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’ INTRODUCTION

Poly(L-lactic acid) (PLLA) is a biodegradable and biocompa-
tible thermoplastic polymer with high strength and high mod-
ulus, which has been widely used in the biomedical, agricultural,
and general-purpose plastics fields.1-4 PLLA is also a typical
semicrystalline polymer. Three crystal modifications, including
R, β, and γ forms, have been reported for PLLA depending on
different crystallization conditions.5,6 Crystallization from the
melt usually leads to R form, which is the most common
polymorph. Recently, a new crystal modification R0, defined as
a disorderedmodification of theR form, has been discovered and
has drawn so much attention.7-14 The formation of the meta-
stable R0-form crystals of PLLA is kinetically preferential, while
that of the thermally stable R-form crystals is thermodynamically
favored.10 It has been found that the disorderedR0 and orderedR
phases are formed at low (Tc < 100 �C) and high (Tc > 120 �C)
crystallization temperatures, respectively.7-13 However, PLLA
has some disadvantages that restrict its practical applications such
as poor mechanical properties, slow crystallization rate, and
slow degradation rate.14,15 Therefore, several methods have
been developed to overcome the disadvantages, including
copolymer synthesis, polymer blending, and chemical grafting
methods.16-21 Recently, the incorporation of nanoparticles such
as clay and carbon nanotubes (CNT) into PLLAmatrix has been

developed as one of the most effective ways to improve the
properties of PLLA since nanoparticles can significantly enhance
the properties of PLLA even at a very low content. Studies on the
PLLA/CNT nanocomposites show that the crystallization of PLLA
is accelerated, the hydrolytic degradation of PLLA is enhanced, and
the mechanical and thermal properties are improved after nano-
composites preparation.22-25 The PLLA/clay nanocomposites
represent an interesting class of materials due to the variety of
structural forms (intercalated, exfoliated, and mixed), leading to
significant improvement of the physical properties.26-29

The new three-dimensional nanofiller polyhedral oligomeric
silsesquioxanes (POSS) contain a cube-like core (Si8O12) and
eight organic groups30 and may be used for the preparation of
higher performance nanostructured organic-inorganic compo-
sites in comparison with other inorganic nanofillers.31,32 POSS
molecules can be introduced into polymer matrix via copolym-
erization and physical blending. Copolymerization is an efficient
approach for the preparation of polymer/POSS nanocomposites,
through which POSS with reactive functional groups may form
chemical bonds or chemical link with the monomer, and thus can
raise glass transition temperature, enhance mechanical performance
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and improve thermal stability of polymer.33-40 However,
because of the advantages of low cost and easy industrial imple-
mentation, polymer blending and nanocomposites preparation
also draw much attention. A majority of polymers blended with
POSS have been reported such as polyethylene (PE), polypro-
pylene (PP), poly(methyl methacrylate) (PMMA), poly(methy-
lvinylsiloxane) (PMVS) elastomers, and polyimide (PI).41-46

In our previous works,47,48 biodegradable PLLA/octaisobutyl-
polyhedral oligomeric silsesquioxanes (oib-POSS) nanocompo-
sites were prepared by both solution casting method and solution
and coagulation method. It is found that PLLA/oib-POSS
nanocomposites prepared via solution and coagulation method
could get a better dispersion of POSS than those prepared by
solution casting. However, despite the different preparation
methods, the incorporation of oib-POSS has significantly en-
hanced the crystallization rate, improved mechanical properties,
and accelerated the hydrolytic degradation of PLLA in the
nanocomposites with respect to neat PLLA.47,48

In this work, biodegradable PLLA/octamethyl-polyhedral
oligomeric silsesquioxanes (ome-POSS) nanocomposites were
prepared at various ome-POSS loadings ranging from 2 to 8 wt %
via simple melt compounding method; moreover, the influence
of ome-POSS on the morphology, crystallization, mechanical
properties, and thermal degradation of PLLA was investigated in
detail with various techniques. It is expected that the research
reported herein will be of interest for a better understanding of
the structure and properties relationship of biodegradable poly-
mer nanocomposites and may be of help for extending their
practical application.

’EXPERIMENTAL SECTION

Materials. PLLA (Mw = 1.53� 105 g/mol) was kindly provided by
Biomer Company, Germany. Ome-POSS was purchased from Sigma-
Aldrich (Shanghai) Trading Co., Ltd.
Preparation of PLLA/ome-POSS Nanocomposites. The

PLLA/ome-POSS nanocomposites were prepared via a simple melt
compounding method using a melting mixer (MS-II) (Beihang
University) at 180 �C for 15 min with a screw speed of 210 rpm. For
the fabrication of PLLA/ome-POSS nanocomposites, PLLA was mixed
with the addition of various ome-POSS contents, specified as 2, 5, and 8
wt % in the polymer matrix, respectively. For brevity, the nanocompo-
sites containing 2, 5, and 8 wt % ome-POSS are abbreviated as POSS-2,
POSS-5, and POSS-8 from now on.
Scanning Electron Microscopy (SEM). A Hitachi S-4700 SEM

was used to observe the morphology of the fracture surfaces of the
PLLA/ome-POSS nanocomposites. The samples were molded into film
at 190 �C and fractured into liquid nitrogen. All specimens were coated
with gold before examination.
Transmission Electron Microscopy (TEM). TEM observation

was performed with a Hitachi H-800 TEM instrument under an
acceleration voltage of 200 kV. Thin sections (with thickness of about
50-70 nm) for TEM observations were cut from the as-prepared
nanocomposites under cryogenic conditions (-80 �C) using a Leica
EM FC6 ultramicrotome.
Differential Scanning Calorimetry (DSC). Thermal analysis

was carried out using a TA Instruments DSC Q100 with a Universal
Analysis 2000. All operations were performed under nitrogen purge, and
the weight of the samples varied between 4 and 6 mg. For nonisothemal
cold crystallization, the sample was heated to 190 at 20 �C/min, held for
3 min to erase any thermal history, cooled to 20 at 40 �C/min to reach
the amorphous state, and then heated to 190 �C again at 20 �C/min. The
glass transition temperature, the cold crystallization onset temperature,

cold crystallization peak temperature, and melting point temperature of
neat PLLA and its nanocomposites were read from the second heating
traces. For nonisothermal melt crystallization, the sample was heated to
190 at 20 �C/min, held for 3 min to erase any thermal history, and
cooled to 20 �C at 5 or 15 �C/min. The crystallization peak temperature
was read from the cooling process. For isothermal melt crystallization,
the sample was heated to 190 at 20 �C/min, held for 3 min to erase any
thermal history, cooled to the chosen crystallization temperature at
40 �C/min, and held for a period of time until the isothermal crystal-
lization was complete. The crystallization temperatures chosen in this
work were from 119 to 127 �C. The evolution of heat flow with
crystallization time was recorded during the isothermal crystallization
process for the later data analysis.
Polarized Optical Microscopy (POM). An optical microscope

(Olympus BX51) equipped with a temperature controller (Linkam
THMS 600) was used to investigate the spherulitic morphology of neat
PLLA and the PLLA/ome-POSS nanocomposites. The samples were
first annealed at 190 �C for 3 min and then cooled at 60 �C/min to
125 �C.
Wide-Angle X-ray Diffraction (WAXD). WAXD experiments

were performed on a Rigaku D/Max 2500 VB2t/PC X-ray Diffract-
ometer at room temperature in the range of 5-40� with a scanning rate
of 4 o/min. The CuKR radiation (λ = 0.15418 nm) source was operated
at 40 kV and 200 mA. The samples were first pressed into films with a
thickness of around 0.6mmon a hot stage at 190 �C and then transferred
into a vacuum oven at 128 �C for 3 days.
DynamicMechanical Analysis (DMA).DMA experiments were

performed on the samples of 42 mm � 6 mm � 0.2 mm in size using a
dynamic mechanical analyzer of Netzsh DMA242C under tension film
mode in the temperature range of 20-80 �C at a frequency of 1Hz and a
heating rate of 3 �C/min. For the DMA study, the samples were molded
into films on a hot press under a pressure of 10 MPa at 190 �C for 3 min
and further quenched into ice water. The obtained films were amor-
phous on the basis of the WAXD experiment.
Thermogravimetry Analysis (TGA). TGA measurement was

performed on a TA Q50 instrument. All operations were performed
under nitrogen purge. The sample was heated from room temperature to
580 at 20 �C/min.

’RESULTS AND DISCUSSION

Dispersion of ome-POSS in the PLLA Matrix. It is clear that
the dispersion of POSS in the polymer matrix must influence the
physical properties of biodegradable polymer significantly; there-
fore, the dispersion of ome-POSS in the PLLAmatrix was studied
with SEM and TEM first in this work. Figure 1a shows the SEM
image of a POSS-5 sample as an example. It can be seen from
Figure 1a that several white particles are randomly dispersed
within the PLLA matrix, corresponding to the aggregation of
ome-POSS with the size around 200 nm. Figure 1b demonstrates
a typical TEM image of the ultrathin section for a POSS-5
sample, from which the ome-POSS regular crystals are observed
with the size of ca. 200 nm. Similar results are also found for the
POSS-2 and POSS-8 samples. For brevity, the results are not
shown here. Both the SEM and TEM observations suggest a
homogeneous dispersion of ome-POSS in the PLLA matrix. The
formation of submicrometer aggregates of ome-POSS indicates
that there is somewhat compatibility between ome-POSS and the
PLLA matrix; however, such compatibility is limited since the
interaction between the methyl group of ome-POSS and the
PLLA matrix may not be strong. It should be noted that the
dispersion of ome-POSS is better in PLLA than in some other
polymer matrixes such as linear low-density PE (LLDPE) and
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PP. In the LLDPE/ome-POSS composites49 and PP/ome-POSS
composites41 prepared via melt compounding, the aggregation of
ome-POSS was more serious, and the size of the aggregates was
even more than 10 μm. In previous work, a fine dispersion of
oib-POSSwas achieved in the PLLAmatrix since the submicrometer
aggregates with dimensions ranging from around 100 to 200 nm
were found.48 It is clear that the dispersion of oib-POSS is slightly
better in the PLLA/oib-POSS nanocomposites prepared via
solution and coagulation method than that of ome-POSS in
the PLLA/ome-POSS nanocomposites prepared via simple melt
compounding. In brief, the aggregation of POSS in the polymer
matrix depends on not only the type of POSS but also the
polymer matrix as well as the method of preparing polymer/
POSS nanocomposites.
Nonisothermal Cold Crystallization of Neat PLLA and Its

Nanocomposites. It is interesting to study the effect of ome-
POSS on the nonisothermal crystallization behavior of PLLA in
the PLLA/ome-POSS nanocomposites. Nonisothermal cold
crystallization behavior of neat PLLA and the PLLA/ome-POSS
nanocomposites was studied with DSC first in this work. Figure 2
shows the DSC heating traces of neat PLLA and its nanocom-
posites from the amorphous state at 20 �C/min. It is obvious that
the incorporation of ome-POSS shows little effect on the glass
transition temperature (Tg) of PLLA, which is around 62.5 �C
despite the ome-POSS loading. Neat PLLA exhibits a cold
crystallization onset temperature (Ton) of 106.0 �C and a cold
crystallization peak temperature (Tch) of 121.6 �C with crystal-
lization enthalpy (ΔHch) being 36.7 J/g; however, both Ton and
Tch shift gradually to lower temperature range with increasing the
ome-POSS content in the PLLA/ome-POSS nanocomposites. In
the case of POSS-8, Ton shifts to around 89.5 �C; moreover, Tch

shifts to around 111.9 �C, which is nearly 10 �C lower than that of
neat PLLA. Neat PLLA has a melting point (Tm) of 166.4 �C
with heat of fusion (ΔHm) being 37.2 J/g. For the PLLA/
ome-POSS nanocomposites, Tm varies between 165.0 to 168.7 �C
slightly, and ΔHm varies slightly between 40.6 and 42.5 J/g. It
should also be noted from Figure 2 that double melting peaks or
one major melting peak with a shoulder are found for the PLLA/
ome-POSS nanocomposites while only one melting peak is
observed for neat PLLA. Such results may be explained as
follows. The cold crystallization of PLLA occurred at lower
temperature range in the nanocomposites due to the nucleation
effect of ome-POSS relative to neat PLLA, thereby resulting in
that the crystals were not so perfect in the nanocomposites as in
neat PLLA. The unstable crystals may undergo melting, recrys-
tallization, and remelting upon further heating in DSC; therefore,
double melting peaks or one major melting peak with a shoulder
are observed in the PLLA/ome-POSS nanocomposites. On the
basis of the heat of fusion of 100% crystalline (ΔHm

o) PLLA
(93 J/g),50 the degree of crystallinity (Wc) of neat PLLA and its
nanocomposites are determined and normalized with respect to
the composition of each component in the composites. It is
found that Wc is around 40% for neat PLLA, increasing to be
around 46% for the PLLA/ome-POSS nanocomposites despite
the ome-POSS loading. It is clear that the presence of ome-POSS
enhances nonisothermal cold crystallization of PLLA signifi-
cantly in the nanocomposites relative to neat PLLA. All of the
above-mentioned parameters are summarized in Table 1 for
comparison.
Nonisothermal Melt Crystallization of Neat PLLA and Its

Nanocomposites. Nonisothermal melt crystallization of neat
PLLA and its nanocomposites was further studied with DSC.
Two different cooling rates, i.e., 5 and 15 �C/min were used in
this work to study the effect of ome-POSS on the nonisothermal
melt crystallization of PLLA in the PLLA/ome-POSS nanocom-
posites. Figure 3a shows the DSC cooling traces of neat PLLA
and its nanocomposites at 5 �C/min. As shown in Figure 3a, neat
PLLA shows a melt crystallization peak temperature (Tcc) at
around 96.0 �C with crystallization enthalpy (ΔHcc) being
around 7.2 J/g; however, Tcc values shift gradually to 103.1,
106.2, and 106.9 �C with the values of ΔHcc being around 38.3,
39.6, and 40.9 J/g for POSS-2, POSS-5, and POSS-8, respec-
tively. The values of Wc are determined to be around 8.3%,
42.4%, 45.0%, and 47.8% for neat PLLA, POSS-2, POSS-5, and
POSS-8, respectively. It is clear that Tcc is increased apparently in
the PLLA/ome-POSS nanocomposites than in neat PLLA;
moreover, ΔHcc and Wc are increased significantly in the
PLLA/ome-POSS nanocomposites than in neat PLLA. How-
ever, the variation of the ome-POSS loading shows no significant
influence on the nonisothermal melt crystallization behavior of
PLLA in the nanocomposites, especially when the ome-POSS
loading is increased from 5 to 8wt%. The aforementioned results
indicate that nonisothermal melt crystallization of PLLA is
enhanced by the presence of ome-POSS in the nanocomposites
and influenced slightly by the ome-POSS loading. In addition,
nonisothermal melt crystallization of neat PLLA and its nano-
composites was further studied at a relatively high cooling rate of
15 �C/min. As shown in Figure 3b, the nonisothermal melt
crystallization of PLLA is hardly observed for neat PLLA at
15 �C/min, while it can still be easily observed in the PLLA/
ome-POSS nanocomposites despite the ome-POSS loading. It is
clear from Figure 3b that the nonisothermal melt crystallization
of PLLA in the nanocomposites is mainly induced by the presence

Figure 1. (a) SEM image and (b) TEM image of POSS-5.

Figure 2. DSC heating traces of neat PLLA and its nanocomposites at
20 �C/min from the amorphous state.
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of ome-POSS relative to neat PLLA at a high cooling rate of
15 �C/min, suggesting that nonisothermal melt crystallization of
PLLA may be enhanced significantly in the nanocomposites at
high cooling rate. It can thus be concluded that both nonisothermal
cold and melt crystallization of PLLA are enhanced significantly
in the PLLA/ome-POSS nanocomposites relative to neat PLLA,
indicating that ome-POSS may act as an effective nucleating
agent during the nonisothermal cold and melt crystallization
of PLLA.
Isothermal Melt Crystallization Kinetics of Neat PLLA and

Its Nanocomposites. Nonisothermal cold and melt crystalliza-
tion behaviors of neat PLLA and the PLLA/ome-POSS nano-
composites were studied with DSC in the above sections. In this
section, the effect of ome-POSS on the isothermal melt crystal-
lization kinetics of PLLA in the PLLA/ome-POSS nanocompo-
sites was further investigated with DSC. As introduced in the
Experimental Section, the overall isothermal crystallization
kinetics of neat PLLA and its nanocomposites were studied with
DSC in a temperature range from 119 to 127 �C. The effect of the
ome-POSS loading on the isothermal melt crystallization of
PLLA was studied first. Figure 4a shows the plots of relative
crystallinity against crystallization time at 127 �C as an example.
It is clear from Figure 4a that all these curves have the similar

sigmoid shape; moreover, the corresponding crystallization time
for the PLLA/ome-POSS nanocomposites becomes shorter with
increasing the ome-POSS loading. For instance, it took neat
PLLA about 64 min to finish crystallization at 127 �C, but for the
POSS-2, POSS-5, and POSS-8 samples, the time required to
finish crystallization became only around 29, 23, and 11 min,
respectively. It is obvious that the incorporation of ome-POSS
enhances the isothermal melt crystallization of PLLA remarkably
when compared with neat PLLA; moreover, with increasing the
ome-POSS content, the isothermal crystallization of PLLA
becomes faster.
The well-known Avrami equation is often used to analyze the

isothermal crystallization kinetics of polymers;51,52 it assumes
that the relative degree of crystallinity develops with crystal-
lization time as

1- Xt ¼ expð- ktnÞ ð1Þ
where Xt is the relative degree of crystallinity at crystallization
time (t), n is the Avrami exponent depending on the nature of
nucleation and growth geometry of the crystals, and k is the
crystallization rate constant involving both nucleation and
growth rate parameters.53,54 In the case of the DSC experiment,
Xt at t is defined as the ratio of the area under the exothermic

Table 1. Summary of Some Characteristic Parameters for Neat PLLA and Its Nanocomposites during Nonisothermal Cold
Crystallization at 20 �C/min

samples Tg (�C) Ton (�C) Tch (�C) ΔHch (J/g) Tm (�C) ΔHm (J/g) Wc (%)

neat PLLA 62.1 106.0 121.6 36.7 166.4 37.2 40.0

POSS-2 62.8 95.4 118.0 42.4 165.0 42.5 46.6

POSS-5 62.5 91.2 114.0 40.5 168.7 40.9 46.3

POSS-8 62.6 89.5 111.9 38.7 168.3 40.6 47.4

Figure 3. Nonisothermal melt crystallization of neat PLLA and its nanocomposites at different cooling rates: (a) 5 and (b) 15 �C/min.

Figure 4. (a) Variation in relative crystallinity with crystallization time for neat PLLA and its nanocomposites at 127 �C and (b) the related Avrami plots.
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curve between the onset crystallization time and t to the whole
area under the exothermic curve from the onset crystallization
time to the end crystallization time. Figure 4b shows the Avrami
plots of neat PLLA and its nanocomposites crystallized at 127 �C
as an example, from which the Avrami parameters n and k can be
obtained from the slopes and the interceptions, respectively.
The Avrami parameters are summarized in Table 2 for neat

PLLA and its nanocomposites crystallized at different crystal-
lization temperatures (Tc). It can be seen that the average values
of n are around 2.5 and almost unchanged with the addition of
ome-POSS, suggesting that the incorporation of ome-POSS may
not change the crystallization mechanism of PLLA in the PLLA/
ome-POSS nanocomposites.53 The k values are also listed in
Table 2. However, it should be noted that it is difficult to
compare the overall crystallization rate directly from the k values
because the unit of k is min-n and n is not constant. Thus, the
crystallization half-time (t0.5), the time required to achieve 50%
of the final crystallinity of the samples, is introduced for the

discussion of crystallization kinetics. The crystallization rate can
thus be easily described by the reciprocal of t0.5. The value of t0.5
is calculated by the following equation:

t0:5 ¼ ln 2
k

� �1=n

ð2Þ

Parts a and b of Figure 5 illustrate the variations of t0.5 and 1/
t0.5 with Tc for neat PLLA and its nanocomposites, respectively,
from which the effects of Tc and the ome-POSS loading on the
variation of overall crystallization rate can be obtained clearly. As
shown in Figure 5, the t0.5 values increase while the 1/t0.5 values
decrease with increasing Tc for both neat PLLA and its nano-
composites, indicating that the overall isothermal crystallization
rate decreases with increasing Tc. Such results are reasonable
since it is difficult for the samples to nucleate at high Tc, thereby
resulting in the reduction of the overall crystallization rate.
In addition, the t0.5 values are smaller in the nanocomposites
than in neat PLLA at a given Tc, indicating again that the iso-
thermal melt crystallization of PLLA is accelerated by the
presence of ome-POSS. Such results suggest that ome-POSS

Table 2. Summary of Isothermal Melt Crystallization Ki-
netics Parameters of Neat PLLA and Its Nanocomposites at
Different Tcs Based on the Avrami Equation

samples Tc (�C) n k (min-n)

neat PLLA 119 2.5 4.95� 10-3

121 2.5 3.07� 10-3

123 2.5 1.74� 10-3

125 2.4 5.46� 10-4

127 2.4 2.62� 10-4

POSS-2 119 2.5 1.29� 10-2

121 2.6 4.43� 10-3

123 2.5 4.05� 10-3

125 2.5 2.58� 10-3

127 2.6 8.41� 10-4

POSS-5 119 2.6 1.97� 10-2

121 2.6 6.65� 10-3

123 2.6 4.51� 10-3

125 2.6 2.24� 10-3

127 2.6 1.71� 10-3

POSS-8 119 2.5 1.29� 10-1

121 2.4 8.00� 10-2

123 2.4 5.15� 10-2

125 2.4 3.14� 10-2

127 2.5 2.25� 10-2

Figure 5. Variations of (a) t0.5 and (b) 1/t0.5 with Tc for neat PLLA and its nanocomposites.

Figure 6. POM images of neat PLLA and its nanocomposites crystal-
lized at 125 �C; (a) neat PLLA for 90 min, (b) POSS-2 for 35 min, (c)
POSS-5 for 18 min, and (d) POSS-8 for 12 min.
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may act as an effective nucleating agent during the isothermal
melt crystallization of PLLA in the PLLA/ome-POSS nanocom-
posites. As shown in Figure 5b, the 1/t0.5 values increase with
increasing the ome-POSS loading in the PLLA/ome-POSS
nanocomposites at a given Tc, suggesting that the ome-POSS
loading has a significant effect on the crystallization of PLLA. In
brief, the overall isothermal melt crystallization of PLLA is
accelerated by the presence of ome-POSS in the PLLA/
ome-POSS nanocomposites relative to neat PLLA; moreover,
the enhancement of the overall crystallization rate of PLLA is
influenced by the ome-POSS loading. The DSC results reported
herein are consistent with the spherulitic morphology study in
the following section.
Figure 6 displays the spherulitic morphology of neat PLLA and

its nanocomposites crystallized at 125 �C. As shown in Figure 6a,
the well-developed spherulites of neat PLLA grow to a size of
about 150 μm in diameter, and the boundaries are clear. Parts b,
c, and d in Figure 6 illustrate the POM images of the nanocom-
posites with the ome-POSS loading from 2 to 8wt% respectively.
It is obvious that the number of PLLA spherulites is greater in the
PLLA/ome-POSS nanocomposites than in neat PLLA; more-
over, the size of PLLA spherulites is smaller in thePLLA/ome-POSS
nanocomposites than in neat PLLA. In addition, the PLLA spher-
ulites boundaries become obscure in the PLLA/ome-POSS nano-
composites, especially at high ome-POSS loading. Such variations
indicate that the nucleation density of PLLA spherulites increases
dramatically in the PLLA/ome-POSS nanocomposites because of
the nucleating agent effect of ome-POSS. In sum, the presence of
ome-POSS and their contents in the PLLA matrix are the main
factors, which influence the spherulitic morphology and the overall
crystallization process of PLLA significantly.
It is interesting to study the effect of ome-POSS on the crystal

structure of PLLA in the PLLA/ome-POSS nanocomposites. As
introduced in the Experimental Section, WAXD experiments
were performed to investigate the crystal structures of neat PLLA
and its nanocomposites at different ome-POSS loading. It should
be noted that all the samples crystallized at 128 �C; therefore,
both neat PLLA and its nanocomposites crystallize in R form. In
Figure 7, the presence of a number of strong diffraction peaks
shows that ome-POSS are highly crystalline. Moreover, the
characteristic diffraction peak of ome-POSS at around 11.0�,
as reported by Barry55 and Hsiao,56 also appears in the PLLA/
ome-POSS nanocomposites, suggesting that ome-POSSmay exist
as the separate crystals or ome-POSS particles are able to crystallize
when they are dispersed in the PLLAmatrix. Similar results are also

found in the PLLA/oib-POSS nanocomposites.48 For neat PLLA,
two sharp characteristic diffraction peaks are shown at 16.25 and
18.57�, corresponding to (200)/(110) and (203) planes, res-
pectively.57 In addition, for the PLLA/ome-POSS nanocompo-
sites, the similar diffraction patterns are observed in Figure 7,
indicating that incorporating with ome-POSS does not modify the
crystal structure of PLLA; however, the two sharp characteristic
diffraction peaks of PLLA shift slightly to higher 2θ range, which
must influence the crystal lattice parameters of PLLA. In brief, the
crystal structure of PLLA remains unchanged despite the addition
of ome-POSS in the PLLA/ome-POSS nanocomposites.
Effect of ome-POSS on the Dynamic Mechanical Proper-

ties and Thermal Stability of PLLA. In this section, the effect of
ome-POSS on the dynamic mechanical properties and thermal
stability of PLLA was investigated. Parts a and b of Figure 8 show
the temperature dependence of storage modulus (E0) and tan δ,
the ratio of loss modulus to storage modulus, of neat PLLA
and the PLLA/ome-POSS nanocomposites, respectively. It is
obvious from Figure 8a that the storage modulus increases
significantly after the incorporation of ome-POSS at low tem-
perature in the glass state (0-60 �C), indicating that the addition
of ome-POSS particles induces a reinforcement effect. The value
of E0 is around 1879MPa for neat PLLA at 20 �C, which increases
to around 2084, 2144, and 2187 MPa, respectively, with increas-
ing the ome-POSS loading from 2 to 8 wt %. It should also be
mentioned that the increase in E0 is apparent with the ome-POSS
loadings from 0 to 2 wt %; however, the difference is slight with
further increasing ome-POSS loading from 2 to 8 wt % in the
PLLA matrix, indicating that such effect is more pronounced at
lower ome-POSS content. The significant improvement in E0
may be ascribed to the combined effect of high performance and
fine dispersion of ome-POSS in the PLLA matrix. Similar
improvement in E0 was also found in the LLDPE/ome-POSS
nanocomposites.49 Furthermore, it is seen that both neat PLLA
and the PLLA/ome-POSS nanocomposites exhibit a sharp
reduction of elastic modulus around 70 �C, corresponding to
the glass transition of PLLA. In addition, the storage modulus
difference between neat PLLA and the PLLA/ome-POSS nano-
composites is very small and tends to zero in the temperature
range of 70 to 80 �C, suggesting that the nanocomposites
stiffness become matrix dependent at the rubbery state. From
Figure 8b, the glass transition temperatures for neat PLLA and
the PLLA/ome-POSS nanocomposites are estimated to be
around 70 �C, indicating that the presence of ome-POSS does
not significantly influence the segmental motion of PLLA in the
nanocomposites.
The effect of ome-POSS on the thermal stability of PLLA was

further investigated. Figure 9 shows the TGA curves of neat
PLLA and its nanocomposites. As introduced in the Experi-
mental Section, all the samples were heated from room tempera-
ture to 580 �C in nitrogen atmosphere at 20 �C/min. It can be
seen from Figure 9 that both neat PLLA and its nanocomposites
present a similar degradation profile, suggesting that the presence
of ome-POSS does not alter the degradation mechanism of the
PLLAmatrix. As shown in Figure 9, the degradation temperature
at 5% weight loss (Td) is about 347 �C for neat PLLA, while Td is
about 222 �C for pure ome-POSS. For the PLLA/ome-POSS
nanocomposites, Tds are 294, 305, and 321 �C with increasing
the ome-POSS loading from 2 to 8 wt %, respectively, indicating
that the incorporation of ome-POSS reduces slightly the thermal
stability of the PLLA matrix, especially at high ome-POSS
loading. Similar reduced thermal stability was also found in the

Figure 7. WAXD patterns of neat PLLA and its nanocomposites.
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iPP/ome-POSS nanocomposites.58 Td was about 395 �C for
pure iPP, whereas in the iPP/ome-POSS nanocomposites, Td

was in the range of 320-348 �C depending on the ome-POSS
loading.58 The slight reduced thermal stability indicates that
there are no chemical bonds or strong interaction between ome-
POSS and the PLLA matrix.

’CONCLUSIONS

Biodegradable PLLA/ome-POSS nanocomposites were pre-
pared successfully in this work via simple melt compounding
at various ome-POSS loadings. SEM and TEM observations
indicate that ome-POSS are homogeneously dispersed in the PLLA
matrix. Effect of ome-POSS on the nonisothermal cold and melt
crystallization behaviors, isothermal melt crystallization kinetics,
spherulitic morphology, crystal structure, dynamic mechanical
properties, and thermal stability of PLLA in the PLLA/
ome-POSS nanocomposites was investigated in detail with DSC,
POM,WAXD, DMA, and TGA and compared with those of neat
PLLA. It is found that the presence of ome-POSS enhances
nonisothermal cold and melt crystallization behaviors of PLLA in
the nanocomposites apparently relative to neat PLLA. In particular,
nonisothermal melt crystallization of PLLA may be induced by the
presence of ome-POSS in the PLLA/ome-POSSnanocomposites at
a relatively high cooling rate of 15 �C/min, while neat PLLA can
hardly crystallize at the same cooling rate. Isothermal melt crystal-
lization kinetics of neat PLLA and its nanocomposites was studied
withDSCat various crystallization temperatures and analyzed by the
Avrami equation. The overall crystallization rates are faster in the
PLLA/ome-POSS nanocomposites than in neat PLLA and

increase with increasing the ome-POSS loading; however, the
crystallization mechanism of PLLA remains unchanged despite
the presence of ome-POSS. The POM results show that the
number of PLLA spherulites is greater in the PLLA/ome-POSS
nanocomposites than in neat PLLA; moreover, the size of PLLA
spherulites is smaller in the PLLA/ome-POSS nanocomposites
than in neat PLLA. The increased nucleation density of PLLA
spherulites in the nanocomposites indicates that ome-POSS may
act as an effective nucleating agent during the crystallization
process of PLLA. On the basis of the WAXD study, it can be
concluded that the incorporation of ome-POSS does not modify
the crystal structure of PLLA in the nanocomposites relative to
neat PLLA. The storage modulus has been apparently improved
in the PLLA/POSS nanocomposites with respect to neat PLLA,
while the glass transition temperatures vary slightly between neat
PLLA and the PLLA/POSS nanocomposites. The similar
degradation profiles of neat PLLA and its nanocomposites
suggest that ome-POSS does not alter the degradation mechan-
ism of the PLLA matrix; however, the thermal stability of PLLA
matrix is reduced slightly in the PLLA/POSS nanocomposites.
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