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ABSTRACT: The sulfone epoxy (SEP)/polyhedral oligo-
meric silsesquioxane (POSS) nanocomposite contains bulky
POSS side chains was studied in this research. Its glass
transition temperature (T,) decreases with the bulky POSS
content, indicating that the bulky POSS side chains could
not only generate the oligomers but also interrupt the
network architectures of SEP. Homogeneous and uniform
dispersion of POSS in SEP matrix can be obtained through
the carbamate/oxazolidon covalent linkage, which is evi-
denced by scanning electron microscopy. The increasing

concentration of POSS into SEP exhibits an increase of
char yield in the nanocomposites, indicating that the POSS
segments provide the antithermal-oxidation effect for
SEP/POSS, thereby inhibiting thermal degradation under
open air at high temperatures. © 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 124: 1234-1240, 2012
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INTRODUCTION

The polyhedral oligomeric silsesquioxane (POSS)
possesses the chemical formula [RSiO;5lg, with R
represents various organic groups, such as the
hydroxyl group, alkyl group, aromatic ring, and so
forth. Additionally, the POSS architecture with the
sizes of 1-3 nm consisted of well-defined nanoscale
inorganic silica-like core.' The POSS structure and
rigidity of the organic tethers cubes could improve
the thermal stabilities, higher glass transition tem-
perature, and mechanical properties, and so forth.*”
Various polymer materials have been modified by
the nanoscale POSS, such as polyimide,® polymethy-
methacrylate,” polyurethane,® polystyrene,” and so
forth.

Epoxy has been widely used in surface coating,
adhesives, encapsulants for semiconductor, and
insulating materials for electric devices due to their
toughness, low shrinkage on cure, outstanding adhe-
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sion, and chemical resistance.>!%"12 Beside, one
drawback for epoxy is retardency properties. There-
fore, improvement of thermal properties of epoxy
has been widely investigated. POSS can be incorpo-
rated into the polymers by covalent bonds and/or
physical blending. Although compatibility between
POSS and epoxy can be improved by covalent
bonds, this results in a homogeneous distribution of
inorganic in the organic phase, and therefore, results
in good charring properties of the nanocomposite
materials.'””> Phase separation of POSS/epoxy nano-
composite occurs when POSS-diamine is added to
the epoxy, indicating that even prereaction of a
monofunctional POSS exhibited influence on mor-
phology of nanocomposite. In addition, the effect of
the type and reactivity of functional groups in the
POSS affected the phase and thermomechanical
properties in the cured epoxy hybrid. Similarly,
Laine and coworkers pointed out that the small
changes in nanoscale architecture of epoxy nano-
composite can significantly affect the macroscale
properties.'* ¢

The sulfone epoxy (SEP) monomer compound was
prepared according to previous literature."” In this
work, various weight ratios of isocyanate-type POSS
(isocyanatopropyldimethylsilyl-isobutyl-POSS,  IPI-
POSS) were incorporated into the SEP monomer to
prepare side chain-type SEP/POSS nanocomposites.
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Additionally, the dispersed morphology of the in-
organic POSS moieties was investigated via scanning
electron microscopy (SEM) and transmission electron
microscopy. The thermal degradation properties of
the various SEP/POSS nanocomposites were investi-
gated via thermogravimetric analysis (TGA) and the
different thermal calculation parameters such as the
statistic heat-resistant index temperature (T), appa-
rent decomposition temperature (T,), heat-resistant
index (T,g), integral procedure decomposition
temperature (IPDT), and thermal decomposition
activation energy (E,) were calculated using the Hor-
owitz—Metzger integral method.

EXPERIMENT
Materials

The 4,4-methylenedianiline supplied by Acros Organic
Co., Belgium, was used as the curing agent. The SEP
monomer was prepared according to our previous
study.” Isocyanatopropyldimethylsilyl-isobutyl-POSS
(IPI-POSS; chemical formula, C34H;5NO;4Siy; molar
mass, 974.73 g/mol) bearing seven isobutyl groups
and one isocyanate group was procured from Hybrid
Plastics, Fountain Valley, CA. Tetrahydrofuran (THF)
was obtained from Tedia Co., OH.

Instrumental methods

Fourier transform infrared spectra (FT-IR) were
measured with a Perkin-Elmer Spectrum FT-IR 2000
(Perkin—-Elmer Co., USA). The cured nanocomposites
were measured with a Perkin-Elmer Spectrum One
FT-IR equipped with an attenuated total reflectance
accessory. The morphology of the fracture surface of
the composite was examined using a JEOL JSM-5300
scanning electron microscope (SEM). The energy
dispersive X-ray (EDX) was used to investigate the
distribution of Si atoms in the hybrid creamers. The
EDX measurements were conducted with a JEOL
JSM-5300 micro analyzer. Differential scanning calo-
rimetry (DSC) thermograms were recorded with a
thermal analyzer DSC-Q10 (Waters Co., MA) at opti-
mum heating rates of 10°C/min in open air. The air
flow rate was 50 mL/min. TGA was performed
using a thermal analyzer TGA-951 (Waters Co.) at a
heating rate of 10°C/min in a nitrogen atmosphere.

Preparation of the SEP/POSS nanocomposites

The various SEP/POSS nanocomposites were pre-
pared with different weight ratios of IPI-POSS (0, 1,
3,5 7,9 wt %), keeping a 2 : 1.1M ratio of the SEP
to DMA curing agent. The SEP-3IP is the SEP/POSS
nanocomposite, which possesses 3 wt % IPI-POSS.
Meanwhile, all the reactants were mixed and dis-
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Scheme 1 (a) Isocyanate group of POSS reacted with
hydroxyl group in SEP/DMA polymer, (b) isocyanate
group of POSS reacted with epoxy group of SEP.

solved homogeneously in the THF at room tempera-
ture. The solvent was removed under vacuum at RT
(24 h) and the residue was then heated at 80°C (2 h),
120°C (2 h), 160°C (4 h), and 180°C (6 h). The prepa-
ration reaction is demonstrated in Scheme 1.
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Figure 1 Schematic representation of S;, S, and S; for
calculating A and K in IPDT. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

The integral procedure decomposition
temperature (IPDT)"*"®

The IPDT was calculated by the method proposed by
a previous investigation'®* and is shown in eq. (1):
IPDT(C) =AK - (Tf = T)) + T (1)
where A is the area ratio of the total experimental
curve defined by the total TGA thermogram traces.
T; is the initial experimental temperature, and Ty is
the final experimental temperature. In this study, the
T; and Tf were 50 and 800°C, respectively. A and K
can be calculated by egs. (2) and (3). The values of
51, S5, and S; were determined by previous studies.

S1+ 5
A=_21T22 2
S1+5+S; @)
K:M 3)
51

where A and K are the area ratios of total experi-
mental curve defined in TGA thermogram. Figure 1
shows a representation of Sy, S, and Ss.

The activation energies of thermal
decomposition (E,)""™"°

The activation energies of thermal decomposition
were obtained from the TGA decomposed trace and

calculated from the Horowitz—Metzger integral
method by eq. (4).
-1 E x 0

max

In eq. (4), E, is the activation energy of the thermal
decomposition, and o is the thermal decomposition
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fraction. Tpax is defined as the temperature at the
maximum rate of weight loss of thermal decomposi-
tion. 6 and R are the T — Ty and gas constant,
respectively. Furthermore, E, was determined from
the slope of the straight line corresponding to the
plot of In{ln(1 — o) '} versus 6.

The statistic heat-resistant index (T,)*1™>*

The statistic heat-resistant index temperature (T5)
was determined from the temperature of 5% weight
loss (T4s) and of 30% weight loss (T430) of the sam-
ple by TGA. The statistic heat-resistant index tem-
perature (T;) was calculated by the following eq. (5):

TS = 049[Td5 + 0.6 (Td30 - Td5)] (5)

The apparent decomposition temperature (T4)
and the heat-resistant index (ng)

The T4 and the heat-resistant index (T,;) were calcu-
lated from the eqgs. (6) and (7), respectively.

T = (10C — 3B)/7 ©)
ng = (TA =+ B)/ZX (7)

In egs. (6) and (7), the parameters B and C were
determined from the TGA trace, which represented
the temperature of 50 wt % weight loss (T4s9) and
the temperature of 15 wt % weight loss (Tq41s),
respectively. Additionally, the parameter x is the
functionality index. When the epoxy content was
above 50%, the parameter x of the epoxy compound
was 2.37. However, when the epoxy content was
below 50%, the parameter x of the nonepoxy com-
pound was 2.14. In this work, the parameter x was
2.37, since the epoxy contents were higher than 50%.

RESULTS AND DISCUSSION
Synthesis of the SEP/POSS nanocomposites

Figure 2 presents the FT-IR spectra of the SEP-9IP
nanocomposite and IPI-POSS, respectively. The FT-
IR data reveal that the IPI-POSS has the NCO char-
acteristic peak at 2268 cm™'. However, this charac-
teristic peak disappeared in the FI-IR spectra of the
SEP-9IP nanocomposite, because the NCO group
reacted with the hydroxyl group in the oxirane ring
opening.*® Possible reaction mechanism of SEP/
POSS is illustrated in Scheme 1. Scheme 1(a) showed
that SEP and DMA form the epoxy polymer first,
following the isocyanate of POSS reacted with
hydroxyl group of SEP in side chain. The character-
istic peak at 1739 cm ™' can be assigned as carbonyl
group vibration in the carbamate structure. Because
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Figure 2 FT-IR spectra of IPI-POSS and SEP-9IP nano-
composite. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

of the low isocyanate concentration in the SEP/POSS
nanocomposite (9 wt % of POSS in POSS/SEP), only
a weak carbonyl vibration was observed in FI-IR
spectrum. According to previous literature,” reac-
tion of isocyanate of POSS and epoxy also gives a
one-to-one addition compound, and form oxazoli-
dono linkage between the POSS and SEP as shown
in Scheme 1(b). The same carbamate structure
appears in the oxazolidono ring, making it difficult
to identify the main reaction mechanism in POSS/
SEP/DMA nanocomposite systems. We can con-
clude the chemical linkage form within the nano-
composite. Meanwhile, the characteristic peak of si-
loxane of the POSS (Si—O—Si asymmetric strength)
appeared between 1000 and 1200 cm ', and exhibits
a broad characteristic pattern. The characteristic
peak was observed at 837 cmfl, which is associated
with the Si—CHj; rocking bonding.**2

The morphology of the SEP/POSS nanocomposites

SEM microphotograph indicates that the SEP/POSS
nanocomposite dispersed homogeneously and uni-
formly in the epoxy.* Because the POSS functional
group possessed good reactivity with the polymer
matrix,”" the silicon elements are distributed evenly
and without any aggregation in the SEP/POSS nano-
composite [as shown in Fig. 3(a,b)]. POSS domains
were dispersed uniformly in the epoxy matrix.*>*

The glass transition temperature (Ty) of the
SEP/POSS nanocomposites

Table I indicates that the glass transition tempera-
ture (Tg) decreased with the IPI-POSS content. The
SEP/POSS nanocomposites possess bulky IPI-POSS
segments side chains, which not only improve the
polymer chain mobility but also increase the free

volume. The bulky IPI-POSS moieties might disturb
the curing reaction and the crosslinking architec-
ture.>* Consequently, the Tgs of various SEP/POSS
nanocomposites were lower than that of the pristine
SEP. Kopesky et al. and Tacono et al.*>** found that
the POSS domains may generate the plasticizing
effect, which could decrease the T,.

The thermal degradation properties of the
SEP/POSS nanocomposites

In our previous investigation,'” the sulfone group of
SEP could be degraded at lower temperature to gen-
erate the sulfate derivatives char. Moreover, the sul-
fate derivatives char might improve the thermal sta-
bility of polymer matrices.">*” Figure 4 and Table I
indicate that the Tg4s values of various SEP/POSS
nanocomposites were lower than that of pristine
SEP. Since the IPI-POSS side chains contain organic
alkyl groups (i-butyl groups) and the thermally
unstable urethane-like group, the bulky POSS side
chains may disturb the curing reactions and generate
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Figure 3 (a) SEM microphotography, (b) Si-mapping
microphotography.
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TABLE I
Thermal Degradation Properties of the Various SEP/POSS Nanocomposites
Sample T4s* (°C) Charggo? (%) T4s® (°C) Chargyo® (%) T, (°C)
SEP-0IP 278 39.68 284.63 1.12 164
SEP-1IP 233 31.38 239.16 1.34 126
SEP-3IP 189 30.37 199.39 1.70 111
SEP-5IP 207 33.57 193.71 2.07 108
SEP-71P 195 30.83 189.26 291 106
SEP-9IP 236 30.28 206.44 3.99 105

@ Under the nitrogen atmosphere.
" Under the air atmosphere.

the oligomer in the curing reaction. Tamaki et al.*®
found that the poor polymerization reactivity might
decrease the thermal stability.

Fina et al*’ indicated that the initial thermal
decomposition and evaporation of the i-butyl POSS
occurred at about 200°C, and the primary carbon
atom of the i-butyl POSS possessed higher reactivity
toward oxygen. In nitrogen atmosphere, the char
yield of various SEP/POSS nanocomposites were
lower than that of pristine SEP because of the POSS
fragments sublimation and evaporation when they
were heated above the POSS melting temperature.”
In open air, although, low solid residue in all SEP/
POSS can be ascribed the intermediate product of
SEP/POSS still decomposed at high temperature.
The char yields of SEP/POSS nanocomposites
increased with the IPI-POSS content and were higher
than that of pristine SEP. Song et al.* indicated that
the polysiloxanes were oxidized and decomposed at
high temperature to form the silicon dioxide and a
few free carbons products. Liu and Lee*' found that
the POSS could generate thermally stable SiO,
compounds and improve the char yield of nano-
composites. Therefore, the char yield of SEP was
lower than other SEP/POSS nanocomposites in open
air. The increased char yield could reduce the
amounts of combustible gases evolved during the
thermal degradation and improve the flame
retardancy.*

Tables II and III present the five parameters of
thermal degradation properties, such as the statistic
heat-resistant index temperature (T;), the T,, the
heat-resistant index (T,,), the IPDT, and the thermal
decomposition activation energies (E,), respectively.
Ts, Ta, and T,; of the SEP/POSS nanocomposites
were lower than those of the pristine SEP. Fu et al.”
indicated that the poor crosslinking architectures
could decrease the T, T, and the initial degrada-
tion temperature (T1pr) values. The bulky POSS side
chain may disturb the SEP curing reaction and gen-
erate the oligomer compounds, leading to the
destruction of the crosslinking architectures of the
nanocomposites. The T; values were determined
from the Ty4s and Tg39, which are temperature pa-

Journal of Applied Polymer Science DOI 10.1002/app

rameters correlated with the Tipr and crosslinking
architectures.

The SEP/POSS nanocomposites contain oligomer,
which could destroy the crosslinking architectures of
curing reaction. The phenomenon could cause de-
gradation at low temperature and reduce the IPDT
slightly. However, the IPDT values increased with
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Figure 4 TGA thermal analysis of various SEP/POSS
nanocomposites (a) under nitrogen atmosphere, (b) under
air atmosphere. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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TABLE II
Thermal Degradation Parameters of the Various SEP/POSS Nanocomposites Under
the Nitrogen Atmosphere

Sample Ts (°C) T, (°C) T, (°O) E, (k] /mol) IPDT

SEP-0IP 155.18 245.85 149.36 75.17 1455.75

SEP-11P 138.72 247.00 129.20 43.87 1010.04

SEP-3IP 133.46 222.84 126.90 48.45 1053.28

SEP-5IP 137.97 235.93 129.15 50.20 1028.75

SEP-7IP 137.98 240.52 132.23 51.66 1052.91

SEP-9IP 141.32 246.30 130.47 47.02 1113.49

TABLE III
Thermal Degradation Parameters of Various SEP/POSS Nanocomposites Under the Air Atmosphere

Sample Ts (°C) T4 (°C) T,e (°C) E,1 (kJ/mol) E (kJ/mol) IPDT
SEP-0IP 166.56 247.77 163.89 57.80 81.20 495.30
SEP-11P 147.83 207.74 142.69 46.34 90.66 414.08
SEP-3IP 142.54 183.84 139.30 46.14 89.31 425.85
SEP-5IP 142.55 176.65 140.61 33.15 93.84 416.61
SEP-71P 144.30 181.25 143.88 33.39 88.02 44423
SEP-9IP 139.86 175.07 139.21 34.41 77.49 453.68

IPI-POSS content, which is associated with the gen-
eration of the silicon dioxide char yield.

In a nitrogen atmosphere, the E, of various SEP/
POSS nanocomposites were similar to the other pa-
rameters of thermal degradation properties, because
the alkyl groups of the POSSs and oligomers easily
decomposed at lower temperatures. However, for
SEP-1IP-SEP-9IP, the E, increased with the POSS
content, which is associated with the nanoreinforce-
ment effect of the POSS.**

Figure 4(b) presents two thermal degradation
stages in open air. The activation energies of thermal
degradation of the first thermal degradation stage
(Es1) and the second thermal degradation stage (E,»)
are summarized in Table III. The oxygen of the air
could act as reaction partner with the alkyl group’s
decomposition of the POSS and the thermal degra-
dation of the oligomers at low temperature, which
in turn decreased the E,;. However, the E ;s of vari-
ous SEP/POSS nanocomposites were higher than
that of the pristine SEP. The second thermal degra-
dation stage consists of the volatilization, decompo-
sition, condensation, and oxidation reactions.*’
Therefore, the E,, values showed no tendency from
SEP-1IP to SEP-9IP. The apparent rise of E,, from
SEP-0IP to SEP-7IP can be ascribed to the decompo-
sition of intermediates formed from the degradation
of SEP/POSS during the first stage.

CONCLUSION

The SEP/POSS nanocomposites were prepared using
isocyanatopropyl-dimethylsilyl-isobutyl-POSS  (IPI-
POSS) and the SEP, which possessed the bulky

POSS side chains. There was no large aggregation
observed and the POSS domains were dispersed
uniformly in the epoxy matrix. The glass transition
temperature (T,) decreased with the IPI-POSS con-
tent, because the bulky POSS side chains could not
only generate the oligomers but also interrupt the
network architectures in the curing reaction. This
phenomenon also resulted in decreasing of the initial
thermal degradation temperature. In the beginning
of thermal degradation of epoxy matrix in air, POSS
reacts with alkyl and aromatic structure from SEP
and form the intermediate product of POSS/SEP.
Therefore, the activation energies of second thermal
degradation stage increased from 81.2 to 93.84 kJ/
mol in open air (SEP-0IP-SEP-7IP). Eventually, the
intermediate product of POSS/SEP decomposed
with increase in the temperature. The increased char
yield from SEP-Q0IP~ SEP-9IP revealed that POSS/
epoxy nanocomposite materials exhibited higher
flame retardancy properties than sole epoxy.
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