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Abstract Inorganic-organic composites of octa
(tetramethylammonium) polyhedral oligomeric sils-
esquioxanes (OctaTMA-POSS) and polystyrene (PS)
were prepared by melt-mixing method. The compos-
ites were characterized by Fourier-transform infrared
spectrometry  (FT-IR), Transmission electronic
microscopy (TEM), scanning electronic microscopy
(SEM), and thermal gravimetric analysis (TGA).
Their flammability was evaluated by cone calorimeter
test. The experimental results indicate that Octa-
TMA-POSS, when present in low ratios (1%-5%,
weight ratio) in the composites, can decrease the peak
heat release rate (HRR) by 15%, while high ratios of
OctaTMA-POSS (20% and 30%) can decrease the
peak HRR and the average HRR approximately
linearly. Concentration and release rate of carbon
monoxide (CO) in the composites combustion are
also decreased evidently. Thermal gravimetric analysis
under nitrogen and air atmosphere both show that the
char yield increases obviously. These advances are
attributed to the special properties of OctaTMA-
POSS and its dispersion in PS.
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Introduction

Polymer is widely used in our everyday life, but its
application is frequently limited due to its flammabil-
ity. Substantive research work has been carried out on
flame-retarded polymer composites [1-5], yet it also
remains a great challenge how to improve their flame-
retarded property and thermal stability. Usually dif-
ferent additives are added into polymer in order to
improve their flame retardation [6-12]. As one of the
most extensively-used resins, polystyrene (PS) has
attracted much attention with respect to its thermal
stability and flame-retarded property [13-27]. Thus by
improving its flame-retarded property while keeping
its mechanic and dynamic properties, we can signifi-
cantly enlarge its application extension. Previous
research work has revealed that through the heat
release rates (HRR), mass loss rates (MLR) and
smoke production rates (SPR), flame retardation of
PS composites can be dramatically decreased compar-
ing to pure PS [28]. For PS, synergic systems made of
Sb,0O; and halogen exhibit excellent flame-retarded
performance [29, 30], but they are still unsatisfying if
we take their impact on environment into account.
Therefore, the silicon-containing flame-retarded poly-
mer composites appear promising, owing to their
enhanced properties over the base polymer and
environment-friendliness [31-34].

Silsesquioxanes are a large branch of organic-
inorganic silicon containing compounds. Generally
speaking, there are three main kinds of structures in
silsesquioxanes: random structures, ladder-like struc-
tures and cage-like structures (including partial cage-
like structures). They can be represented as (RSiOz,)n,
where R can be hydrogen or any alkyl, alkylene, aryl,
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Scheme 1 Polyhedral Oligomeric Silsesquioxanes (POSS) and
Octa(tetramethylammonium) Polyhedral =~ Oligomeric  Sils-
esquioxanes (OctaTMA-POSS)

arylene groups, or organo-functional derivatives of
them [35, 36]. The great variety of the side group R can
result in the diversity of silsesquioxanes [37]. For this
reason, a lot of novel chemical materials with high
thermal stability and good mechanic properties have
been synthesized based on silsesquioxanes since the
last century [38-41]. One of the most popular branches
of silsesquioxanes is polyhedral oligomeric silsesquiox-
anes (POSS, its structure is given in Scheme 1),
including T8 cage, T10 cage, T12 cage and other par-
tial cage structures. Laine and his coworkers [42-47]
have synthesized many kind of organic-inorganic
composites based on POSS, while Tabuani presents
an extensive study to evaluate the influence of the
POSS substituent groups on the morphological and
thermal characteristics of melt-blended POSS/PP com-
posites [48]. Till now only a little work has been
reported so far with regards to polymer nanocompos-
ites prepared with non-reactive POSS.

OctaTMA-POSS which contains a substituted T8
POSS cage is bestowed potential flame retardation on
polymeric materials due to its special structure and
composition. Further more, non-halogen and non-
phosphorus containing structure suggests that it is
environment friendly. In this work, we used Octa-
TMA-POSS as an additive to obtain PS composites
with improved flame-retarded properties and thermal
properties.

Experimental section

Materials

Tetramethylammonium hydroxide with crystal water
was obtained from Xinde Chemical Plant (Zhejiang,

China) and was purified by re-crystallization prior to
use. Tetraethoxysilane was commercially available and
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was of analytical grade. Polystyrene was friendly
supplied by Hefei Keyan Chemical Materials Company.

Techniques

Infrared spectra were obtained by using a MAGNA-IR
750 spectrometer. Thermal gravimetric analysis
(TGA) was performed on a Netzsch STA-409c
Thermal Analyzer under a 50 x 10° mm®/min nitrogen
or air flow with the heating rate of 10 °C/min. SEM
and TEM images were obtained from X-650 scanning
electronic microscope system and H-800 transmission
electronic microscope system respectively. The com-
bustion properties of OctaTMA-POSS/PS composites
were evaluated by using a cone calorimetry test. All
samples (100 x 100 x 3 mm®) were exposed to a
Stanton Redcroft cone calorimeter under a heat flux
of 35 kW/m?. The experiment was carried out accord-
ing to ISO-5660 standard procedures [49]. The cone
data reported here is the average of three replicated
experiments. Limiting oxygen index (LOI) determi-
nation was performed on a HC-2 LOI testing device
(Jiangsu, China) according to ASTM D2863. Test
specimens (100 x 6.5 x 3 mm®) were cut from pressed
plates. MALDI-TOF data was acquired on a GCT gas
chromatography time-of-flight mass spectrometer at
the pressure of 0.280 Pa under a certain heating
program.

Synthesis of OctaTMA-POSS and OctaTMA-
POSS/PS composites

OctaTMA-POSS was synthesized according to the
reported procedures [44]: First, 108.8 ¢ (CHj),4
NOH-5H,0 was dissolved in 438.6 g deionized water,
into which 125.0 g tetraethoxysilane was slowly
dropped under mechanical stirring. After been kept
at room temperature (25 °C) for 24 h, the temperature
of the reaction system was raised to 60 °C under
mechanical stirring. Six hours later, the reaction
solution was condensed by partial pressure distillation
and then it was placed in a refrigerator at 2 °C.
OctaTMA-POSS with crystal water was crystallized
from the condensed solution little by little. Its ideal
structure was shown in Scheme 1. Then OctaTMA-
POSS was dried in a vacuum oven at 80 °C in order to
eliminate its crystal water. It was milled and selected
by a sieve. At last, OctaTMA-POSS and PS were
added into an internal mixer (XK-160, Jiangsu, China).
The roll speed was controlled at 50 rpm, the temper-
ature was maintained at about 130 °C, and the total
mixed time was 20 min. The obtained composites were
desiccated in a vacuum oven at 100 °C for 24 h.
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Results and discussion
Characterization of OctaTMA-POSS

OctaTMA-POSS is crystallized from the reaction
solution system. The desiccated OctaTMA-POSS can
be easily dissolved in water and re-crystallization
again, which is an evidence for the maintenance of its
cage-like structure. FTIR spectrum of dried Octa-
TMA-POSS (white powder) is showed in Fig. 1-d. The
five main absorbing peaks at 2945 cm™', 1648 cm™,
1491 cm™, 1401 em™, 1037 cm™' can be attributed to
the stretching vibration of saturated C-H bond, MeNO
group, MeN group and Si—O bond respectively, while
one peak at 936 cm™' stands for the torsional vibration
of MeN group.

TGA curves for OctaTMA-POSS with crystal water
and without crystal water under nitrogen are showed in
Fig. 2. OctaTMA-POSS containing crystal water starts
to lose weight at the beginning of the temperature
rising, while degradation of OctaTMA-POSS without
crystal water doesn’t occur until 200 °C, as a result of
the decomposition of -N(CH3),4 group of POSS. After
300 °C, TG curve reaches a flat. At 500 °C, the ratio of
residual weight is 48.3%. It should be noted that the
relative molecular weight of the inside POSS core
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Fig. 1 FTIR spectrum of dried OctaTMA-POSS and OctaTMA-
POSS/PS composites: (a) PS; (b) 20% OctaTMA-POSS/80%PS;
(¢) 30% OctaTMA-POSS/70%PS; (d) OctaTMA-POSS

100 |-

80

0Pk

weight (%)

60 |-

50 |-

40 |-

30 [P TP TP TP TP P SR S |
0 100 200 300 400 500 600 700 800

temperature (°C)

Fig. 2 TGA data for (a) OctaTMA-POSS without crystal water
and (b) OctaTMA-POSS with crystal water

made up of silicon and oxygen atoms is 544, which is
47.9% of that of OctaTMA-POSS (Its relative molec-
ular weight is 1136). The coincidence indicates that all
the organic part of OctaTMA-POSS has decomposed
completely when the temperature is higher than
300 °C.

Characterization of OctaTMA-POSS/PS
composites

OctaTMA-POSS/PS composites were characterized by
FTIR (Fig. 1) and TEM (Fig. 3a—d). In FTIR spectra,
the absorbing peaks related to PS (the peaks around
3000 cm™, the peaks at 1942 cm™, 1870 cm™,
1802 cm™, 766 cm™, 697 cm ™, etc.) and the absorbing
peaks belonging to OctaTMA-POSS (the peaks at
2945 cm™, 1648 em ™!, 1491 ecm™, 1401 cm™, 1037 em ™,
etc.) can all be found in the spectra for composites, and
the relative intensity of the absorbing peaks approxi-
mately matches their ratios.

From TEM images of the composites, OctaTMA-
POSS nanofibre can be found in PS base when the
weight ratio of OctaTMA-POSS in the composites
rises to a certain amount. OctaTMA-POSS is one kind
compound with cage-like structure, with one silicon
atom in each of the eight corner of the cubic cage, and
each silicon atom is connected with one ~ON(CH3),
group. So there must be a lot of hydrogen bond and
strong electrostatic attraction between positive and
negative charges in the composites. The core of the
cage is made up of silicon and oxygen atoms, together
with eight -ON(CHs3),4 groups at the corner of the cage,
which is a very rigid structure. Strong molecular force
between groups and the rigid core of OctaTMA-POSS
structure will help it assemble linearly. All these
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Fig. 3 TEM images of POSS/
PS composites: (a) 1%
OctaTMA-POSS/99% PS;
(b) 5% OctaTMA-POSS/95%
PS; (¢) 20% OctaTMA-
POSS/80%PS; (d) 30%
OctaTMA-POSS/70%PS

factors are favorable for the formation of the nanofibre
structures in the polymer substrate. Further more,
rotor of internal mixer can provide strong shearing
force in the preparations, which can make the nano-
fibre structures disperse in the polymer homoge-
neously.

Enhanced combustion properties of OctaTMA-
POSS/PS composites

The cone calorimeter is one of the most effective
bench-scale methods to study the inflammabilities of
materials. The common adopted parameters for fire
hazard evaluation of materials in cone calorimeter 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 regarded as the most important
parameter [50]. In our experiment, small ratios of
OctaTMA-POSS can decrease the pHRR of the
composites (Fig. 4) obviously, but there are little
differences between samples with OctaTMA-POSS
content from 1% to 5%. When the ratios of OctaTMA.-
POSS are raised to 20% and 30%, the pHRR of the
composites drops approximately linearly (Fig. 5).
There is 31.7% descent for Composite-2 (20% Octa-
TMA-POSS/80%PS) and 54.6% descent for Compos-
ite-3 (30%OctaTMA-POSS/70%PS) respectively when
compared to pure PS. Especially for Composite-3, a fat
occurs in the HRR curve, which is a distinct contrast
with the sharp peak of pure PS in HRR. When the
peak heat release rate at different ratios are observed,
it can be found that the peak HRR and average HRR
drop nearly linearly versus the OctaTMA-POSS ratios
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Fig. 4 The heat release rate (HRR) results of OctaTMA-POSS/
PS composites with low POSS weight ratios (from 1% to 5%).
The radiant power is 35 kW/m?

(Fig. 5, here we employ composite-1 (5%OctaTMA-
POSS/95%PS) as comparison in order to find out the
variation tendency of the peak HRR and the average
HRR.). It is speculated that little amount of Octa-
TMA-POSS is not enough to form continuous struc-
ture in PS, but when the weight ratio increases to a
certain amount, consecutive organic—inorganic nanofi-
bre is formed, which can separate the base polymer
into small units at nanometer scale. The OctaTMA-
POSS clapboard can prevent heat and mass from quick
transferring in the composites, which improves the
combustion and thermal proprieties of the composites
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Fig. 5 The heat release rate (HRR) results of OctaTMA-POSS/
PS composites with high POSS weight ratios (from 5% to 30%).
The radiant power is 35 kW/m?

effectively. In the mass loss rate curve obtained in the
combustion course (Fig. 6), we can also perorate that
OctaTMA-POSS slows down the mass loss rate of the
composites combustion markedly.

The obvious decrease of the peak HRR, average
HRR and mass loss rate of composites is attributed to
OctaTMA-POSS in the composites. During the com-
bustion process, the organic part of OctaTMA-POSS is
oxidized, accompanied by the release of the generated
volatiles such as carbon dioxide, vapor and nitrogen
containing derivatives. As we known, there are two
stages in the combustion of polymer: the long carbon
chains breach stage and the flammable gases combus-
tion stage. Oxidation of the organic part of OctaTMA-
POSS consumes oxygen and leads to the formation of
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Fig. 6 The mass loss rate of OctaTMA-POSS/PS composites in
the combustion

the compact inorganic layers made of silicon oxide in
the composites, which can limit the amount of oxidant
provided to inner PS and thereby delay the oxidation
and combustion of base polymer. On the other hand,
the flammable gases generated by unit mass of Octa-
TMA-POSS in decomposition is less than that gener-
ated by unit mass of PS, which can decrease the
concentration of the flammable gases during compos-
ites degradation. Further more, the organic part of
OctaTMA-POSS will degrade into trimethylamine,
which will finally degrade into ammonia (inert gas)
under heating and the local conditions limited oxygen
(this will be further explained in the following discus-
sion). Gases generated from OctaTMA-POSS degra-
dation result in the intumescences of composites, which
is confirmed by SEM images of residue char (Fig. 7a, b).
All of these factors will help the composites to get a
lower heat release rate and a lower mass loss rate. At
the same time, limited oxygen index (LOI, %) of the
composites is increased from 17 to 23. The main
improvements are list in Table 1, and the data reported
here is the average of three replicated experiments.
These improvements of combustion properties for the
composites are attributed to the OctaTMA-POSS
added into PS.

The peak CO release rate (PCORR) and peak CO
concentration (PCOC) in the combustion are also
obviously decreased. 1%, 2%, 3%, 5% OctaTMA-
POSS in the composites make PCORR decrease by
51.2%, 53.1%, 50.7%, 52.7% respectively. When the
ratios rise to 20% and 30%, PCORR can be decreased
by 66.2% and 70.8% respectively (Fig. 8). In the same
way, 1%, 2%, 3%, 5% OctaTMA-POSS in the com-
posites make PCOC in the combustion decrease by
35.7%, 39.1%, 36.1%, 38.9% respectively. When the
ratios rise to 20% and 30%, PCOC can be decreased
by 553% and 66.1% respectively (Fig.9). These
obvious enhancements in the combustion properties
improve the fire safety performance of PS composites.

Thermal degradation and thermal oxidation of
OctaTMA-POSS/PS composites

TGA curves in Figs. 10 and 11 describe the weight loss
process of composites with high OctaTMA-POSS
ratios under nitrogen and air atmosphere respectively.
Relevant parameters in TGA are list in the Table 2.
From Fig. 10 we can see, although the thermal degra-
dation of the composites begins from about 250 °C, the
main decomposition temperature remains at about
420 °C. OctaTMA-POSS enhances the char residue of
composites significantly. For pure PS, almost nothing is
left when the temperature is more than 600 °C, while
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Fig. 7 SEM images of
OctaTMA-POSS/PS
composites combustion char
residue: (a) for 20%
OctaTMA-POSS/80%PS

(b) for 30% OctaTMA-POSS/

70%PS

Table 1 Thermal and combustion properties of POSS/PS composites
Sample Peak of HRR Average HRR Peak of CO Peak of Limited Oxygen
(kW/m?) (kW/m?) release rate (pg/s) CO concentration Index (LOI, %)
(x107%) (x107%)
Pure PS 882.9 + 40.1 472.1 +20.1 252.6 + 12.6 1763.7 + 78.2 17.0 £ 0.5
Composite-1 7473 + 343 396.3 + 14.8 1544 £ 6.7 8372 +£31.8 18.0 £ 0.5
Composite-2 602.6 + 14.6 388.8 +19.0 109.9 + 4.5 599.0 + 24.9 220+0.5
Composite-3 4014 +19.2 276.0 = 10.3 85.7+23 516.5 +19.8 230+ 0.5
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Fig. 8 CO concentration in the combustion of OctaTMA-POSS/

PS composites

for Composite-2 and Composite-3, there are 22.8% and
28.1% char left respectively. Deduction the effects of

OctaTMA-POSS decomposition, which should elimi-
nate about 51.8% from OctaTMA-POSS component
itself (see it in Fig. 2), the char of composites has been
raised by 7.2% and 13.8% for Composite-2 and
Composite-3 respectively. Further more, OctaTMA-
POSS also can reduce the decomposition rate of the
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Fig. 9 CO release rate curve in the combustion of OctaTMA-

POSS/PS composites

composites. As we can see in the differential thermal
gravimetric analysis (DTG) curve (Fig. 12), the peak
decomposition rate reduces from 29.1%/min (for pure
PS) to 23.0%/min (for Composite-2) and 19.7%/min
(for Composite-3), and the temperature corresponding
to maximal mass lost rate rises about 9 °C when
compared to pure PS. The reduction of decomposition
rate suggests the improvement in thermal stability of
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POSS/PS composites in nitrogen: (a) pure PS; (b) 20%Octa-
TMA-POSS/80%PS (¢) 30%OctaTMA-POSS/70%PS

80 |-

60 |-

weight (%)

20 -

| I TP NP P TP PO RPN B B
0 100 200 300 400 500 600 700 800 900

temperature (°C)

Fig. 11 The thermal gravimetric analysis results of OctaTMA-
POSS/PS composites in air: (a) pure PS; (b) 20%OctaTMA-
POSS/80%PS (c) 30%OctaTMA-POSS/70%PS

the composites, which can be attributed to OctaTMA.-
POSS. The organic-inorganic component made up of
silicon and oxygen in the cage-like framework can
decrease the thermal conductivity of PS, prevent heat
from fast spreading in the composites. In this way, the
gasification and decomposition rate are cut down.

Table 2 Main parameters obtained from TGA curves of composites

temperature (°C)

Fig. 12 The differential thermal gravimetric analysis (DTG) of
OctaTMA-POSS/PS composites: (a) pure PS; (b) 20%Octa-
TMA-POSS/80%PS (¢) 30%OctaTMA-POSS/70%PS

Because there is no new bond formed in the compos-
ites, PS and OctaTMA-POSS are connected by inter-
molecule force, the main degradation temperature of
composites does not change obviously.

The thermal oxidation of the composites is investi-
gated by TGA under air atmosphere. The results
indicate that OctaTMA-POSS help to raise the char
residue of the composites evidently (Fig. 11). There
are 21.3% and 26.2% increase of char residue for
Composite-2 and Composite-3 respectively. The
decomposition temperature of the composites is
reduced due to the decomposition of OctaTMA-POSS.
The relevant data obtained from TGA are list in
Table 2 and the data reported here is the average of
three replicated experiments. The real-time IR spec-
trum of composite-3 (Fig. 13) matches the TGA results
well. The composite begins to decompose from 300 °C
to 350 °C, and the char residue can be determined as
silicon oxide at 450 °C.

Possible mechanism of flame property
improvement

The accession of OctaTMA-POSS into PS results
in the improved flame-retarded properties of the

Sample In nitrogen atmosphere In air atmosphere
5% Weight loss 50% Weight loss 700 °C Char 5% Weight loss 50% Weight loss 700 °C Char
temperature (°C)  temperature (°C)  yield (%) temperature (°C) temperature (°C)  yield (%)
Pure PS 400.1 + 1.3 4315 +24 14 +01 325912 4029 £ 1.9 0
Composite-2 3919 + 1.2 438.8 £ 2.1 22.8 £ 0.6 3145+ 13 3992 £ 1.5 21305
Composite-3 3441 £ 15 4422 + 1.8 28.1 +0.8 296.3 = 0.9 3882 +2.1 262 £ 0.4
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Fig. 13 The real-time IR spectrum of 30%OctaTMA-POSS/
70%PS: (a) rt; (b) 150 °C; (c) 200 °C; (d) 250 °C; (e) 300 °C;(f)
350 °C; (g) 400 °C; (h) 450 °C

composite, such as the decrease of peak HRR, average
HRR, peak CO release rate, peak CO concentration
and the obvious increase of char residue. Based on the
experimental results, the mechanism of these improve-
ments can be deduced as following: (1) OctaTMA-
POSS begins to decompose at 200 °C, which absorbs a
great deal of heat. This slows the temperature rising of
the polymer and delays the decomposition and com-
bustion of the composites. (2) The inert gas generated
from the degradation of OctaTMA-POSS in combus-
tion will dilute the mixture of flammable gases and
oxygen. They will take away part of heat from the
combustion system. Figure 14 shows the mass spec-
trum of OctaTMA-POSS obtained at 250 °C (MALDI-
TOF (m/z): 17, 29, 30, 31, 32, 42, 43, 44, 56, 57,
58, 59, 60; [N(CHj3)3 =59 amu, NH(CH3), = 44 amu,
NH,CH3; = 30 amu, NH;3 = 17 amu]). It suggests that —
ON(CHj)4 groups of OctaTMA-POSS degrade into
trimethylamine (TMA, N(CHs); ) when the compos-
ites are heated but not ignited. The generated N(CHs);
is under the surrounding and protection of unburned
PS, which provides a temporary local condition lack of
oxygen. TMA will further degrade into organic vola-
tiles, such as dimethylamine, methylamine and NH;j
finally, which is a kind of inert gas. These inflammable
and uninflammable gases generated from OctaTMA-
POSS degradation result in the obvious intumescent
effect, which can be testified by porous structure in
SEM images of char (Fig. 7). (3) The large amount of
silicon and oxygen components in OctaTMA-POSS
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Scheme 2 the sketch combustion course of OctaTMA-POSS/PS
composites

constitutes inorganic layers when organic part of
OctaTMA-POSS has degraded completely. It will
partially cover the surface of PS. The uninflammable
and adiabatic inorganic layers disperse in the inner of
composites continuously or discontinuously, which
prevent the flammable gases from entering the com-
bustion system and prevent PS from further oxidiza-
tion. This can be illustrated in Scheme 2.

Summary

Organic-inorganic OctaTMA-POSS/PS composites
with improved combustion properties and more char
yield were synthesized by melt-blending method.
Comparing to pure PS, peak HRR of the OctaTMA-
POSS/PS composites has been cut down by 54.5% and
average HRR of the composites has been cut down by
41.5%. The char of the composites in the TGA test
under nitrogen and air atmosphere both have a notable
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increase. These improvements are result from the
particular netlike structure formed in the composites.
It can also be expected that with other proper fire
resistant cooperation, composites with better combus-
tion properties can be obtained.
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