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Many additives, e.g., flame retardants and/or appropriate nanoparticles directly
incorporated into the base polymer can be employed to protect polymeric
materials against attack by fire. Nowadays, novel nanomaterials including poly-

hedral oligomeric silsesquioxane (POSS) are employed to impart potential flame 
retardation characteristics to polymers, which open up new ways to prepare flame
retarded materials. In this work, octaphenyl polyhedral oligomeric silsesquioxane 
(ph-POSS) and its bromide derivative (Br.ph-POSS) were used as novel fillers for poly-
styrene and the differences in their enhanced combustion properties were investigated
and discussed. The microstructures of composites were characterized by TEM, which
indicated that POSS nanoparticles were dispersed in the base polymer homogeneously
and the amount of fillers were gradually increased with higher amount of POSS. The
combustion behaviour of the composites was tested by cone calorimetry, which
showed that their flame retardant properties were also greatly improved by increased
amounts of POSS fillers. Nevertheless, there are some differences in the combustion
properties of the composites which are due to different kinds of POSS nanoparticles,
i.e., Br.ph-POSS system was more effective in reducing the peak heat release rate
(pHRR) (the largest relative decline in pHRR was 84.2%), while ph-POSS resulted in
slower smoke production rate (SPR) and rather bigger drops in peak values of CO
release rate (CORR) and CO concentration (COC) during the combustion test (the
largest relative decline in peak values of CORR and COC were 81.8% and 84.3%,
respectively). These improvements are attributed to the homogenously dispersed
POSS nanoparticles and related Br-Sb synergistic effects, while the differences are due
to the presence of different substituents and/or elements in dissimilar POSS cages.

INTRODUCTION

Flame-retarded polymeric materi-
als have been studied for several
decades [1-5]. In recent years,
many research works have focused
on building flame-retarded poly-
mer nanocomposites using novel
nanoparticles [6-8], which have
displayed significant improve-
ments in heat release rate (HRR),
smoke production rate (SPR), 

thermal stability and mechanical
properties [9-12]. Similar to organ-
ically modified clay and carbon
nanotubes, polyhedral oligomeric
silsesquioxanes (POSS) nano-
particles are used as novel and
promising additives for polymer
nanocomposites. The sizes of POSS
cages range from 1 nm to 3 nm in
diameters which can be regarded as
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the smallest units of silica. Unlike silica or silicones,
each POSS cage is tethered to eight functionalized or
unfunctionalized substituents (e.g., methyl, isobutyl,
cyclopentyl, cyclohexyl, phenyl and aniline, etc.)
which surround its silicon-oxygen core and are 
bonded to the silicon vertices [13-15]. 

The first successful synthesis of well-defined
POSS structure was reported by Scott in 1946 [16].
After decades of inactivity, the research on POSS was
reinvigorated since the discovery of preparing 
polymerizable POSS in the 1990s. Nowadays, POSS
nanoparticles are attractive building blocks for
preparing novel polymer nanocomposites due to their
strictly controlled and tailorability structures.
Generally, they are dispersed in polymer matrix via
mechanical blending or chemical bonding to build
POSS-polymer nanocomposites with enhanced 
performance such as improved thermal property
[17,18]. 

Due to their special cage-like structures and 
various kinds of substituents, POSS nanoparticles
also begin to impart potential flame retardation 
characteristics on polymers which have shown 
benefits during combustion. On the basis of the 
existing knowledge, the following improvements can
be suggested: on the one hand, with the thermal
degradation of POSS nanoparticles in fire, some
physical protective barriers can be formed due to the
accumulation of ceramic layers on the surface of the
burning materials and powerfully capable of reducing
the combustion rates [19-21]; on the other hand, due
to tailorability and diversity of POSS substituents,
some special elements or groups with high flame
retardant efficiency can be selected to achieve 
intumescent effect, synergistic effects, and/or good
compatibility with polymers, which help to enhance
better flame retardant properties. 

Furthermore, the size of POSS nanoparticles
enables them to reinforce polymer chains-segments
effectively and control chain motions at the 
molecular level through maximizing the surface area
and chemical interactions of the nano-reinforcement
particles and polymer chains [22]. Comparing with
conventional flame retardants, e.g., Al2O3 and
Fe(OH)2, the diversity and functionality in POSS
substituents and their potential reactivity towards
polymers are highly advantageous for designing

novel flame retardants for different polymeric 
systems. Therefore, novel nanocomposites with
improved compatibility and higher flame retardant
efficiency can be expected. Up to the present time,
only few studies have reported the use of POSS 
molecules as flame retardants for polymers [23-25],
though the differences in their flame retardant 
behaviour induced by different substituents or 
elements in their cage-structures are seldom 
discussed. It is necessary to study these differences,
which would be important for further targeted flame
retardants design in given polymer systems. 

In this work, two kinds of POSS nanoparticles
(ph-POSS and its bromide derivative) with similar
structures were employed to fabricate PS nano-
composites and to study the differences in their
enhanced combustion properties. 

EXPERIMENTAL

Materials
Tetramethylammonium hydroxide (Me4NOH), 
antimony trioxide (Sb2O3), phenyltrichlorosilane,
benzene, sodium bisulphite, dichloromethane, ethyl
acetate, methanol, bromine and catalytic iron powder
were bought from Shanghai Experiment Reagent Co.
Ltd., China, and all were of analytical grades.
Polystyrene (GPPS525, industrial grade, pellets,
Guangzhou Petrochemical Plant, China) was friendly
supplied by Hefei Keyan Chemical Materials Co.,
China.

Synthesis and Preparations
According to the published literature [26], ph-POSS
nanoparticles were synthesized via the hydrolysis and
condensation of phenyltrichlorosilane (PhSiCl3) and
the subsequent rearrangement reaction catalyzed by
tetramethylammonium hydroxide. The product was
extracted and further dried in vacuum. 

Br.ph-POSS nanoparticles were synthesized from
the reaction between ph-POSS and Br2 catalyzed by
Fe powder in CH2Cl2 solution (Scheme I) [27]. Raw
product was collected by washing the organic layer
and the subsequent vacuum distillation. The resulting
white powder was dissolved in ethyl acetate and 
precipitated into methanol for purification. 
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Scheme I. Brominating of octaphenyl polyhedral oligomeric
silsesquioxane (ph-POSS).

POSS/PS composites were prepared by melt
blending method. Certain amounts of ph-POSS
nanoparticles (or Br.ph-POSS+Sb2O3 mixtures with
mass ratio of Br.ph-POSS/Sb2O3: 4/1) together with
neat PS samples were added into an internal mixer
(XK-160, Jiangsu, China). The roll speed was set at
50 rpm while the temperature was controlled at
130°C, and the total mixing time was 20 min. The
obtained composites were desiccated in vacuum at
100°C for a day. The details of PS composite samples
are listed in Table 1.

Instrumentation
XRD patterns were obtained by using a Rigaku
K/max-γA X-ray diffractometer (Japan) with a CuKa
(λ = 1.5415 A) at the scanning rate of 0.02 deg/s;
infrared spectra were obtained by using a MAGNA-
IR 750 (USA) spectrometer. Thermal gravimetric
analysis (TGA) was performed on a Netzsch 
STA-409c (Germany) thermal analyzer under a
50×103 mm3/min nitrogen or air flow with the heating
rate of 10°C/min; SEM and TEM micrographs were
obtained by a Sirion Field-emission scanning electron
microscope (Netherlands) and a JEM2000EX (Japan)

Table 1. Detailed composition of PS composites.

transmission electronic microscope, respectively, The
specimens for TEM were cut at room temperature
using an ultramicrotome (USA) with a diamond knife
from an epoxy block with the embedded films of the
nanocomposites. Thin specimens (50-80 nm) were
collected in a trough filled with water and placed on
200 mesh copper grids.    

Combustion properties of PS nanocomposites
were evaluated using a cone calorimetry test. All 
samples (100×100×3 mm) were exposed to a Stanton
Redcroft cone calorimeter (UK) under a heat flux of
35 kW/m2. The experiment was carried out according
to ISO-5660 standard procedures [28]. The cone data
reported here was the average of three replicated tests. 

Matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF) data was
acquired on a GCT gas chromatography time-of-flight
mass spectrometer (UK) at the pressure of 0.280 Pa
under a certain heating program. 

The tensile strength tests were performed with an
electronic Universal Tester (China) according to 
ISO-527 standard. Samples were cut to 25×4×2 mm
size, and the crosshead speed was set at 400 mm/min.
For each data point, five samples were tested and the
average value was recorded.  

RESULTS AND DISCUSSION

Polyhedral-POSS and its Bromide Derivative 
The results characterized by FTIR (Figure 1), NMR
and MALDI-TOF analyses for ph-POSS nano-
particles are listed as follows: 
FTIR with KBr powder, ν (cm-1): 3072, 1594, and
1112;
29Si NMR (ppm): -76.5; 
MALDI-TOF (m/z): 77, 399, 400, 401, 876, 877, 878,
954, 955, 956, 1031, 1032, and 1033 [C48H40Si8O12
=1032 amu].  

The elemental analysis of Br.ph-POSS nano-
particles shows that 15.5 Br atoms have been 
introduced into every ph-POSS cage. TGA curves
(Figure 2) showed that 5% weight-loss temperature
for ph-POSS nanoparticles is 461°C, while this tem-
perature for Br.ph-POSS nanoparticles is 452°C. 

The relative char yields at 800°C for ph-POSS and
Br.ph-POSS nanoparticles are 43.7% and 52.1%, 

939Iranian Polymer Journal / Volume 19 Number 12 (2010)

Preparation, Characterization and Properties ...Liu L et al.

Sample Detailed composition

PS-0
PS-1
PS-2
PS-3
PS-4
PS-5
PS-6
PS-7

Pure PS
5 wt% ph-POSS+95 wt% PS
20 wt% ph-POSS+80 wt% PS
30 wt% ph-POSS+70 wt% PS
5 wt% (Br.ph-POSS+Sb2O3)+95 wt% PS
10 wt% (Br.ph-POSS+Sb2O3)+90 wt% PS
15 wt% (Br.ph-POSS+Sb2O3)+85 wt% PS
20 wt% (Br.ph-POSS+Sb2O3)+80 wt% PS

 

°

CH2Cl2 3 h, 25°C

Br2 / Fe



Figure 1. FTIR Spectrum of ph-POSS. 

respectively. 
In the XRD pattern for ph-POSS nanoparticles

(Figure 3, pattern a) strong reflections at 8.2°, 11.0°,
12.1°, and 19.0° correspond to their respective lattice
spacing magnitudes of 10.8 A, 8.08 A, 7.35 A, and
4.73 A. The XRD pattern for Br.ph-POSS nanoparti-
cles (Figure 3, pattern b) only gives two wide peaks
at about 8.1° and 25.3° which are indications of
destruction of crystal structure after bromination
process. 

This result is also reflected in the SEM 
micrographs as follows: Figure 4a shows the regular
morphology of POSS nanoparticles at rather high 

Figure 2. TGA Curves of: (a) ph-POSS and (b) Br.ph-POSS
obtained in nitrogen.

Figure 3. XRD Patterns of: (a) ph-POSS; (b) Br.ph-POSS.

Figure 4. SEM Micrographs of: (a) ph-POSS and 
(b) Br.ph-POSS.
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magnification, while most of the particles in Figure 4b
are of random shapes and their sizes are only about a
few hundred nanometers. According to a 
previous research [29], POSS nanoparticles can be
approximately regarded as spherically shaped 
particles that form three-dimensional crystal structure
by arranging each POSS nanoparticle in a plane on a
hexagonal array by stacking these planes in ABCA
sequence. 

During bromination reaction, bromine atoms are
introduced into phenyls groups of ph-POSS nano-
particles, although the exact location and number of
bromine atoms introduced into each phenyl group are
not quite understood yet. The elemental analysis only
reflects a calculated average value, as with the 
possibility of different degrees of bromination, there
may be differences in the substituents of Br.ph-POSS
nanoparticles which would change the original 
stacking sequence and thus destroy molecular lattice
structure. 

Morphology and Mechanical Properties
The microstructures of ph-POSS/PS and (Br.ph-
POSS+Sb2O3)/PS nanocomposites were character-
ized by transmission electron microscopy. TEM
images in Figure 5 show that ph-POSS nanoparticles
are well dispersed and densities of fillers are 
gradually increased with the increase of ph-POSS
content. Similarly, TEM images in Figure 6 indicate
that 5 wt% of (Br.ph-POSS+Sb2O3) mixture can also
result in homogeneous dispersion in the base polymer,
and densities of the fillers are also gradually increased
with higher amounts of Br.ph-POSS+ Sb2O3 mixture.
When, the weight ratio of mixture reaches 20 wt% an
obvious local aggregation is emerged. When the
weight ratios are between 5 and 20 wt% (e.g., 10 wt%
and 15 wt%) some partially homogeneous dispersion
together with local aggregation can be observed. 

Strong molecular forces among POSS nano-
particles and different degrees of compatibility
between organic and inorganic parts of POSS cages
together with the rigidity of their silicon-oxygen cores
result in strong tendency towards particles 
aggregation in the polymer matrix. Alternatively,
strong shearing force in sample preparations provided
by the rotor of internal mixer can make fillers 
dispersed in the polymer matrix as thoroughly as 

Figure 5. TEM Images of ph-POSS/PS composites: (a) 
5 wt% (PS-1), (b) 20 wt% (PS-2), and (c) 30 wt% (PS-3).

possible. Furthermore, the probability of aggregation
will increase with the rising amounts of fillers. TEM
results reflect the combined effects of these factors.
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The mechanical properties of POSS/PS nanocom-
posites are listed in Table 2. The tensile strengths of
PS-1 and PS-4 samples are higher than that of neat
PS, indicating that the well-dispersed small quantities 

Table 2. The mechanical properties of POSS/PS 
composites.

of POSS nanoparticles exhibit an enhanced effect on
polystyrene mechanical properties. Similar to SiO2
nanoparticles, the well-dispersed state and nanoscale
size of POSS cages enable them to reinforce PS
chains-segments and control chain motion through
maximizing the surface area and interactions of the
nano-reinforcement with the polymer matrix.
Therefore, the tensile strength of the composite is
enhanced, while aggregation of fillers can cut down
these enhancements. The elongation-at-break values
of the composites are less than that of neat PS and
decrease as POSS content is raised, indicating that the
elasticity of nanocomposites will be decreased as
filler is added and especially when the aggregation
occurs. 

Combustion Properties
Cone calorimetry is one of the most effective 
bench-scale methods to study the flammability of 
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Figure 6. TEM Images of (Br.ph-POSS+Sb2O3)/PS composites: (a) 5 wt% (PS-4), (b) 15 wt% (PS-5),
(c) 15 wt% (PS-6), and (d) 20 wt% (PS-7).

Sample Tensile strength 
(MPa)

Elongation-at-break 
(%)

PS-0
PS-1
PS-2
PS-3
PS-4
PS-5
PS-6
PS-7

26.3 ± 0.10
28.9 ± 0.12
22.1 ± 0.10
19.9 ± 0.14
28.2 ± 0.07
24.2 ± 0.11
22.7 ± 0.25
20.1 ± 0.13

7.4 ± 0.08
5.3 ± 0.11
4.4 ± 0.05
3.9 ± 0.06
5.1 ± 0.05
4.5 ± 0.09
4.1 ± 0.07
3.9 ± 0.07

200 nm 200 nm

200 nm 200 nm



Figure 7. Heat release rate (HRR) and pHRR values of 
ph-POSS/PS composites (inside) at different weight ratios
(PS-1 to PS-3). The radiant power is 35 kW/m2.

materials, developed by the following principle: 
oxygen consumption per unit mass corresponds to the
regular numerical value of 13.1 kJ/g of heat release.
The common adopted parameters for fire hazard 
evaluation of materials in cone calorimetry test are
heat release rate (HRR), peak heat release rate
(pHRR), total heat release (THR), fire index grow
rate (FIGRA), time to ignition, etc., among which
HRR (especially pHRR) is the most important 
parameter [30]. The combustion properties of our
samples are tested by cone calorimetry test and the
results as depicted in Figures 7 and 8 suggest that the
pHRR values of composites containing different
amounts of nanoparticles of ph-POSS (PS-1 to PS-3
samples) or Br.ph-POSS with Sb2O3 mixtures (PS-4
to PS-7 samples) are effectively reduced. 

The detailed pHRR values for nanocomposites
and the corresponding relative decrease compared to
that of neat PS are listed in Table 3. These data show 
that: (1) the pHRR values decrease with increasing
amounts of ph-POSS or (Br.ph-POSS+Sb2O3) nano-
particles and (2) Br.ph-POSS and Sb2O3 nano-
particles are more effective in lowering the pHRR
value than the ph-POSS alone. When the ratios of
Br.ph-POSS and Sb2O3 nanoparticles are raised to 15
and 20 wt% the pHRR values of nanocomposites
drop dramatically. Although PS-3 and PS-4 samples
have similar values of pHRR, their HRR curves show

Figure 8. Heat release rates (HRR) and pHRR of (Br.ph-
POSS+Sb2O3)/PS composites (inside) at different weight
ratios (PS-4 to PS-7). The radiant power is 35 kW/m2.

different combustion behaviours during the cone
calorimetry test. 

There are three minimum points in the HRR curve
for PS-4 sample which each point corresponds to one
self-extinguishing of the burning sample, while it
does not appear in the HRR curve of PS-3 sample.
Thus, PS-4 sample displays better flame-retardance
properties because it can self-extinguish under the
continuous heat flux generated from the cone. From
the above data we can conclude that both ph-POSS
and Br.ph-POSS with Sb2O3 synergist systems can
improve the fire-retardance performance of poly-
styrene, while the latter system is more effective in
reducing the HRR value. 

Table 3. Heat release rates of POSS/PS composites.

(*) The data for neat PS used as comparison: pHRR=966.3 kW/m2.
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Sample
Heat release rate

Peak value 
(kW/m2)

Relative decrease*

(%)

PS-1
PS-2
PS-3
PS-4
PS-5
PS-6
PS-7

513.4 ± 25.1
353.7 ± 17.2
260.2 ± 14.1
362.2 ± 17.9
213.6 ± 12.8
153.1 ± 11.5
152.2 ± 10.1

46.9
63.4
73.1
62.5
77.9
84.1
84.2



The obvious improvements in HRR values are
attributed to the well dispersed POSS contents in
nanocomposites. The decomposition of POSS
nanoparticles absorbs a great deal of heat which slows
the rising temperature rate in the base polymer and
then delays its further decomposition and combustion.
The flammable gases generated per unit mass of
POSS nanoparticles in decomposition process are less
than those generated per unit mass of neat PS which
decreases the concentration of flammable gases 
during combustion. 

After the exhaustion of the organic parts of POSS
nanoparticles, the residual materials lead to the 
formation of compact ceramic layers made of silicon
oxide on the surface of nanocomposites which limits
the oxidant being provided for inner composites and
thereby delays the oxidation and combustion process-
es. Therefore, the existence of certain amounts of
POSS nanoparticles and well dispersed in nano-
composites is important for the final combustion 
performances. According to our results, more than 
10 wt% of POSS nanoparticles is advantageous to
build compact ceramic layers during combustion
process while, well dispersion state at nanoscale helps
to achieve better flame-retardance properties. 

Comparing two pairs of samples (PS-1/PS-4 and
PS-2/PS-7) with the same POSS or Br.ph-POSS+
Sb2O3 loadings (5% and 20%), the second sample in
each pair (i.e., PS-4 and PS-7 samples) shows better
performances with respect to HRR value than the first
sample in each pair (i.e., PS-1 and PS-2 samples).
These are mainly the results of high flame retardant
efficiency of Br-Sb synergistic effect, whose 
mechanism has been illustrated for many years. No
doubt, like other conventional brominated flame 
retardants, Br.ph-POSS also has problems with UV
stability and it does produce irritant hydrogen 
bromide in combustion processes. Therefore, it
should certainly be used in a limited extent and 
halogen-free POSS-based flame retardants should be
under more consideration. 

As great threats to human life in real fire, smoke
and toxic gases generated from combustion should be
also of great concern. The smoke production rates
(SPR) for the composites during combustion are
recorded simultaneously during HRR determination
in a cone test. The results in Figure 9 show that SPR 

Figure 9. Smoke production rates (SPR) of ph-POSS/PS
composites at different weight ratios (PS-1 to PS-3).

of the ph-POSS/PS nanocomposites are also
decreased significantly with the increasing amounts
of ph-POSS nanoparticles compared to neat PS,
which are indications that ph-POSS nanoparticles
playing also functional role in smoke suppression
besides lowering the HRR value. 

Furthermore, SPR value for (Br.ph-POSS+Sb2O3)/
PS nanocomposites with 5, 10, and 15 wt% loadings
are higher than that of neat PS (Figure 10). When the
amounts of Br.ph-POSS nanoparticles are increased
to 20 wt% the SPR value begins to decline slightly. 

Carbon monoxide is one of the most common
toxic gases generated during fire. The combination of 

Figure 10. Smoke production rates (SPR) of (Br.ph-
POSS+Sb2O3)/PS composites at different weight ratios
(PS-4 to PS-7).
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Figure 11. CO Release rate in the combustion of 
ph-POSS/PS composites at different weight ratios (PS-1 to
PS-3).

CO and hemoglobin of human blood (forming 
carboxyhaemoglobin) would make it lose its original
ability to carry oxygen, and does make irreparable
damage to living organs. Therefore, the reductions of
the CO release rate (CORR) and the CO concentration
(COC) are also very important for the fire safety of
materials. 

Figures 11-14 show the real-time changing 
tendencies in values of CORR and COC parameters
for ph-POSS/PS and (Br.ph-POSS+Sb2O3)/PS nano-
composites samples, respectively. The detailed peak
values of nanocomposites and the corresponding 

Figure 12. CO Release rates in the combustion of (Br.ph-
POSS+Sb2O3)/PS composites at different weight ratios
(PS-4 to PS-7).

Figure 13. CO Concentrations in the combustion smoke of
ph-POSS/PS composites at different weight ratios (PS-1 to
PS-3).

relative decreased values comparing to neat PS
obtained under the same condition are listed in 
Table 4. Due to their different working mechanisms in
the enhancements of combustion properties, 
ph-POSS/PS and (Br.ph-POSS+Sb2O3)/PS nano-
composites exhibit different changing tendencies in
the real-time curves and peak values of CORR and
COC parameters. 

The peak values of CORR and COC parameters
for ph-POSS/PS nanocomposites are dramatically cut
down which become more significant with the
increasing amounts of ph-POSS nanoparticles. In 

Figure 14. CO Concentrations in the combustion smoke of
(Br.ph-POSS+Sb2O3)/PS composites at different weight
ratios (PS-4 to PS-7).
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contrast, the peak values of CORR and COC 
parameters for Br.ph-POSS/PS nanocomposites are
also decreased, though they are insignificant with the
increased amount of (Br.ph-POSS+Sb2O3) nanoparti-
cles when the loads weigh lower than 15 wt%.
Although, PS-7 (20 wt%) and PS-6 (15 wt%) samples
show similar peak values and relatively diminished,
their real-time changing tendencies values are quite 
different. 

CONCLUSION

In summary, we present novel PS nanocomposites by
using octaphenyl polyhedral oligomeric silses-
quioxane (ph-POSS) and its bromide derivative
(Br.ph-POSS) via melt-blending method. Heat release
rate together with other important combustion 
parameters of the nanocomposites are enhanced 
effectively. In comparison, Br.ph-POSS systems are
more effective in reducing HRR, while ph-POSS can
result in less smoke production rates, much lower
peak CO release rate and peak CO concentration 
during combustion process. Specific substituents and
nanoscale size of POSS cages and their well 
dispersion states in polymer matrix contribute to these
improved properties which would help to enhance the
fire safety level of the nanocomposites. 
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