
rapidly around. After the test, the sample burned more thoroughly and
the surface of the residue was cracked. PDVB-POSS also ignited when
exposed to a butane flame, but the flame spreads slowly and not bright
enough. At the same time, the residue of PDVB-POSS basically retained
original shape without collapsing. And a tight and complete char layer
was observed for PDVB-POSS (1:2), it acts as a barrier to block heat and
oxygen from diffusing to the substrate material. In addition, POSS
contains a large amount of Si element, which formed SiO, after pyr-
olysis to contribute the formation of char layer. Therefore, with in-
creasing Si content, the flame retardancy of PDVB-POSS elevated. These
phenomena indicate that the introduction of octavinyl-POSS into the
polymer should be able to improve its flame retardancy. And the flame
retardant mechanism is shown in Fig. 11.

MCC was used to obtain the information on the combustion prop-
erties of PDVB and PDVB-POSS to further investigate the flammability
of PDVB and PDVB-POSS, including the heat release rate (HRR), peak
heat release rate (pHRR), heat release capacity (HR capacity), total heat
release (THR) and the temperature (Tp,.,) corresponding to the peak
heat release rate. All the test data are shown in Fig. 12 and Table S3. For
HRR cures, we observed that the HRR value of PDVB increased rapidly
and reached 576 W g~ !, implying that PDVB burning quickly after ig-
nition. For PDVB-POSS(1:4) and PDVB-POSS(1:2), the pHRR are
218.2W g~ ! (reduce at least 62.1%) and 129.3 W g~ ! (reduce at least
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77.6%), respectively. Therefore, PDVB-POSS could be effectively re-
duced the risk of fire. What is more, the HR capacity and THR of PDVB-
POSS are clearly lower than PDVB. These indicating that the in-
troduction of octavinyl-POSS in the polymer can significantly improve
its flame retardancy. And with the increase of octavinyl-POSS content,
the flame retardancy of the polymer is enhanced. The MCC results show
that PDVB-POSS have outstanding flame retardancy.

The morphology of PDVB-C1, PDVB-POSS (1:4)-C2 and PDVB-POSS
(1:2)-C2 was observed by SEM, and the results are shown in Fig. 13.
Obviously, PDVB-C1 and PDVB-POSS-C2 have different appearances.
The PDVB-C1 exhibits a three-dimensional network structures with a
large number of macroporous and the skeleton was fractured, proves
that the material is fully burned. Contrarily, PDVB-POSS (1:4)-C2 is
composed by the accumulation of nanoparticles with a rough surface,
and the diameter of the pore is significantly reduced. Compared with
PDVB-POSS (1:4)-C2, the surface of PDVB-POSS(1:2)-C2 is smoother
and more regular, without cracks. These char layer would effectively
protect the substrate material form further burning.

The structures of the residual chars (named as PDVB-C1 and PDVB-
POSS-C2, respectively.) for PDVB and PDVB-POSS were analyzed by FT-
IR. The FT-IR spectra of PDVB and PDVB-POSS before and after com-
bustion as shown in Fig. 14. Compared with PDVB and PDVB-POSS, the
FTIR spectra of PDVB-C1 and PDVB-POSS-C2 have significant changed.
After combustion, the characteristic peaks in the range of
3200-2900 cm ~ ! disappeared, and the characteristic peaks of the meta-
substituted position (710cm™! and 795cm™ ') and para-substituted
position (833cm™!) on the benzene ring were also disappeared, in-
dicating that the structure of PDVB and PDVB-POSS has substituted. For
PDVB-POSS-C2, the peaks at 465 cm ™! and 583 cm ™! were attributed
to the stretching and bending vibration of Si—O—Si, indicating that an
antioxidant protective layer is formed in the residue of PDVB-POSS to
enhance its flame retardancy.

4. Conclusions

In summary, we have demonstrated a simple method for en-
gineering of POSS-based polymers into monolithic scaffold with porous
feature as efficient flame retardant with good thermal insulation. The
as-prepared PDVB-POSS show high thermal insulation with a low
thermal conductivity of 0.024 Wm ™'k~ in air. Taking advantages of
the rigid structure of PDVB-POSS, the PDVB-POSS possesses excellent
flame retardancy with a peak heat released rate of as low as 144 W g~ !
as well as self-extinguishing behaviors without generation of any melt
dripping. In such testing, the formation of condensed carbon layer
coupled with and three-dimensional nanoporous structure could act as
heat barrier to impede and retard the oxygen, mass and heat transfer to
substrate when it undergoes high temperature treatment. Taking ad-
vantages of simple fabrication process, easily to be scaled-up, excellent
thermal insulation and flame retardancy, such POSS-based monolithic
porous polymers may have great potential as energy-saving coatings for
real applications.
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