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ABSTRACT: A fluorinated polyimide (PI), synthesized
from 4,40-(hexafluoroisopropylidene) diphthalic anhydride
and 4,40-diaminodiphenyl ether, was used as matrix for
the preparation of PI/silica hybrids. The inorganic phase
was obtained in situ by a sol–gel route with tetraethoxysi-
lane as precursor. Both micron- and nano-scale hybrids
were obtained depending on the interfacial interaction
between the organic and inorganic phases. To promote
such interaction a compatibilizing agent was synthesized,
in the form of an alkoxisilane-terminated oligoimide. Both
the PI and the coupling agent were characterized by FTIR
and Raman spectroscopies and by GPC measurements.
The effect of the coupling agent on the morphology of the
hybrids and on the size of the silica particles was investi-

gated by scanning electron microscopy. The viscoelastic,
mechanical, and thermal properties of hybrid composites
were studied. It was shown that by adding appropriate
amounts of the compatibilizer it was possible to control
the morphology and to obtain homogeneous nanostruc-
tured systems. A general improvement of the mechanical
performances and of the thermal stability was demon-
strated, together with an increase of Tg, which was found
more pronounced for the nanocomposites than for the
microcomposites. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 121: 2168–2186, 2011
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INTRODUCTION

Among aromatic polymers, polyimides (PIs) exhibit
outstanding characteristics such as high tensile
strength and modulus, high thermal stability and sol-
vent resistance, coupled with relatively low permit-
tivity, and dielectric losses up to very high tempera-
tures. For this reason, they find applications in
aerospace, microelectronic devices, and in separation
membrane technology and are well-known as impor-
tant high performance polymers.1–5 Thermal and me-
chanical properties of PIs can be further improved by
inclusion of silica in the matrix to produce organic–
inorganic hybrid materials.6–10 The sol–gel process
represents the main route to develop silica particles in
situ in the PI matrix.11–13 The morphology of the
resulting hybrids can assume either nanostructural or
microstructural features, depending on the reaction
conditions and on the degree of compatibility
between the organic and inorganic components. In
earlier studies only hybrids with large silica domains
scarcely bonded to the PI matrix were produced. This

led to brittle materials with poor mechanical proper-
ties. Later on, to enhance the compatibility between
the silica phase and the PI matrix, a variety of organo-
silanes as coupling agents have been used. The role of
these molecules is to provide, through their function-
alities, a connection between the inorganic silica net-
work and the organic polymer.14–18

In previous studies,19–24 we have found that the
morphology of PI/silica hybrids can be closely con-
trolled by using a (c-glycidyloxypropyl)trimethoxy-
lane (GOTMS) as coupling agent. Discontinuous,
two-phase microcomposites were obtained in ab-
sence of GOTMS, whereas bicontinuous nanocompo-
sites were achieved by introducing the GOTMS in
the precursor solution for the formation of the silica
network. The way through which the coupling agent
determined the evolution of the morphology in these
hybrid systems was attributed to interactions by
hydrogen bonding taking place between the epoxy
groups of GOTMS and the acid groups of the PI pre-
cursor. Attempts to improve the compatibility in PI/
silica hybrids were also made by Wang et al.14,25,26

by using an aminophenyl-trimethoxysilane as cou-
pling agent. Although premixed with the PI precur-
sor or with the tetramethoxysilane solution, this cou-
pling agent was reported to improve the dispersion
of the silica domains in the PI matrix. This was
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attributed to the enhanced interconnectivity of the
two phases through chemical interactions with the
amine groups of the coupling agent. Numerous
other studies27,28 have proved that different coupling
agents had pronounced effects on the morphology of
the PI/silica hybrids and improved the mechanical
strength and the thermal stability.

Surface modification of the inorganic particles has
been also considered to be a suitable approach for
tailoring sol–gel materials to make them compatible
with the PI matrix through improved interfacial
interaction.18,29 Similarly, the modification of the ma-
trix itself in a way to create reactive sites toward the
inorganic network has also been demonstrated to be
an alternative method to the particle’s surface modi-
fication or to the addition of coupling agents.28,30

As PI-silica hybrids combine the basic properties
of organic and inorganic constituents, they can also
offer specific advantages for the preparation of
membranes with enhanced selectivity and perme-
ability.31,32 In particular, PI/silica hybrids, based on
fluorinated PIs, have been found to exhibit promis-
ing gas permeation characteristics and have been tai-
lored to accomplish specific gas separations. Corne-
lius et al.33 prepared a series of hybrid composites
using fluorinated PIs and various organosilica struc-
tures. They found that the gas transport properties
were dependent on the type of alkoxide used and
on the final morphology. In particular, systems with
a low compatibility showed low membrane perform-
ances. In contrast, improvements in selectivity and
permeability were observed in hybrids with high
interactions between the components.

Fluorinated PIs are also representative of a grow-
ing class of materials that for space and electronic
applications have several desirable properties such
as solubility in a variety of solvents, low moisture

sorption, enhanced processability, and optical trans-
parency while maintaining the thermal-oxidative sta-
bility associated with traditional PIs. However, they
often have elevated linear coefficients of thermal
expansion (CTE), which limit their use in space
applications. The incorporation of a silica phase
within fluorinated PIs have been found to be very
effective in modulating the linear CTE.34,35

The aim of the present study is to enhance the me-
chanical properties and the thermo-oxidative stability
of fluorinated PIs used as gas separation membranes
and for space and electronic applications, by formu-
lating hybrid materials with controlled morphology.
The inorganic phase (silica) was produced in situ via
a sol–gel process, and the morphology control was
achieved by a suitably synthesized coupling agent,
consisting of an alkoxisilane terminated oligoimide.
The synthesis of both PI and coupling agent was fol-

lowed by FTIR and Raman spectroscopies and by
GPC measurements. The effect of the coupling agent
on the morphology of the prepared hybrids and on
the size of silica particles was investigated by scan-
ning electron microscopy. The viscoelastic, mechani-
cal, and thermal properties of hybrid composites
developed with and without the coupling agent were
compared and correlated to their molecular structure.
Furthermore, analytical methods were used to obtain
kinetic parameters of the thermal degradation process.

EXPERIMENTAL

Materials

The molecular structures of the monomers used
in the hybrids synthesis are reported in Scheme 1.
All the reagents and solvents were purchased
from Sigma-Aldrich. 4,40-(Hexafluoroisopropylidene)

Scheme 1 Chemical formulas of the materials used in the preparation of the hybrids
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diphthalic anhydride (6FDA) and 4,40-diaminodi-
phenyl ether (ODA) were purified by vacuum subli-
mation and stored under vacuum. Tetraethoxysilane
(TEOS), (3-aminopropyl)triethoxysilane (APTS), and
dichloromethane (DCM) were used as received. N-
Methyl-2-pyrrolidone (NMP) was stirred over night
on phosphorus pentoxide, distilled under vacuum,
and stored under nitrogen.

Synthesis of the high-molecular weight polyamic acid

In a 50–mL, three-necked, round-bottomed flask
equipped with a nitrogen inlet, a magnetic stirrer, and
a dropping funnel 0.905 g (4.523 mmol) of ODA was
dissolved in 8.1 mL of NMP. In a 25–mL, two–necked,
round-bottomed flask 2.008 g (4.523 mmol) of
6FDA was dissolved, under nitrogen, in 7.0 mL of
NMP. With the aid of the dropping funnel, the
6FDA solution was slowly added to the ODA solution
with vigorous stirring under nitrogen purge. The
dropping funnel was rinsed three times with 1-mL
NMP. After 24-h mixing at RT, a viscous
polyamic acid solution was obtained. The product
was stored at �18�C.

Synthesis of the anhydride-terminated amic acid oligomer

The anhydride-terminated amic acid oligomer was
prepared following the same synthetic scheme
described for the high molecular weight polymer.
An excess of the 6FDA monomer was added to
ensure the anhydride end-capping of the chains. A
mol ratio of ODA/6FDA of 0.90 was used. The poly-
amic acid solution was stored at �18�C.

PI film preparation

The polyamic acids were thermally cyclised to PIs
by casting 3.0 mL of the solution on a glass plate
using a Gardner knife. The applicator was adjusted
to obtain 30-lm thick films after curing. The films
were evaporated for 1 h at 80�C and cured stepwise
at 100, 150, 200, 250, and 290�C for 1 h at each tem-
perature. The high-molecular weight PI films were
detached from the glass plate by immersion in water
at RT. The PI oligomer cracked on cooling of the

plate to RT and spontaneously detached from the
substrate. The densities of the PI and of the silica
phase, as determined by hydrostatic balance at 20�C,
were 1.409 and 1.974 g cm�3 respectively.

Preparation of the silica precursor

The silica precursor was prepared as a prehydro-
lyzed TEOS solution as reported elsewhere.19

PI/silica microcomposite preparation

In the following, it is reported the preparation of a
representative microcomposite (10% wt of silica).
High-molecular weight PI (0.286 g) along with 3.0 mL
of NMP was charged in a two-necked, round-bot-
tomed, glass flask equipped with a magnetic stirring
bar and a nitrogen inlet. The flask was heated to 110�C
up to complete dissolution of the polymer. At RT, in
air, under vigorous stirring 0.163 g of prehydrolyzed
silica precursor was added drop wise. After 10 min of
intense stirring, a clear solution was obtained. Films
of the microcomposite were casted and cured follow-
ing the same procedure described for the plain PI.
Opaque films were produced. The compositions of all
investigated systems are reported in Table I.

APTS end-capping of the anhydride-terminated imide
oligomer

A total of 0.300 g of the anhydride-terminated imide
oligomer (0.048 mmol of anhydride groups) was
placed in a two-necked, round-bottomed, 25-mL,
glass flask and dried under vacuum at 120�C for 6 h.
The temperature was lowered to RT and, under nitro-
gen atmosphere, 2.7 mL of NMP was added. The flask
was heated at 60�C to allow the complete dissolution
of the oligomer. At RT, under vigorous magnetic stir-
ring, 24.5 lL (0.105 mmol) of APTS was added by
means of a micropipette. The end-capping reaction
was carried out at RT for 1 h under nitrogen purge.

Raman analysis of the end-capping reaction

In the following, the experiment relative to a 2/1
APTS/anhydride molar ratio is reported. One

TABLE I
Composition of Microcomposite and Nanocomposite Hybrids

Microcomposites Nanocomposites

Silica
content (wt %)

HMW
polyimide (g) TEOS (g)

HMW
polyimide (g)

APTS end-capped
oligoimide (g) TEOS (g)

5 0.284 0.078 0.250 0.250 0.138
10 0.286 0.163 0.250 0.250 0.300
15 0.284 0.262 0.250 0.250 0.462
20 0.286 0.374 0.250 0.250 0.654
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hundred and fifty six milligrams (0.026 mmol anhy-
dride groups) of oligoimide was dried at 120�C,
under vacuum for 5 h. At RT, under inert atmos-
phere, the oligomer was dissolved in 0.6 mL (0.80 g)
of DCM. On complete dissolution, 12.6 lL (0.060
mmol) of APTS were added by means of a micropip-
ette. The system was kept under stirring for 5 min.
Samples of the reaction solution were periodically
withdrawn and analyzed by means Raman
spectroscopy.

PI/silica nanocomposite preparation

In the following, is reported the preparation of a
representative nanocomposite (10% wt of silica). In
a two-necked round-bottomed flask, equipped with
a magnetic stirrer and a nitrogen gas inlet 0.250 g of
high molecular weight PI was dissolved, at 110�C, in
2.2 mL of NMP. The temperature was lowered to RT
and, under vigorous stirring, 2.50 g of the APTS
end-capped oligoimide solution was added. After
20 min of mixing, 0.30 g of the prehydrolyzed silica
precursor was added dropwise under vigorous
stirring. The mixture was stirred at room tempera-
ture for 1 h 30 min. A clear and homogeneous sys-
tem was obtained. The nanocomposite precursor
was casted on a glass plate and cured following the
same procedure described for the plain PI. Transpar-
ent films were produced. Similar procedures were
adopted for 15 and 20 wt % compositions and also
in these cases transparent and visually homogeneous
films were obtained.

Techniques

Viscosity measurements

Viscosities of PIs were measured at 30�C at a con-
centration of 0.5 dL/g in NMP, using an Ubbelohde
viscosimeter.

GPC measurements

GPC measurements were performed by a Waters
ISO C instrument equipped with an Evaporative
Light Scattering PL-ELS 2100 detector and a Poly-
Pore 7.5 mm ID column. The measurements were
carried out at 30�C using THF as an eluent at a flow
rate of 1 mL/min. The concentration of the samples
was 0.5 mg/mL.

FTIR spectroscopy

FTIR transmission spectra were collected by a Sys-
tem-2000 spectrometer from Perkin-Elmer (Norwalk,
CT), equipped with a Germanium/KBr beam splitter
and a wide-band DTGS detector. The instrumental
parameters for data collection were as follows: reso-

lution ¼ 4 cm�1, optical path difference velocity ¼
0.2 cm/s, spectral range ¼ 4000–400 cm�1. A total of
16–32 data collections were averaged for each spec-
trum to improve the signal-to-noise ratio (SNR).

FT-Raman

FT-Raman spectra were collected with a Nexus-670
FT-Raman spectrometer from Nicolet (Madison, WI),
equipped with a CaF2 beam splitter and an Indium-
Gallium Arsenide (InGaAs) photoelectric detector.
The radiation was collected with a 180� backscatter-
ing geometry. The excitation source was a diode-
pumped Nd-YO4 laser emitting in the Near Infrared
at k ¼ 1064 nm, which operates at a laser power of
750 mW. The spectra were collected in a Raman-shift
range between 100 and 3700 cm�1 at a resolution of
4 cm�1. Signal averaging over at least 1000 data col-
lections was performed to improve the SNR.

Dynamic mechanical tests

Dynamic-mechanical tests were carried out using a
Perkin–Elmer Pyris Diamond DMA apparatus. The
measurements were performed in tensile mode at
frequencies of 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 Hz
at a constant heating rate of 3�C/min and in
the temperature range from �150 to 450�C. Samples
50-mm long, 10-mm wide, and 40-lm thick were
used. The storage modulus (E0), loss modulus (E00)
and loss tangent (tan d) were recorded.

Tensile mechanical tests

Stress–strain analysis was carried out under ASTM
882 that covers the measurements of tensile proper-
ties of plastics in the form of thin films. Dumb-bell
specimens having a constant width of 3.5 mm in the
gauge length region were used. The samples were
tested using a universal testing machine (Instron
mod. 4505) at uniform strain rate of 1 mm/min and
at ambient temperature. From the stress–strain
curves modulus, ultimate tensile strength and strain
at break were calculated. The average value obtained
from tensile measurements using four to five sam-
ples was reported in each case.

Morphology

The morphology of the hybrid films was studied
using a Quanta 200 FEI scanning electron micro-
scope (FEI-SEM). The samples were quenched in
liquid nitrogen and brittle fractured. These were
mounted on aluminium holder specially designed
for thin films, vacuum dried and sputter-coated with
a thin layer of chromium, before examination.
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Thermogravimetric analysis

The thermal degradation of the hybrid systems was
investigated by a thermogravimetric analyzer
(Perkin-Elmer Pyris Diamond TG/DTA) from
ambient temperature to 800�C with various heating
rates (i.e., 2, 5, 10, 20, and 40�C/min) under air
atmosphere. The measurements were conducted
using 6–10 mg samples. Weight-loss/temperature
curves were recorded.

RESULTS AND DISCUSSION

Synthesis of the PI and the hybrids

The high-molecular weight 6FDA-ODA PI was synthe-

sized following a two-step procedure reported in the

literature.36 As shown in Scheme 2, in the first step, a

polyamic acid (AMA) solution was prepared by react-

ing equimolecular amounts of the diamine and the dia-

nhydride monomers, at room temperature, in NMP. In

Scheme 2 Synthesis of the high molecular weight PI

Scheme 3 Structure of the low molecular weight anhydride terminated oligoimide
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the second step, the AMA solution was evaporated and

thermally cyclized on a glass substrate.
The structure of the low molecular weight, anhy-

dride terminated oligoimide is reported in Scheme 3. It
was obtained following the same two-step procedure
described for the high-molecular weight polymer.

To produce the desired anhydride terminals an
excess of 6FDA was used. The molar ratio between
the amine and anhydride monomer was 0.90.
According to the Carothers equation for step-growth
polymerization,37 this reactants ratio would produce

a degree of polymerization of 19 and a Mn of 1.15 �
104 g/mol.
To produce hybrids with micrometric particles

(microcomposites) a high-molecular weight PI, dis-
solved in NMP, was mixed with the prehydrolyzed
silica precursor. The resulting clear solution was
evaporated and cured. Opaque films were obtained,
which indicates the presence of a microphase sepa-
ration between the hybrid components.
The nanohybrid samples were prepared following

the same scheme described for the microcomposites
but the additional use of an alkoxisilane terminated
oligoimide. The end-capping reaction of the PI is
reported in Scheme 4. The NMP solution obtained is
directly used in the synthesis of the nanohybrid.
The end-capped oligoimide is mixed with the

high-molecular weight PI solution and the prehydro-
lyzed silica precursor. As shown in Scheme 5, dur-
ing the evaporation and curing of the cast films, the
alkoxisilane terminal groups of the modified
oligomer are involved in the condensation reaction
of the silica precursor. In this way, the silica phase
results to be covalently linked to the organic compo-
nent of the nanohybrid.

Spectroscopic characterization

The transmission FTIR spectrum of the high-molecu-
lar weight PI in the form of a thin film [(3.0 6 1.0)
lm] is reported in Figure 1. Peaks characteristic of

Scheme 4 Synthesis of the alkoxisilane terminated
oligoimide

Scheme 5 Reaction between the alkoxisilane terminated oligoimide and the silica precursor for the preparation of the
nanohybrids
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the imide ring are identified at 1785 cm�1

[mip(C¼¼O)], 1728 cm�1 [mop(C¼¼O)], 1379 cm�1

[m(CAN)(OAC)2(NAC)], 1113 cm�1 [(OAC)2(NAC),
imide III band] and at 723 cm�1 [in-plane imide ring
deformation].38,39 In the above, the subscripts op and
op stand for in-phase and out-of-phase stretching,
respectively. The absence of residual absorption
from amic acid groups [1690 cm�1, m(C¼¼O)] demon-
strates the essentially complete conversion of polya-
mic acid into PI in the chosen imidization condi-
tions. Other prominent peaks of the PI spectrum are
observed, according to the proposed molecular
structure, at 1502 cm�1 [phenyl msym(CAC)] and
1245–1193 cm�1 [m(CF3)].

40,41 The oligoimide is very
brittle and unsuitable for the preparation of a good
quality, free-standing film. It is, however, soluble in
DCM, which affords IR sampling in solution. The
relative spectrum (concentration ¼ 13.3 mg/mL) is
reported in Figure 2(A). The 6FDA anhydride in
DCM produces a fully resolved doublet at 1858
cm�1 [mip(C¼¼O)] and 1788 cm�1 [mop(C¼¼O)] [see the
inset of Fig. 2(B)]. In the case of the oligoimide, the
1788 cm�1 peak of the terminal anhydride groups is
fully overlapped by the high-frequency carbonyl
stretching of the imide occurring at 1785 cm�1. How-
ever, the mip(C¼¼O) mode of the anhydride is fully
isolated [see spectrum in Fig. 2(A)] and can even be
used for quantitative purposes. In fact, making use
of a calibration curve constructed by 6FDA/DCM
standards of varying concentration [see Fig. 2(B)], it
is possible to determine the number of terminal
groups of the oligoimide and, hence, assuming two
anhydride end-groups per chain, its Mn value. The
FTIR analysis yielded an anhydride content of 0.64
mg mL�1, which corresponds to a Mn value of 1.8 �
104 g mol�1, slightly in excess with respect to the
value predicted by the Carother’s equation.

The spectroscopic characterization of the two pre-
pared PIs was completed by FT-Raman measure-

ments. In Figure 3, trace A, is reported the Raman
spectrum of the high-molecular weight 6FDA-ODA
PI, showing two characteristic peaks of the phtali-
mide moiety at 1784 cm�1 [mip(C¼¼O)] and 1730
cm�1 [mop(C¼¼O)]. Note the intensity inversion
between the doublet components of the carbonyl
stretching, with respect to the same normal modes
in the infrared spectrum. Other peaks originating
from vibrational modes of the imide ring are located
at 1381 cm�1 [m(CAN)(OAC)2(NAC)], 1117 cm�1

[(OAC)2(NAC), imide III band], and at 705 cm�1 [in-
plane imide ring deformation].40,41

Trace B of Figure 3 refers to the spectrum of the
oligoimide and is essentially coincident with the
upper trace, apart from a well resolved peak at 1857
cm�1, characteristic of the anhydride end-groups
[mip(C¼¼O)]. Here again, there is an intensity inver-
sion between the two components of the m(C¼¼O)

Figure 1 FTIR spectrum in the wavenumber range 4000–
400 cm�1 of the high-molecular weight polyimide.

Figure 2 Quantitative analysis of end-groups by solution
FTIR measurements. (A) 6FDA-ODA oligoimide in DCM
(polyimide concentration ¼ 13.3 g L�1). (B) Calibration
curve 6FDA-ODA anhydride in DCM. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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doublet in comparison to the IR spectrum, so that
the in-phase mode becomes predominant in the
Raman spectrum. The solubility of the oligoimide,
taken together with the reduced concentration and
scattering efficiency of APTS, allows one to sample
directly the reactive mixture for the APTS end-cap-
ping of the oligoimide. The spectrum of the reactive
mixture, before the addition of APTS, is reported in
Figure 4. The inset of Figure 4 displays the anhy-
dride carbonyl peak in different environments. In
particular, trace A is the control, that is, a 16.7 wt %
solution of the oligoimide in DCM (1.2 � 10�2 mol/
L), traces B and C refer to the spectra collected,
respectively, immediately after the addition of APTS
to the control (1 : 1 molar ratio APTS/ anhydride
end-groups), and after 3 h from the addition. Trace
D is relative to the spectrum collected immediately
after the addition of APTS in the molar ratio 2 : 1. It
is found that the anhydride–APTS reaction is very
fast. The Raman results indicate that, for the molar
ratio 1 : 1, the conversion reaches its maximum
value (75%) immediately after the reagents addition
and does not increase noticeably after 3 h. Full con-
version of anhydride terminals is achieved only
with a twofold excess of APTS, again just after the
reagent addition, a result, which allows us to adjust
the stoichiometry so as to completely convert the ter-
minal groups into alkoxisilane functionalities.

Viscometry and GPC measurements

The polyamic acids prepared from an equimolecular
amount of dianhydride and diamine produced, on
imidization, tough and flexible films. On the con-

trary, when an excess of dianhydride was used, on
cyclization of the AMA, brittle products were
obtained that cracked spontaneously. These physical
features are in accordance with the viscosimetric
and GPC measurements (see Fig. 5). The high-molec-
ular weight PI prepared with an ODA/6FDA 1 : 1
molar ratio showed a gred ¼ 1.5 dL/g, Mn ¼ 5.1 �
104 g/mol and Mw ¼ 9.7 � 104 g/mol. Conversely,
the anhydride-terminated oligoimide, prepared with
an excess of 6FDA, exhibited a gred ¼ 0.25 dL/g, Mn

¼ 1.4 � 104 g/mol, and Mw ¼1.8 � 104 g/mol; the
latter Mn value is in reasonable agreement with the
molecular weight calculated on the basis of the FTIR
analysis. Both the high-molecular weight and the oli-
gomeric films were recovered and used for the
hybrids preparation.

Morphology of the hybrid films

The FEI-SEM micrographs of the fractured surfaces
of PI/silica hybrids without and with the coupling
agent are reported in Fig. 6(a–d). The hybrids
formed in absence of the coupling agent [Fig. 6(a,b)]
show a morphology in which the inorganic phase
appears in the form of ellipsoid particles with micro-
metric dimensions. The phase separation is the
result of thermodynamic immiscibility between or-
ganic and inorganic components. The dimensions of
particles for the hybrid with 7.5 vol % of silica [Fig.
6(a)] are of about 2–4 lm and 1.5 lm in the major

Figure 3 FT-Raman spectra of the two 6FDA-ODA
samples: (A) high-molecular weight polyimide and (B)
anhydride-terminated oligomer. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 4 FT-Raman spectrum of the anhydride-termi-
nated 6FDA-ODA as 16.7% wt/wt DCM solution. Upper
trace: whole spectrum; lower trace: solvent subtracted. The
inset displays the anhydride carbonyl peak in the investi-
gated reaction mixtures. (A) control, no APTS added; (B)
1/1 amine/anhydride molar ratio immediately after APTS
addition; (C) the same as B after 3 h; (D) 2/1 amine/anhy-
dride molar ratio immediately after APTS addition. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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and minor axis, respectively, and increase slightly as
the silica content increases [Fig. 6(b)]. These micro-
graphs also show that the silica domains are very
smooth and completely debonded from the
surrounding PI matrix, indicating a very poor inter-
facial adhesion between the two phases. The mor-
phology of the compatibilized hybrids is illustrated

in Fig. 6(c,d). A comparison with the hybrids of Fig-
ure 6(a,b) evidences that the coupling agent greatly
reduces the dimension of the silica particles, which
result spherically shaped and well bonded to the PI
matrix. In fact, the surface of particles appears much
rougher, indicating that a strong bond has been
formed between the silica particles and the PI ma-
trix. The particles size of the compatibilized systems
is estimated to range from 50 to 80 nm, denoting the
nanocomposite formation. The micrographs of Fig-
ure 6(c,d) also show the presence of few agglomer-
ated silica domains, having a fibre-like shape. These
domains are probably formed during phase separa-
tion, as the content of the silica precursor increases.
The way through which the coupling agent con-

trols the evolution of the morphology in the compa-
tibilized systems can be ascribed to its molecular
structure that contains segments chemically identical
to those of the respective phases. This allows the
coupling agent to be located preferentially at the
interface, favoring chemical interactions between the
PI matrix and the in situ generated silica species.
These interactions delay the onset of phase separa-
tion, resulting in a reduction of the rate of particle
growth and in a better interfacial adhesion between
the phases. Accordingly, a highly interconnected
structure of PI chains and silica networks is
produced.

Figure 5 GPC curves of the high molecular weight polyi-
mide (blue curve) and of the anhydride-terminated
oligomer (red curve). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 6 SEM micrographs of the cryogenically fractured surfaces of: (a) microcomposite with 7.5 vol % of silica; (b) micro-
composite with 15.2 vol % of silica; (c) nanocomposite with 7.5 vol % of silica; (d) nanocomposite with 15.2 vol % of silica.
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Viscoelastic properties

Dynamic mechanical spectra at 1 Hz, in the form of
plots of storage modulus (E0) and tan d as a function
of temperature, are shown in Figure 7(a–c) for the
pure PI and two hybrid systems with and without
the coupling agent. From the tan d plots [Fig. 7(b,c)],
two relaxations can be distinguished with increasing
temperature. The relaxation taking places between
�50 and 250�C is commonly referred to as the b
transition, whereas the relaxation appearing at
higher temperature is an a-transition process and
corresponds to the glass transition temperature (Tg).
In fact, in this region the storage modulus exhibits a
sharp drop as shown in Figure 7(a). It is also seen
from Figure 7(a) that E0 is not constant at T < Tg but
it slightly decreases with temperature. Probably the
residual stress field due to the different thermal
expansion coefficients of PI and silica may induce
relaxations in the polymeric matrix, which results
for the negative slope of E0 versus temperature.
The data of Figure 7 show that the inclusion of

silica in the PI matrix produces clear changes in the
dynamic-mechanical parameters. First, the storage
modulus increases in both the glassy region and at
temperature above the glassy transition. This
enhancement is higher in the rubbery state, ensuring
a better high temperature performance of the hybrid
systems with respect to the pure PI. It is also appa-
rent that the nanocomposite exhibits a rubbery mod-
ulus much higher than that displayed by the micro-
composite sample. A second observation is that the
presence of silica displaces the a and the b peaks to-
ward higher temperatures. Plots of Tg and Tb, deter-
mined from the maxima of the tan d curves, for all
the compatibilized and noncompatibilezed systems
are presented in Figures 8 and 9 as a function of
silica concentration. For compatibilized hybrids, the
Tg (Fig. 8) increases markedly with increasing the
silica content, while for noncompatibilized materials
only a slight improvement is observed. The Tg

enhancement is found to be in the order of 27�C for
the nanocomposite and of about 8�C for the micro-
composite at a silica content of 15.2 vol %. In gen-
eral, the Tg of a simple particle-filled composite rises
slightly with increasing particle content. Therefore,
the notable enhancement showed for nanocompo-
sites can be ascribed to the well-bonded silica par-
ticles through the coupling agent, which restrict the
segmental mobility of the PI chains involved in the
a-relaxation process. Also the depression of the a-
relaxation peak [see Fig. 7(c)], much larger for the
nanocomposite than for the microcomposite, points
to a higher constrain of the PI chains in compatibi-
lized systems.
As shown in Figure 9, the temperature location of

the b-relaxation for compatibilized and

Figure 7 (a) Storage modulus (E0) as a function of tem-
perature for the pure polyimide, microcomposite with 7.5
vol % of silica and nanocomposite with 7.5 vol % of silica.
(b) Loss factor (tan d) as function of temperature in the
range �50 to 250�C for the pure polyimide, microcompo-
site with 7.5 vol % of silica and nanocomposite with 7.5
vol % of silica. (c) Loss factor (tan d) as function of tem-
perature in the range 260–370�C for the pure polyimide,
microcomposite with 7.5 vol % of silica and nano-
composite with 7.5 vol % of silica. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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noncompatibilized hybrids increases with increasing
silica content. The Tb is shifted of about 17�C for the
nanocomposite and of about 7�C for the microcompo-
site through the addition of 15.2 vol % of silica. The b-
relaxation is associated with local bond rotations and
molecular segment motions along the PI backbone,
and the magnitude of this relaxation is related to the
concentration of segments contributing to the relaxa-
tion process. Generally, these motions are originated
from diammine and/or dianhydride portions in the
PI chain. As for the a-transition, the results of Figure
8 together with the reduction in the height of the b
peak [Fig. 7(b)] can be ascribed to the silica domains
that decrease the motions of the PI chains and the
number of segments available for the b relaxation.
More details on the effect of the silica morphology on
the b transition were obtained by dynamic mechani-
cal measurements performed at various frequencies.

In Figure 10, for instance, the tan d curves col-
lected at five frequencies for a nanocomposite sam-
ple with 7.5 vol % of silica are shown. It is found
that by increasing the frequency the peak maxima
shift at higher temperatures while the intensities
decrease. A similar trend was detected for the micro-
composites and the control PI resin. This frequency
dependence was examined using an Arrhenius equa-
tion, which allows to evaluate the activation energy,
EaðbÞ, of the b process from peak temperatures at
differing frequencies.42 The EaðbÞ values determined
from the slope of Arrhenius plots (see Fig. 11) are
reported in Figures 12 and 13 for microcomposite
and nanocomposite systems, respectively. For the
microcomposites, the activation energy increases
slightly up to a silica content of 7.5 vol %, whereas
at higher loadings the values are close to that of the
pure PI. For the nanocomposites, instead, the activa-
tion energy increases markedly with increasing the
silica concentration, confirming the higher degree of
interaction between the PI chains and the silica net-
works through the coupling agent. This enhance-
ment in the values of EaðbÞ is also indicative of a
deviation from the localized noncooperative charac-
ter of the b transition, which is characteristic of sub-
glass polymer relaxations in general. Additional
insight into the nature of the b transition was gained
by the approach described by Starkweather43

wherein the activation energy associated with sec-
ondary relaxations is related to the relaxation tem-
perature (T0) and its corresponding activation en-
tropy (DSþ) at a frequency of 1 Hz:

EaðbÞ ¼ RT0 1þ ln kB=2phð Þ þ lnT0½ � þ T0DSþ (1)

where kB and h are the Boltzmann and Planck con-
stants, respectively. For simply non cooperative

Figure 9 Temperature of the b transition determined
from tan d peaks as a function of the silica content for
microcomposites (~) and nanocomposites (l).

Figure 8 Glass transition temperature (Tg) determined
from tan d peaks as a function of the silica content for
microcomposites (~) and nanocomposites (l).

Figure 10 Tan d spectra as a function of temperature in
the range �50 to 250�C for the nanocomposite hybrid con-
taining 7.5 vol % of silica, at different frequencies. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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relaxations, Starkweather suggests that DSþ ! 0, with
the resulting equation providing a limiting relation-
ship between activation energy and relaxation tem-
perature for isolated, noninteractive motional proc-
esses:

EaðbÞ ¼ RT0 1þ ln kB=2phð Þ þ lnT0½ � (2)

The values of the activation energy evaluated
from eq. 2 together with those of the activation en-
tropy are shown in Figures 12 and 13. It is apparent
that for the neat resin the activation energy differs
from that calculated experimentally, and the value
of DSþ is higher than zero. These results indicate
that the b transition is not completely localized but
retains a limited cooperative nature. It must be
underlined, however, that, according to Stark-
weather, DSþ values up to 100 J mol�1 K�1 are still
to be considered characteristic of noncooperative

motions. For nanocomposites (Fig. 12), the addition
of silica progressively increase the activation entropy
making the b-transition more and more cooperative
in nature. This high level of cooperativity can be
ascribed, again, to the interconnected silica domains
that allow the PI chain segments to move in concert
through the b transition. Conversely, for the micro-
composite samples (Fig. 13) the existence of poor
interconnected silica particles, allows only a limited
degree of cooperative character, as demonstrated by
the small increase in the activation entropy.

Mechanical properties

Typical tensile stress–strain curves for the pure PI
and for compatibilized and noncompatibilezed
hybrids containing 7.5 vol % of silica are illustrated
in Figure 14. The behavior exhibited for all the sam-
ples is that of a relatively brittle material. The prop-
erties derived from the stress–strain diagrams are
presented in Figures 15–17. The modulus (Fig. 15)
for both microcomposites and nanocomposites
increases linearly with increasing the silica content.
This reinforcing effect is expected because the modu-
lus of the silica phase, E ¼ 70 GPa, is much greater
than that of the PI matrix. However, the reinforce-
ment is greater for nanocomposites than for micro-
composites, presumably due to both the increased
interfacial strength and the reduction in sizes of the
silica particles.
Figures 16 and 17 show, respectively, the influence

of the silica concentration on the tensile strength and
the elongation at break. For nanocomposite hybrids,
the tensile strength (Fig. 16) shows a gradual
increase up to a concentration of silica around 7.5
vol %, followed by a small decrease at higher con-
centrations. The tensile strength is increased by

Figure 11 Arrhenius plot relative to the b transition for
the pure polyimide, the nanocomposite with 7.5 vol % of
silica and the microcomposite with 7.5 vol % of silica.

Figure 12 Activation energy, Ea(b), and activation en-
tropy, DSþ, of the b transition for the nanocomposites as a
function of the silica content. (O) experimental data; (~)
data from Starkwether.

Figure 13 Activation energy, Ea(b), and activation en-
tropy, DSþ, of the b transition for the microcomposites as
a function of the silica content. (O) experimental data; (~)
data from Starkwether.
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about 15% when 7.5 vol % of silica is introduced.
On the other hand, the elongation at break, dis-
played in the same figure, shows a monotonic
decrease. For the microcomposites (Fig. 17) one
observe that the tensile strength decreases gradually
over the whole composition range, whereas the elon-
gation at break shows a behaviour very close to that
of the nanocomposite samples. These results are con-
sistent with the fact that tensile strengths for com-
posite polymers are known to be reduced if there
are no interactions between the organic matrix and
the inorganic phase. In fact, the reduction in the ten-
sile strength exhibited by the microcomposite
hybrids is the result of the nonbonded silica particles
that can act as stress-concentration defects, rather
than as effective reinforcing fillers. However, for

nanocomposite in spite of the enhanced adhesion
the elongation at break slightly decreases. This can
be related to the inherently low ductility of the PI
matrix, which prevents large deformations to occur
before fracture.
Attempts were made to compare experimental

moduli to theoretical predictions, using the well-
known model developed by Halpin-Tsai.44,45 This
model is based on the early works of Hermans and
Hill46 and assumes that matrix and filler are linear
elastic, isotropic and that there is a perfect bonding
between the components. Moreover, the filler has to
be uniform in its aspect ratio and perfectly aligned
with the applied load. The Halpin-Tsai model gives
the modulus of the composite (Ec) as a function of
the modulus of the matrix polymer, Em, and of the
filler particles, Ef, and also as a function of the as-
pect ratio by the inclusion of a shape factor. The

Figure 14 Typical tensile stress–strain curves of polyi-
mide/silica hybrids: (a) pure polyimide; (b) microcompo-
site with 7.5 vol % of silica; (c) nanocomposite with 7.5 vol
% of silica.

Figure 15 Elastic modulus for microcomposites (~) and
naocomposites (l) as a function of the silica content.

Figure 16 Tensile strength (~) and elongation at break
(l) for the nanocomposite systems as a function of the
silica content.

Figure 17 Tensile strength (~) and elongation at break
(l) for the microcomposite systems as a function of the
silica content.
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predicted composite modulus is expressed in the
form:

Ec ¼
1þ fgVf

1�gVf
Em (3)

where f is a shape parameter dependent upon filler
geometry and loading direction, Vf is the volume
fraction of filler, and g is given by

g ¼
Ef=Em�1

Ef=Em þ f
(4)

Halpin and Kardos47 suggested that a shape factor
of f ¼ 2L/t, where L is the length of the particle and
t is its thickness, can be used for calculating the
modulus of a polymer with the particles aligned
along the loading direction.

The dependence of Ec, as predicted by eq. (3), on
Vf, for different L/t values are shown in Figure 18,
together with the experimental data. This figure
shows that, for a fixed L/t, the predicted modulus
increase almost linearly with increasing Vf and the
efficiency in enhancing the stiffness increases with
increasing L/t. From a comparison with the experi-
mental data, one observe that for the microcompo-
sites the modulus values are close to those predicted
by the model with L/t ¼ 1.5, whereas for the nano-
composites a good agreement is achieved for L/t ¼
3.0. For microcomposites, even if the adhesion
between particles and matrix is relatively poor, the
theory is still valid because the matrix-filler adhesion
has a small effect on the modulus. Indeed, in the
elastic case the degree of adhesion does not appear

to be an important factor as long as the frictional
forces between the phases are not exceeded by the
applied stress. Therefore, for microcomposites the
reinforcement observed can be attributed principally
to the shape of the silica particles and their unidirec-
tional alignment along the applied stress, as showed
by the SEM micrographs of Figure 6(a,b). These
assumptions are consistent with numerous stud-
ies,48–50 which proved that ellipsoidal or disc-shaped
particles gave better reinforcement than spherical
particles and that deviations from unidirectional
alignment can result in reductions in composite stiff-
ness. For the nanocomposites, the data of Figure 18
indicate that a good prediction is achieved when the
aspect ratio is higher than that of spherical particles
(L/t ¼ 1) and that for L/t ¼ 1 the prediction is quite
poor. Considering that for nanocomposites, the silica
nanoparticle are basically spherical, the poor agree-
ment between the model with L/t ¼ 1 and the exper-
imental data may be due to the fact that the theory
is very sensitive to filler aspect ratio but relatively
insensitive to the large contribution arising from the
high surface areas of silica nanoparticles. This fea-
ture leads to an enhancement in the interfacial mod-
ulus and consequently to composite moduli, which
can be higher than those predicted by the theory.

Thermogravimetric analysis

In Figures 19 and 20 are shown the thermogravimet-
ric (TG) curves, recorded in air at 10 �C/min, for the
control PI and for hybrid composites loaded with
various amounts of silica. For the pure PI, there is
almost no weight loss before 450�C, but the degrada-
tion rate becomes very fast beyond that temperature,
and almost all polymer chains are degraded abruptly

Figure 18 Elastic modulus as a function of silica content.
Points are experimental data, and solid lines are the predi-
cation at various L/t using the Halpin-Tsai model. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 19 TGA curves for the pure polyimide and for
microcomposite systems with various silica loadings.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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between 490 and 650�C. The presence of silica par-
ticles remarkably improves the thermal stability,
shifting the TG curves to higher temperatures. The
weight residue obtained after 700�C in the hybrids is
quite proportional to the silica content, indicating
that the sol–gel process was more or less complete.

In Table II are summarized the decomposition
temperatures at which 5 wt % (T0.05) and 50 wt %
(T0.5) weight loss occurred for the pure PI, nanocom-
posites, and microcomposites. The T0.05 is a measure
of the onset temperature of degradation, whereas
T0.5 is taken to be the midpoint of the degradation
process. As can be seen, the values of T0.05 for both
hybrids increase slightly with increasing the silica
content, while a marked enhancement in the T0.5 val-
ues is observed as the silica concentration increases.
This improvement is higher for microcomposites
than for nanocomposites. For instance, at 15.2 vol %
of silica T0.5 increases of about 30�C for the nano-
composite and of about 38�C for the microcompo-
site. Generally, the improvement in the thermal sta-
bility of hybrid composites is related to the degree
of the interaction between the polymer matrix and
the inorganic phase and to the fact that the inorganic
component has an inherently good thermal stability.
Therefore, the lower thermal stability exhibited by
the nanocomposites with respect to the microcompo-
sites can be ascribed to the presence of the low mo-
lecular weight PI chains, deriving from the coupling
agent, which reduce the hindering effect generated
by the well-bonded silica nanoparticles to the degra-
dation process. The aliphatic part of the aminosilane
moiety may also play a role.

To better understand the effect of the silica phase
on the thermal degradation behavior, TG measure-
ments at various heating rates were also performed

and the results were subjected to thermal degrada-
tion kinetics studies.
For many kinetic processes, a rate of reaction, r,

can be expressed as a product of the rate constant, k,
and composition dependent term, f(a):

r ¼ da
dt

¼ kf ðaÞ (5)

where a is the degree of conversion, defined as the
ratio of the actual weight loss to total weight loss: a
¼ m0 � m/m0 � m1, where m is the weight at time t
(or at temperature T), m0 is the initial weight, and
m1 is the weight at the end of the experiment.
The rate constant, k, is a temperature dependent

term that is assumed to follow an Arrhenius rela-
tionship:

k ¼ A exp � Ed

RT

� �
(6)

where Ed is the degradation activation energy, and A
is the pre-exponential factor.
In the case of polymer degradation, it is assumed

that the rate of conversion is proportional to the con-
centration of material that has to react:

f ðaÞ ¼ ð1� aÞn (7)

where n is the order of reaction. The combination of
eqs. (4)–(6) gives the following relationship:

da
dt

¼ Að1� aÞn exp � Ed

RT

� �
(8)

In this study two analytic methods: Ozawa51,52

and Friedman53,54 were used to analyze the ther-
mogravimetric data.
The Ozawa method is based on the following

equation:

lnðbÞ ¼ ln½Af ðaÞ=ðda=dTÞ� �Ed=RT (9)

It assumes that the conversion function f(a) does
not change with the heating rate for all values of a.

Figure 20 TGA curves for the pure polyimide and for
nanocomposite systems with various silica loadings. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE II
Temperature of Decomposition at 5 wt % (T0.05 ) and at
50 wt % (T0.5) Weight Loss for Polyimide and Hybrid

Systems with Different Silica Amounts

Nanocomposites Microcomposites

Silica (wt %) T0.05 (
�C) T0.5 (

�C) T0.05 (
�C) T0.5 (

�C)

0 494.8 560.2 494.8 560.2
5 495.1 580.2 496.5 580.5

10 496.2 586.9 497.1 592.3
20 498.5 590.1 498.1 598.5
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The activation energy is evaluated by plotting ln b
versus the reciprocal of temperature (1/T) for a con-
stant a; the slope of the line will be Ed/R. Some
Ozawa plots are presented in Figure 21 for the pure
PI [Fig. 21(a)] and for a nanocomposite with 7.5 vol
% of silica [Fig. 21(b)]. An excellent linearity (corre-
lation coefficients in the range 0.995–0.998) is
obtained with all the evaluated conversion points (a
¼ 0.1–0.8). However, for the pure PI the straight
lines are nearly parallel, this being an indication that
the activation energies at different degree of conver-
sion are similar, whereas for the nanocomposite the
straight lines are not parallel, suggesting a continu-
ous change of degradation mechanisms. In Figure
22(a,b), the relationship between the activation ener-
gies and the degree of conversion for all the investi-
gated systems are illustrated. The Ed for the neat PI
can be considered to assume a constant average
value that is reported in Table III. Conversely, for
microcomposites and nanocomposites the depend-

ence of Ed on a is much greater and can be approxi-
mately separated in two distinct regions. The first
for values of a up to 0.35, in which Ed can be consid-
ered as having a constant average value, and the
second for a > 0.35 in which Ed shows a gradual
decrease with increasing a. In this region, an average
value for the activation energy was also estimated.
In Table III, the averages of Ed calculated in both
these regions are reported.
The Friedman method is based on the following

equation derived from eq. (8):

ln b
da
dT

� �� �
¼ lnAþ n lnð1�aÞ� Ed

RT
(10)

The activation energy can be estimated by plotting
ln[b(da/dT)] against 1/T for a constant a value. In
analogy with the Ozawa method, if the kinetic does
not change with the conversion, one should have a
family of parallel lines having –Ed/R as slope. The

Figure 21 Typical Ozawa plots for the pure polyimide (a)
and for a nanocomposite with 7.5 vol % of silica at differ-
ent conversions (b). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 22 Dependence of activation energy on conversion
as obtained by Ozawa method, for: (a) microcomposites
with, 0, 7.5, and 15.2 vol % of silica; (b) nanocomposites
with 0, 7.5, and 15.2 vol % of silica. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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dependence of Ed on a for all the investigated sys-
tems, as obtained by the Friedman approach, is dis-
played in Figure 23(a,b). Similarly to the Ozawa
method, the Ed for the pure PI does not vary sub-
stantially with a, whereas for the hybrid systems
two values of Ed can be identified for the conversion
intervals 0.1–0.35 and 0.4–0.8, respectively. The aver-
age Ed values obtained with the Friedman method
are listed in Table IV.

From the whole of the kinetic data, it emerges that
the activation energies computed by the two meth-
ods are very close to each other, thus confirming the
reliability by analysis. Moreover, for microcompo-
sites and nanocomposites there are no significant
differences in the Ed values. However, the incorpora-
tion of silica particles produces a marked enhance-
ment of activation energy. This effect may be the
result of the thermal resistance of silica networks
that not only, as reported previously, shifts the deg-
radation of hybrids materials to higher temperatures
but also promote their thermal stability presumably
through the formation of a stable heat-resistant layer
that may act both as a thermal insulator and as a
barrier to oxygen diffusion in the bulk polymer.
The observed dependence of Ed on a for the

hybrid materials also suggests that the inorganic
phase changes the thermal degradation process with
the occurrence of at least two different mechanisms.
The first, with a higher Ed, is responsible for the
early stages of the process with reduced mass loss,
while the second, with lower Ed, represents the main
decomposition mechanism, characterized by a sub-
stantial mass loss.

CONCLUSIONS

In this study, a fluorinated PI (6FDA-ODA) was syn-
thesized and used as matrix for the preparation of
PI/silica hybrids through the sol–gel process. The
hybrids were characterized in terms of their molecu-
lar structure, morphology, viscoelastic behavior,
thermal, and mechanical properties. The following
conclusions were drawn:

• The compatibility between the PI and the silica
phase was greatly improved by the use of an
alkoxisilane-terminated oligoimide synthesized ad
hoc. Microcomposites with silica particles having
a smooth surface and scarcely bonded to the sur-
rounding matrix were obtain in the absence of
the coupling agent, while nanocomposites with
silica domains well bonded to the PI matrix were
achieved in the presence of the coupling agent.

• Dynamic viscoelastic measurements showed for
both the types of hybrids an increase in the

TABLE III
Activation Energy (Ed) for Polyimide and Hybrid

Systems by the Ozawa Method

Nanocomposites Microcomposites

Silica (wt %) Ed (kJ/mol) Ed (kJ/mol)

0 118.6 118.6
10 235.8 for a: 0.1–0.35 239.8 for a: 0.1–0.35

198.7 for a: 0.4–0.8 199.3 for a: 0.4–0.8
20 242.6 for a: 0.1–0.35 246.5 for a: 0.1–0.35

204.4 for a:0.4–0.8 205.3 for a: 0.4–0.8

Figure 23 Dependence of activation energy on conversion
as obtained by Friedman method, for: (a) microcomposites
with, 0, 7.5, and 15.2 vol % of silica; (b) nanocomposites
with 0, 7.5, and 15.2 vol % of silica. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE IV
Activation Energy, Ed, for Polyimide, and Hybrid

Systems by the Friedman Method

Nanocomposites Microcomposites

Silica (wt %) Ed (kJ/mol) Ed (kJ/mol)

0 106.6 106.6
10 241.6 for a: 0.1–0.35 249.2 for a: 0.1–0.35

202.2 for a: 0.4–0.8 197.1 for a: 0.4–0.8
20 239.5 for a: 0.1–0.35 248.6 for a: 0.1–0.35

205.7 for a: 0.4–0.8 195.2 for a: 0.4–0.8
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storage modulus below and above the glass
transition temperature. The nanocomposite
hybrids exhibited superior Tg and Tb values,
higher activation energy for the b transition,
and a more efficiency in suppressing the a and
b relaxation processes. All these effects were
attributed to the highly interconnected silica
domains, characterizing the morphology of
nanocomposites, which restricted the segmental
mobility of the PI chains involved in the visco-
elastic losses.

• Mechanical studies showed enhanced moduli
for both the microcomposite and the nanocom-
posite hybrids. This reinforcing effect was
higher for the nanocomposites and was attrib-
uted to the better interfacial strength and
reduction in sizes of the silica particles. The
measured moduli were also compared with
theoretical values, calculated using the Hal-
pin–Tsai model. The tensile strength for micro-
composites constantly decreased with increase
in silica contents. A different trend was
observed for nanocomposites for which the
mechanical strength increased regularly up to
a silica content of about 7.5 vol % and then it
decreased slightly. This behavior was ascribed
again to the morphology of the nanocompo-
sites, which allowed more efficient stress-
transfer mechanisms.

• TGA measurements revealed that thermal
decomposition temperatures and degradation
activation energy of the hybrid systems were
much higher than that of the pure PI. These
effects were attributed to the higher thermal sta-
bility of the silica phase and to the formation of
a silica layer that shielded the polymer matrix
from oxidative processes. According to the
Ozawa and Friedman models of analysis, the
thermal degradation of PI was found to be
adequately represented by one mechanism,
whereas for the hybrid materials at least two
degradation mechanisms having different acti-
vation energies were operative.

The authors thank the Laboratorio Caratterizzazionemoleco-
lare of ICTP-CNR for the GPCmeasurements, Mr V. Di Liello
for assistance in the mechanical measurements and Mr. G.
Orefice for helping with FTIR and Raman spectroscopy
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