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The interface structure of the poly(ethylene terephthalate) (PET)/silica nanocomposites was character-
ized by Fourier transform infrared and solid-state nuclear magnetic resonance. Our study reveals that
PET chains are grafted onto the surface of silica nanoparticles, and they form branched and lightly
crosslinking structures during the polycondensation. Gel permeation chromatography measurements
indicate that the grafted PET chains have a lower molecular weight and broader distribution. Further-
more, a model has been developed to elucidate the interaction of an entanglement network between
silica and PET chains that lead to enhancements of G0 , G00 and h* values of PET/2 wt% silica
nanocomposites.

� 2009 Published by Elsevier Ltd.
1. Introduction

The study of polymer/inorganic nanocomposites is of great
interest to both industry and academy because they exhibit
significantly improved properties in comparison with conventional
materials, including electrical/magnetic properties, mechanical
properties, thermal stability, gas barrier, fire retardence and so on
[1–5]. Most nanocomposites reported up to now are usually
prepared by physisorption or covalent attachment of polymer
chains to the surface of nanoparticles. Due to the poor adhesion, the
nanocomposites exhibit limited improvement in their properties.
In contrast, when polymer chains are tethered to nanoparticle
surface by covalent bond, a strong adhesion between nanoparticle
and polymer matrices can be resulted. Generally, covalent attach-
ment can be achieved by the so-called ‘‘grafting to’’ or ‘‘grafting
from’’ procedure. In the former, end-functionalized polymers are
grafted to the nanoparticle surface. Because the already grafted
polymer chains sterically shield the reactive sites on the surface, the
grafting density is low. In the latter, the initiator is attached on the
surface so that the polymer chains form in situ, leading to a high
grafting density.
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In recent years, a number of works about chemically grafting of
nanoparticle surface have been reported [6,7]. And in most cases
prior surface functionalization of nanoparticles is required [8–13].
One of the most used procedures is the controlled/‘‘living’’ poly-
merization because it can well control the molecular weight,
molecular weight distribution and structure of the grafted poly-
mers [14–23]. Patten and co-workers [14] have prepared well-
defined polymer–silica nanoparticle hybrids via atom transfer
radical polymerization (ATRP) of methyl methacrylate and styrene.
However, some disadvantages of ATRP may be that control over the
polymerization is obtained at the cost of a decreased polymeriza-
tion rate and the catalyst is also difficult to remove. So far, only
a few studies deal with covalent attachment of polymer chains to
the nanoparticle surface via polycondensation [24,25].

Poly(ethylene terephthalate) (PET), an important commercial
product, has been widely used in fields of fibers and nonfibers due
to its low cost and good properties such as chemical resistance,
thermal stability, etc. However, the low crystallization rate, low
thermal distortion temperature and low modulus limit its appli-
cations in more fields. Recently, in situ polymerization has been
widely used and proved to be an effective way to prepare high
performance nanocomposites [26–33]. To improve PET properties,
PET/inorganic nanocomposites have also been prepared by in situ
polymerization [34–38]. However, the grafting mechanism and the
structure of the nanocomposites are not well understood.

In our previous work, we have synthesized PET/silica nano-
composites with homogeneously dispersed silica nanoparticles by
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Fig. 1. FT-IR spectra for (a) pure PET, (b) silica and (c) PET-grafted-silica
nanocomposites.
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in situ polymerization of terephthalic acid (TPA), ethylene glycol
(EG) and pure silica [39]. Higher molecular weight of the PET/silica
nanocomposites has been reached by solid-state polymerization
and the obtained nanocomposites are produced to fibers through
melt-spinning. The mechanical properties and heat-shrinkage of
the fibers made of these nanocomposites are greatly improved in
comparison with those of pure PET fibers. In the present study, we
have investigated the interface structure of the PET/silica nano-
composites. It can help us to design high performance materials.

2. Experimental

2.1. Materials

Terephthalic acid and antimony acetate (as catalyst) were kindly
supplied by Changzhou Huayuan Radics Co., Ltd. (China). An
aqueous solution of silica particles (about 12 nm in diameter,
30 wt%) was obtained from Zhoushan Mingri Nano-company
(Zhengjiang, China). Ethylene glycol, phenol, tetrachloroethane,
hydrogen fluoride, trifluoroacetic acid, methanol and absolute
ethanol were purchased from Shanghai Chemical Reagent Corp.
(China). All the reagents were used without further purification.

2.2. Preparation of PET-grafted-silica nanocomposites

The details of pure PET and PET/2 wt% silica nanocomposites can
be found elsewhere [39]. The procedure of successive centrifuga-
tion/redissolved cycles was used to isolate the PET-grafted-silica
nanocomposites from the PET/2 wt% silica nanocomposites con-
taining ungrafted PET. The PET/2 wt% silica nanocomposites were
dissolved in mixed solvents of phenol and tetrachloroethane (1/1,
w/w) and there was no insoluble portion found. The solution was
centrifuged at 10 000 rpm for at least 30 min. Afterwards, the solid
material obtained was repeatedly redissolved in the above mixture
of solvents and separated again by centrifugation. The supernatant
solutions were dropwise added to a 10–15 times excess of meth-
anol and the precipitate, i.e. free PET, was collected by centrifuga-
tion. This centrifugation/redissolved procedure was repeated until
no more precipitate formed when the supernatant liquid was
dropwise added to methanol, indicating that no ungrafted and
physisorbed PET could be removed. The resulting solid material (i.e.
PET-grafted-silica nanocomposites or hybrid nanoparticles) and
free PET were washed extensively with absolute ethanol to remove
the solvent and dried to constant weight at 80 �C under vacuum.

2.3. Cleavage of the grafted PET from PET-grafted-silica
nanocomposites

PET-grafted-silica nanocomposites were introduced into mixed
solvents of phenol and tetrachloroethane (1/1, w/w), and a 5%
aqueous hydrogen fluoride solution was added. The mixture was
stirred overnight at room temperature. The organic layer was
removed, and the polymer (i.e. grafted PET) was isolated by
precipitation from methanol. Then the grafted PET was collected by
centrifugation, washed extensively with absolute ethanol and dried
to constant weight at 80 �C under vacuum.

2.4. Characterization

Fourier transform infrared (FT-IR) spectra were recorded on
a Nicolet MAGNA-IR 750 spectrometer over the range 4000–
400 cm�1 using KBr pellets. 29Si single pulse excitation magic angle
spinning (SPE MAS) solid-state NMR experiments were performed
at a static field of 9.4 T on a Varian Infinitypulse-400 spectrometer
with resonance frequencies of 79.5 MHz. A Chemagnetics 7.5 mm
triple resonance MAS probe was employed to acquire 29Si NMR
spectra with a spinning rate of 5 kHz. The 90� pulse width was
measured to be 5.5 ms. Repetition time of 60 s for 29Si SPE MAS
experiments was used to obtain a quantitative measurement of the
29Si signals. Thermogravimetric analyses (TGA) were performed in
air at a heating rate of 10 �C min�1 from room temperature to
800 �C using a Perkin–Elmer Pyris-1 thermal analyzer. Trans-
mission electron microscopy (TEM) experiments were performed
on an FEI Tecnai G2 F20 transmission electron microscopy at an
accelerating voltage of 200 kV. The PET-grafted-silica nano-
composites were embedded in epoxy and cut into 80–100 nm thick
slices using an ultramicrotome with a diamond knife. X-ray
diffraction (XRD) patterns were obtained on a Philips model X’ pert
PRO X-ray diffractometer system, operating at a voltage of 40 kV
and a current of 40 mA and scanning from 10 to 40�. The molecular
weights of PET were measured by gel permeation chromatography
(GPC) using a Polymer Laboratories PL-GPC 220 Chromatograph at
40 �C. PET was firstly dissolved in o-chlorophenol with a concen-
tration of 10 mg/mL and then diluted into 1 mg/mL by chloroform
for GPC analysis. Chloroform was used as eluent at a flow rate of
1.0 mL/min and monodisperse polystyrenes were used as the
standards. Laser light scattering (LLS) measurements were con-
ducted on an ALV/DLS/SLS-5022F spectrometer with a multi-s
digital time correlation (ALV5000) and a cylindrical 22 mW UNI-
PHASE He–Ne laser (l0¼ 632 nm) as the light source at 298 K.
Grafted PET was dissolved in trifluoroacetic acid [40] with
a concentration of 10 mg/mL due to low molecular weight and was
filtered through a 0.2 mm Whatman PTFE filter to remove dust
before the LLS experiments. The hydrodynamic radius (Rh) and
hydrodynamic radius distribution f(Rh) were determined by
dynamic LLS [41,42]. Dynamic rheological measurements were
performed with a rotational rheometer (Physica MCR301, Anton
Paar, Germany) using a 25 mm diameter parallel plate of 1.0 mm
gap at 270 �C in a nitrogen atmosphere. The measurements were
carried out in an oscillatory shear mode and frequency sweeps
were performed from 0.2 to 500 rad/s at a strain of 10% which was
shown within the linear viscoelastic region for these materials.

3. Results and discussion

Fig. 1 shows the FT-IR spectra of pure PET, silica and PET-grafted-
silica nanocomposites. It can be seen that the FT-IR spectrum of
pure PET (Fig. 1a) exhibits an important number of bands, among
which those of the most characteristic can be assigned as follows



Table 1
29Si chemical shift assignments for silica and PET-grafted-silica nanocomposites.

Samples Silicon atoms Chemical shift (ppm)

Silica Q3 [(Si–O)3Si–OH] �104
Q4 [Si(Si–O)4] �114

PET-grafted-silica nanocomposites Q3 [(Si–O)3Si–OH] Undiscernible
Q4 [Si(Si–O)4] �114
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[43,44]: the broad bands around 3556 and 3432 cm�1 are attrib-
uted to the hydrogen atoms in the carboxyl end groups and
stretching of ethylene glycol end groups, respectively; the band at
1720 cm�1 is characteristic of the C]O stretching vibration in the
ester carbonyl group; the bands at 1577, 1504, 1409, 1018 cm�1 and
874, 727 cm�1 are due to in-plane and out-of-plane vibrations of
the benzene rings; and the bands around 1270 and 1100 cm�1

result from vibrations of the ester group. Also, the characteristic
bands around 3430 and 1110 cm�1 in Fig. 1b can be ascribed to the
hydroxyl groups and the Si–O bonds of silica [25]. From the spec-
trum of PET-grafted-silica nanocomposites (Fig. 1c), it can be clearly
seen that it consist of PET and silica because all the absorbencies
correspond to PET and silica. Since the repeated cycles of centri-
fugation/redissolved procedure are employed to remove ungrafted
and physisorbed PET, the appearance of both absorption bands of
PET and silica (Fig. 1c) gives evidence for the reaction among the
surface hydroxyl groups of silica and monomers of PET, i.e. TPA and
EG and indicates that some PET chains have been grafted onto silica
through chemical bonding rather than physical absorption.
Furthermore, comparing the spectrum of PET-grafted-silica nano-
composites (Fig. 1c) with that of pure PET (Fig. 1a), the character-
istic band around 1100 cm�1 is broadened, which is due to the
overlap with the strong absorption of silica.

To further confirm the covalent attachment of PET chains to the
silica surface, we also studied the PET-grafted-silica nano-
composites by solid-state NMR. Fig. 2 shows the 29Si SPE MAS NMR
spectra of silica and PET-grafted-silica nanocomposites. And 29Si
chemical shift assignments for silica and PET-grafted-silica nano-
composites are listed in Table 1. It can be seen that the silica
spectrum (Fig. 2a) shows Q3 [(Si–O)3Si–OH] and Q4 [Si(Si–O)4]
signals centered at �104 ppm and �114 ppm, indicating silicon
atoms surrounded by one silanol group and zero silanol group [45],
respectively. The Q2 [(Si–O)2Si–(OH)2] signal at �94 ppm, which is
attributed to the geminal silanols, is not shown due to its low
abundance. In the spectrum of PET-grafted-silica nanocomposites
(Fig. 2b), Q4 peak can be easily observed but Q3 peak is undis-
cernible. The decrease of intensity of the Q3 peak is the direct
evidence for the reaction among silica and monomers of PET.

Actually, the surface chemistry of silica has been widely
surveyed [46]. Iler [47] emphasized the behavior of the silanol
groups on the surface, especially their dehydration and chemical
Fig. 2. 29Si SPE MAS NMR spectra of (a) silica and (b) PET-grafted-silica
nanocomposites.
interaction including esterification and chemisorption of organic
molecules. In this study, after TPA and EG reacted with the silanol
groups on the surface, PET chains grew on the nanoparticle surface.

The amount of PET grafted onto the surface of silica was deter-
mined by TGA. The weight loss curves for grafted PET, silica and
PET-grafted-silica nanocomposites are presented in Fig. 3b, c and d,
respectively. Analysis of these curves demonstrates that the frac-
tion of grafted PET is 38.8 wt%. The surface grafting of a polymer
onto inorganic fillers is known to be very effective at improving the
dispersability in polymer matrices [48]. Indeed, the silica is
homogeneously dispersed in PET matrix [39]. Fig. 4 shows the TEM
micrograph of PET-grafted-silica nanocomposites. Clearly, the
hybrid nanoparticles unaggregate after isolated from PET/2 wt%
silica nanocomposites. The average diameter of the hybrid nano-
particles slightly varies in comparison with the as-received silica.

An interesting phenomenon is that the PET-grafted-silica
nanocomposites cannot be dissolved in the mixed solvents again
after dried at 80 �C under vacuum, though no ‘insoluble residue’
[25] has been found in PET/2 wt% silica nanocomposites. Generally,
it is difficult to dissolve PET with high molecular weight and crys-
tallinity. As is known to all, the XRD pattern of semicrystalline PET
would show a lot of peaks (JCPDS, 50-2275), while the most char-
acteristic peaks are those at 2q¼ 16.306�, 17.745�, 21.464�, 22.725�,
24.121�, 24.967�, 26.114�, and 28.150� corresponding to the ð011Þ,
(010), ð111Þ, ð110Þ, (011), ð112Þ, (100), and ð111Þ refraction,
respectively. However, the XRD pattern presented in Fig. 5 shows
just a broad band, indicating an amorphous material of PET-graf-
ted-silica nanocomposites. Moreover, the molecular weight of
grafted PET discussed below is low. Therefore, silica should play
a role as multifunctional agents. The introduction of silica in the
polymerization would lead to the interparticle or intraparticle
chains to crosslink lightly. Bikiaris et al. [25] investigated the solid-
state polycondensation (SSP) of the PET/silica prepolymer and
found that silica particles could act as multifunctional agents to
create some kind of branched or crosslinked macromolecular
Fig. 3. Thermogravimetric analysis of (a) pure PET, (b) grafted PET, (c) silica and (d)
PET-grafted-silica nanocomposites.



Fig. 4. TEM micrograph of PET-grafted-silica nanocomposites.

Fig. 6. GPC traces of pure PET, free PET and grafted PET.
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species when the silica amount was up to 5 wt%. However, with
respect to PET/2 wt% silica nanocomposites in the present study,
the extent of polymerization was below the point for the formation
of an ‘insoluble residue’. A detailed study on SSP of PET/silica
nanocomposites is being studied.

To determine the molecular weight and the molecular weight
distribution of grafted PET, PET-grafted-silica nanocomposites were
treated with 5% aqueous hydrogen fluoride solution to etch the
silica cores. Fig. 3b shows TGA curve for grafted PET. It can be seen
that the weight loss of grafted PET reaches 100% at 800 �C, which
indicates that the silica cores of PET-grafted-silica nanocomposites
are totally etched by 5% aqueous hydrogen fluoride solution.
Subsequently, we examined the effect of hydrogen fluoride solution
on PET chains. Pure PET was treated with hydrogen fluoride solu-
tion under the same conditions. GPC measurements show that the
molecular weight and the molecular weight distribution of the pure
PET slightly change before and after the treatment of hydrogen
fluoride within experimental error. This clearly indicates that
hydrogen fluoride does not have effect on PET structure.
Fig. 5. XRD pattern of PET-grafted-silica nanocomposites.
The GPC traces of pure PET, free PET and grafted PET are depicted
in Fig. 6. The molecular weight and the molecular weight distri-
bution calculated from the GPC traces with the calibration curve for
polystyrene standards are summarized in Table 2. Clearly, the
molecular weight of grafted PET is much lower than that of free PET
and the former has a broader molecular weight distribution. Zhou
et al. [49] reported that free polymer chains with much higher
molecular weight are resulted in the grafting of styrene on clay
surfaces due to the limited diffusion of monomer to activated sites
inside interlayers. In the present study, PET chains on silica surface
have low molecular weight. It is known that the PET chains grow
from the two end groups during polycondensation. However, in the
case of grafted PET chains, one end group is covalently attached to
the silica surface and the chain only grows from the other end. That
is the main reason for the formation of low molecular weight
grafted PET. Another reason is that covalent attachment of PET
chains to the surfaces of silica decreases the mobility of reactive end
groups, which reduces the opportunity to react and results in low
molecular weight grafted PET. Moreover, the formation of lightly
crosslinking structure between PET chains and silica can also
restrain the growth of PET chains.

In addition, bimodal distributions were observed in the GPC trace
of grafted PET. In an in situ polymerization of PET/silica nano-
composites, four reaction modes are possible. First is the conden-
sation reaction between PET prepolymer chains to give free PET in
the melt (Scheme 1a). The second is a chain propagation reaction of
chemically attached PET chains on the surface of silica reacting with
PET prepolymer in melt to give the hybrid nanoparticles composed
of a silica core surrounded by PET chains as branches (Scheme 1b).
The other two reaction modes are chain termination reactions
between chemically attached PET chains on the same particle
surface (Scheme 1c, intraparticle) or different particle surfaces
(Scheme 1d, interparticle) to form lightly crosslinking structure,
which would result in low molecular weight grafted PETon the silica
surface or between silica surfaces. In this case, one can assign
presumably the high-Mw peak of the GPC trace to the PET cleaved
from the hybrid nanoparticles formed in the second reaction mode
Table 2
Summary of GPC results for pure PET, free PET and grafted PET.

Samples Pure PET PET/2 wt% silica
nanocomposites

Free PET Grafted PET

Mn 30 092 22 626 6468
Molecular weight distribution (Mw/Mn) 1.804 1.923 2.732



Scheme 1. Scheme of the possible reaction modes for the in situ polymerization of
PET/silica nanocomposites: (a) condensation reaction to give free PET in the melt, (b)
chain propagation reaction to form branched structure on the surface of silica and (c)
intraparticle or (d) interparticle termination reactions to form lightly crosslinking
structure.

Scheme 2. Schematic diagram of the structure of PET-grafted-silica nanocomposites.
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and the low-Mw peak to the PET cleaved from the hybrid nano-
particles formed in the later two reaction modes. Complementary
LLS measurements were performed to further understand the
component of grafted PET. The hydrodynamic radius distribution of
grafted PET was determined by dynamic light scattering (Fig. 7). It
can be seen that f(Rh) shows two peaks located at around 4 nm
(labeled as Peak 1) and 90 nm (labeled as Peak 2), which is reason-
able agreement with the GPC results and also indicates that there are
two components in grafted PET. Considering the average size of the
two peaks, Peak 1 could be related to the grafted PET chains corre-
sponding to the low-Mw peak in the GPC trace, whereas Peak 2 was
ascribed to a multichain one of the grafted PETchains corresponding
to the high-Mw peak in the GPC trace. Based on the discussion above,
a schematic diagram of the structure of PET-grafted-silica nano-
composites is given in Scheme 2.

Among the pure PET, free PETand grafted PET, the pure PETshows
the highest molecular weight. The polycondensation was stopped at
the same power required to agitate [39], indicating the same shear
viscosity at the same shear rate. Rheology of both polymers and their
Fig. 7. The hydrodynamic radius distribution f(Rh) of grafted PET by dynamic light
scattering.
nanocomposites has been widely investigated in recent years [50–
55]. The frequency dependence of the shear storage modulus (G0),
loss modulus (G00) and complex viscosity (h*) are shown in Fig. 8.
Compared to pure PET, PET/2 wt%SiO2 nanocomposites show
enhancements of G0, G00 and h* over the whole frequency range,
which might be due to the formation of branched and lightly
Fig. 8. Storage modulus, loss modulus (A) and complex viscosities (B) for PET and PET/
2 wt% silica nanocomposites with respect to frequency.



Scheme 3. Sketch map of different types of silica–PET interaction that lead to
entanglement network.
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crosslinking structure between PET chains and silica and the inter-
action of an entanglement network with silica surface. Aranguren
et al. [56] investigated the rheological properties of poly-
dimethylsiloxane filled with fumed silica and developed a model
which could qualitatively relate the morphology of silica–poly-
dimethylsiloxane suspensions with both the observed dynamic and
steady shear rheological responses. Based on the structure discussed
above, a model has also been developed to elucidate the interaction
of an entanglement network between silica and PET chains which
can be identified to three types: (1) direct bridge due to the lightly
crosslinking structure between PET chains and silica (Scheme 3a);
(2) primary entanglement due to branched structure between PET
chains and silica (Scheme 3b); and (3) secondary entanglement
involving free PET chains (Scheme 3c). The primary and secondary
entanglements could be collapsed by shear force, so these
enhancements weakened at higher frequency. However, the PET/
2 wt% silica nanocomposites do not exhibit a typical low-frequency
plateau as reported by Aranguren [56] and Jin [57], which can be
attributed to two reasons: one is the reactions between PET and
silica lead to a reduction of silica–silica interaction; the other is the
interaction of an entanglement network is not strong enough to
form a low-frequency plateau at very small concentration of silica.

4. Conclusion

The interface structure of the PET/silica nanocomposites was
investigated. During the polymerization, TPA and EG firstly reacted
with the silanol groups on the surface of silica to form PET-grafted-
silica nanocomposites by condensation polymerization. Analysis of
the chemical structure of PET-grafted-silica nanocomposites indi-
cated formation of branched and lightly crosslinking structures
between PET chains and silica. And a much lower molecular weight
and broader molecular weight distribution grafted PET was resul-
ted. The improvement in the G0, G00 and h* values of PET/2 wt% silica
nanocomposites could be attributed to the interaction of an
entanglement network with silica surface. Moreover, a systematic
investigation on the kinetic aspect of free PET chains and grafted
PET chains growing from the surface will be given in an upcoming
paper.
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