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ABSTRACT: Using the grafting method on a silica sur-
face with PBS molecules, we prepared novel poly(buty-
lene succinate) (PBS)/silica nanocomposites to enhance
dispersibility and interfacial adhesion between silica par-
ticles and the PBS matrix, and also investigated the effects
of silica-g-PBS on the PBS matrix using differential scan-
ning calorimetry, thermogravimetric analysis, transmis-
sion electron microscopy, a tensile testing machine, and
rheometry. The thermal stability, mechanical properties,

and rheological properties of PBS nanocomposites con-
taining silica-g-PBS was remarkably improved because of
the surface characteristics of the silica grafted with PBS
molecules, which provided good compatibility and dis-
persion. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 107:
3598-3608, 2008
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in situ polymerization

INTRODUCTION

Poly(butylene succinate) (PBS) is a biodegradable ali-
phatic polyester synthesized by the polycondensation
of 1,4-butanediol with succinic acid.'™ PBS has sev-
eral interesting properties, including biodegradability,
melt processability, and chemical resistance, which
gives rise to wide potential applications.”® However,
other properties of PBS pose shortcomings, such as
insufficient stiffness, low-melt strength and viscosity,
and poor mechanical and thermal properties.

The nanocomposite is an effective way of improv-
ing these drawbacks and widening its application.
Furthermore, they have merits when compared with
conventional polymer composites, such as light-
weight, transparency, and easier processability. Con-
sequently, organic polymer-based nanocomposites
are considered as next-generation materials.””®

In the preparation of these nanocomposites, the dis-
persion of inorganic particles on a nanometer level
and the compatibility between it and the polymer ma-
trix are the most critical factors.” However, it is diffi-
cult to disperse nanoparticles in polymeric matrix
homogeneously because of the strong tendency of
nanoparticles to agglomerate, which is caused by the
poor interaction between the hydrophilic nanopar-
ticles and hydrophobic polymer matrix. To improve
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the interfacial interaction between inorganic particles
and polymer matrix, many studies have attempted to
convert the hydrophilic particle surface into a hydro-
phobic surface in the nanocomposites.'*'*

Among them, the surface of nanoparticles grafted
with polymer exhibits more hydrophobic property
due to the nature of the grafting polymers, which may
improve the compatibility between the polymer matrix
and inorganic nanoparticles. In addition, the entangle-
ment between the grafting polymers is known to
enhance the interfacial interaction substantially.'*'?

In this study, by grafting method, we sought to
improve the dispersibility of silica and the interfacial
interaction between silica particles and the PBS
matrix in a PBS nanocomposite. First, to provide
silica with functional groups, an isocyanate group was
introduced on the silica surface using hexamethylene
diisocyanate (HDI). Then, the functionalized silica
particles were grafted with PBS molecules using
in situ polymerization. This novel PBS nanocomposites
may be anticipated that the compatibility between
the grafted PBS and silica can be enhanced markedly,
leading to the enhancement of physicochemical prop-
erties for PBS. The thermal and mechanical proper-
ties and dynamic rheological behavior of the nano-
composite were investigated to confirm the effects of
grafting PBS molecules on the nanocomposite.

EXPERIMENTAL
Materials

Hydrophilic silica (Aerosil®™ 300) was obtained from
Degussa (Diisseldorf, Germany). It has a specific
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Scheme 1 Reaction scheme for PBS nanocomposites containing silica-g-PBS.

surface area of 300 = 30 m* g~ ' and an average pri-
mary particle size of 7 nm. 1,4-Butanediol (99%), suc-
cinic acid (99%), titanium (IV) isobutoxide (97%),
HDI, and dibutyltin dilaurate were purchased from
Aldrich Chemical (Milwaukee, WI) and used with-
out further purification. Hydrophilic silica was used
after drying for over 24 h in a vacuum oven.

Modification of the silica particles

Five grams of silica were suspended with stirring in
100 mL of toluene in a 500-mL round flask. An
excess of HDI (5 mL) was then added to the disper-
sion. Several drops of dibutyltin dilaurate were
introduced to the mixture as the catalyst. The mix-
ture was stirred at 30°C under a nitrogen atmos-
phere for 24 h. The modified silica was obtained as
slurry after centrifugation at 6000 rpm for 20 min.
The slurry was washed with tetrahydrofuran (THEF),
and then redispersed and recentrifuged several times
to remove the unreacted HDI. The solvent in the
slurry was removed completely under vacuum. The
resulting powder was dried in a vacuum oven at
40°C for over 24 h before characterization.

Preparation of PBS nanocomposites

The PBS nanocomposites containing unmodified and
modified silica (0.5, 2.0 wt %) was prepared using in
situ polymerization, applying conventional two-step
polymerization. Modified silica was first dispersed in
1.2 mol 1,4-butanediol, using an ultrasonic homoge-
nizer for 30 min. Then 14-butanediol slurry was
heated to 90°C with stirring under a nitrogen atmos-
phere for 1 h. Afterward, the slurry was mixed with 1-
mol succinic acid and 0.03 wt % titanium (VI) butox-
ide, and the temperature was increased to 190°C
slowly with mechanical stirring. Finally, esterification
was carried out for 3.5 h continuously removing the
water formed. The polycondensation reaction was car-
ried out at 235°C under a vacuum below 0.1 Torr until
a sudden rise in torque occurred (2-3.5 h). The reac-
tion scheme for the PBS nanocomposite containing
silica-g-PBS is briefly shown in Scheme 1.

Separation of silica powder from the
nanocomposites

For the quantitative determination for the extent of
the covalently attached isocyanate groups per silica
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particle and the degree of grafting for PBS mole-
cules, the silica powder grafted with PBS molecules
was separated from the nanocomposites by using
centrifugation method. First, the prepared nanocom-
posites (5 g) were diluted with the 50 mL chloroform
solution. Afterward, the dilute solution was sepa-
rated by centrifugation machine (MICRO 22R) with
speed of 6000 rpm. The obtained silica powder was
redispersed and recentrifuged more than five times
to remove free PBS molecules, which cannot be
reacted with the silica particles. Finally, the obtained
samples were dried in a vacuum at around 30°C for
24 h before the detailed analysis.

Characterization of the modified silica particles
and PBS nanocomposites

To verify the chemical structure of the modified
silica particles and nanocomposites, Fourier trans-
form infrared (FTIR) analysis was conducted using a
Nicolet 760 Magna-IR spectrometer (Nicolet-Magna,
Madison, WI).

Thermogravimetric analysis (TGA) was used to
determine the amount of the grafting polymer on
the surface of the silica particles and to investigate
the thermal stability of the nanocomposites. TGA
was performed under an air purge at a heating rate
of 5°C min~' using a Pyris 6 thermal analyzer
(PerkinElmer, Wellesley, MA).

The inherent viscosity of the pure PBS and PBS/
silica nanocomposites were determined by using a
Cannon-Ubbelohde microviscometer (Cannon Instru-
ment, State College, PA). The measurement was done
on the material from which silica was removed. For
example, 2.00 g of the nanocomposite sample were
dissolved in 100-mL chloroform with a concentration
of 0.2 g dL.™'. After cooling to room temperature, the
mixture was centrifuged at 5000 rpm for 20 min and
then supernatant was carefully separated and was fil-
tered by PTFE membrane filter. The inherent viscosity
of samples was calculated from:

t

1] = — = B
rel tO Po

Minh = (1n nrel)/c

where t(, po: flow time and viscosity of the solvent; ¢,
p: flow time and viscosity of the solvent; C: concentra-
tion of the solution.

The observation of the dispersibility of silica par-
ticles on the PBS matrix in the nanocomposites was
carried out using transmission electron microscope
(TEM; model TACNAI200; FEI, Hillsboro, OR).
Ultra-thin films of the nanocomposites were pre-
pared by solution casting. A carbon-coated mica
sheet was dipped into a 0.1 wt % solution of nano-
composites and dried at room temperature. Then,
the ultra-thin film supported by carbon layer was
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detached from the mica sheet onto a water surface,
and picked up on a copper grid. The specimen on
the grid was shadowed with platinum (Pt) to
increase the image contrast and calibrate electron
diffraction patterns. The shadow angle was
tan~!(1/3).

The thermal properties of the nanocomposites
were measured using a TA instrument. To remove
the previous thermal history, all the samples were
first heated at 150°C for 5 min and then a second
scan of the heating and cooling run was performed
at a rate of 10°C min~".

To determine the mechanical properties of PBS/
silica nanocomposites, films were prepared using a
hot press at 150°C with the holding pressure of 6000
psi and the holding time of 5 min. The fabricated
films were quenched in cold water and dried at 40°C
for the overnight. Afterward, dried films were cut in
the shape of dog-bone with 6 cm X 1 cm. Mechanical
tests were conducted with a tensile testing machine
(Instron 4465; Instron, Norwood, MA) at a crosshead
speed of 20 mm min "' at room temperature.

The rheological properties of the nanocomposite
melts were measured using an advanced rheometric
expansion system (ARES; Rheometric Scientific, Pis-
cataway, NJ) with parallel plate geometry. The fre-
quency was varied from 0.05 to 500 rad s ' with a
12.5-mm diameter parallel plate with a 1.0-mm gap
at 150°C.

RESULTS AND DISCUSSION
Characterization of the modified silica particles

Figure 1 shows the FTIR spectra of the (a) original
silica particles, (b) silica-HDI obtained after grafting

®
b)Silica-HDI ™47
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Figure 1 FTIR spectra of silica particles.
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HDI to the silica surface, and (c) silica-g-PBS
obtained after reacting the pendant HDI on the silica
surface with PBS molecules. In the original silica
particles, strong and broad peaks at 3470 cm ',
reflecting the intramolecular hydrogen-bonded sila-
nol hydroxyl groups and near 1100 cm™', which
may attribute to the Si—O vibration, are assigned,
respectively.'® As for silica-HDI, C=0 stretching
peak at 1632 cm ' and an amide N—H vibration
peak at 1570 cm ™' are observed, which corresponds
to the urethane bond. Besides, a peak, N—H stretch-
ing, is assigned at 3347 cm ' and a new peak at-
tributable to isocyanate groups, is found at 2290
cm ™ 1.'® These results suggest that HDI was success-
fully introduced on the silica particles.

Compared with the hydroxyl group of original
silica, the hydroxyl band of silica-HDI shifts to a
lower wavenumber and its peak occurs near 3436
cm ™" with a reduced intensity. These results support
that the intramolecular hydrogen bonding in original
silica is weaker, as a result of an incorporation of
HDI group within the hydroxyl group in the silica
particles. However, unique peaks, which are related
to the crosslinking of silica particles or intraparticle
reaction, cannot be observed in the IR spectra. On
the other hand, in the case of silica-¢g-PBS, the peak
of the NCO group disappeared, meanwhile the
C=O0 stretching peak of PBS molecules appeared at
1726 cm™! in the spectra. This indicates that the
—NCO group of silica-HDI reacted with the —OH
group of the PBS molecules during in situ polymer-
ization, producing the complete silica-g-PBS.

Figure 2 shows the TGA curves of the original
silica particles, silica-HDI, and silica-g-PBS. For the
original silica particles, about 3% weight loss was
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Figure 2 TGA curves of silica particles.

TABLE I
Sample Code, Reaction Time, and IV Value

Reaction time (h)

Sample code Esterification Polycondensation [n]
Neat PBS 35 25 0.759
505 3.5 3 0.794
520 35 35 0.764
G05 35 35 0.808
G20 35 35 1.018

observed as a result of the separation of physically
bound water. For silica-HDI, the approximately
16.5% weight loss occurred because of the thermal
decomposition of the HDI moieties. The extent of the
covalently attached isocyanate groups (NCO group
nm ?) was determined from the TGA data. Since 1.2
g silica-HDI was used to prepare the nanocomposite,
0.198 g HDI was obtained from the weight loss of
the silica-HDI. The mole value of the HDI can be
obtained from the amount of HDI divided by its mo-
lecular weight, and this value was about 1.18 mmol
g '. Then, the number of NCO groups per nm” of
the silica surface was calculated using the equation
as follows:

nppr X N
NCO group per nm?* = ?;71018’47 (1)

where nyp; is the number of moles of HDI on the
silica surface, N4 is Avogadro’s number, and A is
the specific surface area of silica particles. The num-
ber of isocyanate groups on the silica surface was
about 2.0 NCO nm .

For the silica-g-PBS, an approximately 53.8% weight
loss is expected from the thermal decomposition of
the grafted PBS molecules. The amount of grafted PBS
molecules can be calculated from this weight loss. The
extent of grafting was confirmed as the percentage of
grafting by the following equation:'’

Percentage of grafting (%)
B Grafted PBS (g)
~ Used silica particles (g)

X100. (2)

Here, the silica particles used and grafted PBS mole-
cules can be determined from the TGA curve of
silica-g-PBS. The percentage of grafted PBS mole-
cules is about 124%. As a result, the IR spectra and
TGA results strongly suggest that an isocyanate
group was introduced on the surface of the silica
particles by the reaction of HDI with silanol groups
on the silica surface, and the modified silica particles
also chemically bonded with the PBS molecules after
in situ polymerization.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 FTIR spectra of PBS nanocomposites: G20-neat
PBS, S20-neat PBS, and neat PBS.

Characterization of the PBS nanocomposites
Reaction time and intrinsic viscosity

To identify the influence of grafting on in situ poly-
merization for the nanocomposites, the intrinsic vis-

LIM ET AL.

cosity (IV) was determined. Table I shows the sam-
ple code, reaction time, and IV data for all the PBS
nanocomposites. In the sample codes, S and G
denote PBS nanocomposites containing original silica
particles and silica-g-PBS, respectively. The number
following S or G is the fraction of silica in the PBS
nanocomposites by weight. As shown in Table I, in
the case of S05 and S20, the value of IV was similar
to that of neat PBS regardless of the silica content.
On the other hand, the IV of the G nanocomposites
increased with the silica content and this value was
definitely higher than neat PBS, indicating that rela-
tive to the unmodified silica, the modified silica may
influence strongly the degrees of polymerization of
PBS. This phenomenon may be explained that the
grafting PBS molecules on the silica particles oper-
ates as an active site, which can improve the degree
of polymerization, generating the enhancement of
the molecular weight of PBS.

FTIR spectra

We checked the IR spectra of neat PBS, PBS/
unmodified silica, and PBS/modified silica nano-
composites, respectively. Except the characteristic
bands of PBS (ester bond, 1264 cm ™5 O—H, 3600
3400 cm™'; C—H, 2941 ecm™!; C=0, 1728 cm™%;

Figure 4 TEM micrographs of PBS nanocomposites: (a) S nanocomposites and (b) G nanocomposites.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Thermal Stability and Thermal Properties of PBS
Nanocomposites
T. T, AHj,, AT  Tp? Tp®
Sample (9 (O J/gg (O (O (O
Neat PBS 69.0 115.0 71 46.0 264 318
505 72.3 115.0 69 42.7
520 76.1 115.0 65 38.9 273 319
GO05 69.0 115.0 68 46.0
G20 75.7 115.0 64 39.3 273 340

C—O0, 1140 cm ™ 1), there were no new peaks which
may be influenced by the addition of silica, indicat-
ing that PBS/silica nanocomposites were success-
fully fabricated without crosslinking or intraparticle
reaction of silica (data not shown).

To verify the existence of specific interaction
between PBS and silica particles, the FTIR spectrum of
neat PBS, 520, and G20 was normalized using the
unchanged peaks, and then the 520 and G20 spectra
were subtracted from the background spectrum of neat
PBS; these results are shown in Figure 3. The S20-neat

@
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PBS had no characteristic peak, indicating that there is
no interaction or chemical bonds created between the
original silica particles and the PBS molecules. Interest-
ingly, in the case of the G20-neat PBS, additional peak
can be assigned at about 1710 cm™ ' when compared
with neat PBS."® On the whole, if specific hydrogen
bond is formed between the carbonyl group of polyes-
ter and the functional group of other materials, some
modification near this carbonyl group can be detected.
For example, the wavenumbers of carbonyl group may
be shifted*"** or new carbonyl groups near the major
carbonyl group can be created.”** Based on this, this
new peak at 1710 cm ™' can be thought to be a powerful
evidence that the carbonyl group of PBS molecules
interacts with the —NHCO— groups of urethane
between silica particles and PBS molecules, giving rise
to the formation of hydrogen bonds.

Dispersibility

The dispersibility of silica particles on the PBS matrix
in the nanocomposites was investigated using TEM;
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Figure 5 DSC cooling and second heating run of (a) S nanocomposites and (b) G nanocomposites.
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Figure 6 Mechanical properties of PBS nanocomposites: (a) tensile strength, (b) modulus, and (c) elongation at breaking.

the result is shown in Figure 4. The silica particles in
the G nanocomposites are dispersed more homogene-
ously than the original silica particles in the S nano-
composites. In addition, the dispersed phases in the G
nanocomposite are clearly smaller than those of the
original silica particles in the S nanocomposites. These
results indicate that the surface energy difference
between silica-g-PBS and the PBS matrix is relatively
low than original silica and PBS. That is, this can be
explained that the surface of the silica-g-PBS is chemi-
cally similar to that of the PBS matrix. However, the
surface of the original silica particles is quite different
from that of PBS molecules. Based on this it can be
clearly confirmed that when compared with the origi-
nal silica particles, silica-g-PBS has much less tend-
ency to aggregate by itself, leading to enhanced adhe-
sion with the PBS matrix.

Thermal stability

To examine the thermal stability for the nanocompo-
sites, TGA analysis was conducted and the results

Journal of Applied Polymer Science DOI 10.1002/app

are summarized in Table II. The initial thermal deg-
radation temperature indicating a 2% weight loss
(TH was 273°C for the S and G nanocomposites,
which was 9°C higher than that of neat PBS. This
confirms that at the beginning of thermal decomposi-
tion, the silica particles obstruct the internal diffu-
sion of heat because they act as insulators with a
high thermal capacity. Consequently, the nanocom-
posites are more stable than neat PBS at the initial
thermal degradation, independent of the modifica-
tion of the silica particles.

On the other hand, comparing the thermal degra-
dation temperature of 20 wt % (T3’), neat PBS, and
520 have similar values, while G20 has a value more
than 20°C higher, suggesting that the modification of
silica particles enhances the thermal stability of the
nanocomposites. It may be likely that the dispersion
of the silica particles in the PBS matrix is the main
factor producing this behavior. That is, the highly
dispersed silica-g-PBS particles in G20 act as more
effective insulators than the aggregated silica par-
ticles in S20, leading to the enhanced thermal stabil-
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Figure 7 SEM fractographs of the tensile fractured surface.

ity. Furthermore, this result is in good agreement to
TEM micrographs in Figure 4.

Thermal properties

To elucidate the thermal behavior of the neat PBS
and the nanocomposites, DSC analyses were per-
formed. The DSC thermograms for the S and G
nanocomposites during the cooling and second heat-
ing scans are shown in Figure 5, and the results are
summarized in Table II. Neat PBS exhibited the sin-
gle cooling exothermic peak (T.) at 69.0°C. As seen
in the Figure 5 and Table II, as the silica contents
increased, T, for both S nanocomposites (original
silica) and G nanocomposites (silica-g-PBS) shifted
to the higher temperature, and their degree of
supercooling (AT = T,, — T.) exhibited lower value
than that of neat PBS. This observation can be inter-
preted that both the original silica and silica-g-PBS
particles can act as nucleating agents during the
crystallization process and accelerate the crystalliza-
tion rates in the PBS matrix. On the other hand, rel-
ative to S nanocomposites, AT for the G nanocompo-
sites showed somewhat higher values over same

silica contents, confirming that the degree of the
nucleating effect of silica-g-PBS is weaker than that
of the original silica particles in the PBS matrix. This
result may be attributable to the improved interfa-
cial adhesion between the modified silica particles
and PBS molecules, which induce a relatively lower
nucleating effect. As for the second heating DSC
curve, the melting endothermic peaks (T,,) of all of
the samples were the same regardless of the modifi-
cation or silica particle or its content. In summary, it
can be concluded that the silica particles strongly
affect the crystallization rate of PBS. That is, they
contribute favorably to the faster crystallization of
PBS molecules, but may not influence with the main
PBS crystals.

Mechanical properties and morphology
of fractured surfaces

The mechanical properties of PBS nanocomposites as
a function of the contents and modification of the
silica particles are shown in Figure 6. The tensile
strength of the S and G nanocomposites increased
with the silica content. In contrast, at the same silica

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 SEM fractographs of the horizontally fractured surface along the tensile direction.

content, the G nanocomposites filled with silica-g-
PBS had a much greater tensile strength than the S
nanocomposites, indicating that the entanglement of
the grafted PBS segment with PBS molecules in the
matrix occurred and this induces to the enhancement
of the interfacial adhesion between the silica par-
ticles and PBS matrix.

Figure 6(b) shows the Young’s modulus of the S
and G nanocomposites. The Young’s modulus for
the S nanocomposites increased with the silica con-
tent. The high Young’s modulus of the S nanocom-
posites may be explained that the addition of silica
particles increases the stiffness. However, for G
nanocomposites, a different phenomenon is ob-
served. The Young’s modulus of the G nanocompo-
sites was increased slightly at a silica content of 0.5
wt % and remained unchanged at a silica content of
2.0 wt %. Rong et al. reported similar results for
polypropylene comyosites filled with grafted nano-
inorganic particles.'* They suggested that the compli-
ant layer at the interface of the grafted polymer
tends to mask the stiffness of the filler particles.
Therefore, the modulus of the nanocomposites con-

Journal of Applied Polymer Science DOI 10.1002/app

taining original silica increases with the silica con-
tent, while the grafted polymer greatly decreases the
stiffening effect of silica.

A remarkable difference in the nanocomposites
was observed in the elongation at breaking, as
shown in Figure 6(c). The elongation at breaking of
the S nanocomposites decreased with the silica con-
tent, which may be due to the aggregated silica
particles, as seen in Figure 4.° Conversely, the elon-
gation at breaking of the G nanocomposites
increased with the silica content. This result can be
interpreted as follows: first, the interfacial adhesion
was enhanced by the entanglement between the
grafted PBS molecules and the PBS matrix. Second,
the modified silica particles were well dispersed in
the PBS matrix. Accordingly, G nanocomposites
have a more compact structure, leading to the resist-
ance of the crack propagation.

Scanning electron microscopy was used to observe
the fractured surfaces of specimens. As Figure 7(b)
shows, a coarser appearance and void formation at
the interface are observed at the fractured surface of
520. In contrast, a relatively smooth surface and no



EFFECT OF ISOCYANATE-MODIFIED FUMED SILICA ON PBS

o—MNeatPBS

10 9
(]
]
&
v : oﬂoh

10 -

B
10 T T Lk T 0
[1] 1] 10 10 10 10

@(rads]

Figure 9 Dynamic melt viscosity of PBS nanocomposites.

void formation are observed at the fractured surface
of G20 in Figure 7(c), supporting the results of the
mechanical tests.

The elongated neck area was fractured vertically
in the direction of stretching after immersion in lig-
uid nitrogen. Comparing S20 [Fig. 8(a)] with G20
[Fig. 8(b)], numerous cracks were frequently
observed in the surface of S20, indicating poor adhe-
sion between the aggregated silica particles and PBS
matrix. In contrast, the surface of G20 showed no
cracks and a compactly deformed structure. This
clearly suggests that the silica particles grafted with
PBS molecules were dispersed homogeneously and
the adhesion between the silica particles grafted
with PBS molecules and PBS matrix was improved.

Rheological properties

Figure 9 shows the dynamic viscosity of the nano-
composites. 520 has a higher viscosity than neat PBS
at a low frequency. This indicates that a network
structure forms as a result of particle-particle inter-
actions. As the shear force increases, all the samples
exhibit the shear thinning behavior by the break-
down of the network structure. G20 has a higher vis-
cosity than neat PBS over the entire frequency range.
This may result from entanglement between the
grafted PBS molecules and the PBS matrix molecules
at the interface, which substantially enhances the
interfacial interaction.

The storage modulus (G') and loss modulus (G”)
of the nanocomposites are displayed in Figure 10.
The G' and G” of S20 are higher than neat PBS at
low frequency. This confirms that the network struc-
ture because of the particle-particle interaction con-

3607

fers more elasticity than in neat PBS, and that the
dissipation of energy also increases at low frequency.
As the shear rate increased, the G’ and G” of S20
showed similar value to that of neat PBS, reflecting
the collapse of the network structure because of the
dominant shear force.

The G' and G” of G20 of G20 are also higher than
those of neat PBS over the entire frequency range.
This suggests that grafting PBS molecules on the
silica particles leads to strong entanglement with
PBS molecules in the matrix. In contrast, the elastic
behavior of G20 is weaker than that of S20 at low
frequencies, implying that G20 does not have strong
particle-particle interactions. This can be explained
as follows: when the silica particles are grafted with
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Figure 10 (a) Storage modulus (G') and (b) loss modulus
(G") of PBS nanocomposites.
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PBS molecules during in situ polymerization, the sur-
face energy difference between the silica particles
and PBS matrix is low because the surface of the
silica grafted with PBS molecules is chemically simi-
lar to that of the PBS molecules in the matrix. There-
fore, the particle-particle interactions between silica
are relatively weakened. As a result, the probability
that can be formed as network structure becomes
lower.

The Cole-Cole plot of the nanocomposites is
shown in Figure 11. Neat PBS, G20, and S20 give
similar master curves with slopes of 1.75, 1.64,
and1.110, respectively. If the polymer melt is iso-
tropic and homogeneous, the curve slope on the
Cole-Cole plot is 2.0, irrespective of temperature.”
Neat PBS gives a master curve with a slope of 1.75,
suggesting that little interaction occurs in the molec-
ular structure. 520 gives curves with very shallow
slopes, indicating that the system of nanocomposites
is heterogeneous and much energy is dissipated due
to the presence of the network structures. G20 has a
slightly shallower slope of 1.64 when compared with
neat PBS. This is in evidence that silica-g-PBS has
good interfacial interactions because the grafted PBS
molecules mask the surface of the hydrophilic silica
particles. Over the loss modulus value about 10%
however, the slope of curves for all nanocomposites
increased and approach to neat PBS curves. This
result reflects that some network structure owing to
particle-particle interaction (S20) and particle-matrix
interaction (G20) was broken down by shear force,
and becomes gradually homogeneous system.
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CONCLUSIONS

Functionalized silica particles were synthesized using
HDI, and PBS nanocomposites filled with silica-g-PBS
were prepared successfully using in situ polymeriza-
tion. Comparing the differences in the thermal, me-
chanical, and rheological properties of the S and G
nanocomposites, the effect of grafting PBS molecules
on the silica particles was investigated. Silica-g-PBS was
well dispersed in the PBS matrix and provided good
compatibility with PBS molecules, because the surface
properties of the silica grafted with PBS molecules
were chemically similar to those of the PBS molecules
in matrix. Based on the rheology study, the S nanocom-
posites appeared to have a network structure due to
particle—particle interactions, while the G nanocompo-
sites showed strong adhesion between the grafted PBS
molecules and PBS molecules in the matrix. Conse-
quently, grafting PBS molecules on silica particles
resulted in good dispersion and compatibility with PBS
molecules in the matrix, leading to the enhanced ther-
mal and mechanical properties when compared with
neat PBS and PBS/ original silica nanocomposite.
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