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ABSTRACT: A modified clay/polylactide nanocomposite
was prepared. The clay was modified by grafting polylactide
chains onto the surface of clay. The modified clay was melt-
compounded with a high-molecular-weight polylactide ma-
trix. This novel clay/polylactide nanocomposite showed
high shear-thinning behavior when the molecular weight of

the grafted poly(L-lactide) was rather high. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 101: 1664-1669, 2006
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INTRODUCTION

The use of polylactide (PL), which is a biocompatible
and biodegradable polymer, has been mainly focused
on its application to a matrix for drug delivery sys-
tems,’ tissue engineering,” and medical sutures.’ Re-
cently, PL also has been considered an environmen-
tally friendly material because of its biodegradability
and high mechanical strength that could be used as an
alternative to commodity plastics such as polyethyl-
ene, polypropylene, and polystyrene.* However, the
poor processability and barrier properties and also the
rigid mechanical property of PL often limit its appli-
cability. Previous studies on the processibility of PL
reported on the low shear thinning® and degradation
of PL during melt processing.®

To enhance the shear-thinning, thermal stability,
and barrier properties of PL, trials have been per-
formed to introduce silicates to the PL matrix using
two methods: melt compounding of pure PL with
clay® and in situ polymerization of lactide monomer in
the presence of simply modified clay and a ring-open-
ing catalyst.” The melt-compounding method can in-
crease complex viscosity in a low-frequency range,
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which results in higher shear thinning of the nano-
composite as compared with pure PL. There have
been no reports on the rheological properties of in situ
polymerized products. The reported rheological be-
havior of end-tethered polycaprolactone onto the sur-
face of layered silicate nanocomposite may provide
some insight into the rheological behavior of the prod-
uct of in situ polymerization.' End-tethered polycap-
rolactone showed nonterminal behavior in a low-fre-
quency range, even with a low clay content.

In contrast, with the simply modified clay/PL com-
posite obtained by the melt-compounding method, a
higher clay content of around 5-7 wt % is needed to
accomplish high shear thinning comparable to that
with polypropylene. Though it might be rather easier
to achieve higher shear thinning even with a lower
clay content in the simply modified clay/PL compos-
ite by in situ polymerization of the lactide monomer, it
was expected that it would be difficult to obtain a
high-molecular-weight PL matrix in the silicate region
from a heterogeneous reaction, which would limit its
applicatibility because of poor mechanical strength.

It thus was anticipated that higher shear thinning
and sufficient mechanical strength of the nanocom-
posite could be achieved at a lower clay content by
melt compounding of the end-tethered PL with a
high-molecular-weight PL matrix. Therefore, in this
study, we first prepared the end-tethered polylactide
nanocomposite and then melt-compounded it with
high-molecular-weight PL. We investigated the effect
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TABLE I
Reaction Conditions of In Situ Graft Polymerization of L-Lactide onto a Clay Surface
L-Lactide Cloisite® 30B Catalyst® Solvent® Reaction temperature Reaction
Code (8) (g) (mmol) (mL) (°C) time (day)
Clay-¢-PLL01 43.2 4.32 3.9 240 135 3
Clay-g-PLL02 43.2 4.32 0.3 240 135 7

2 Tin(II) octoate.
® Xylene.

of the chain length of poly(r-lactide) (PLL) grafted
onto the surface of clay on the processability of the
composite. The microstructures of the nanocomposite
also were characterized.

EXPERIMENTAL
Materials

Commercial-grade PL, a Cargill-Dow product (Minne-
apolis, MN), was characterized by gel permeation
chromatography, differential scanning calorimetry,
and polarimetry: weight-average molecular weight
= 190,000 g/mol, polydispersity index = 2.3, glass-
transition temperature = 61°C, melting temperature
= 152°C, and p-lactide content = 6.6 wt %. L-Lactide
was purchased from Aldrich and recrystallized 3
times from dried toluene. Cloisite” 30B, an organically
modified clay with bis(2-hydroxyethyl)methyl tallow-
alkyl ammonium cations, was purchased from South-
ern Clay Products (Gonzales, TX) and dried in vac-
uum at 70°C for 1 day prior to use. The amount of
organic modifier in Cloisite” 30B, determined with a
thermal gravity analyzer, was found to be about 27 wt
%. Tin(II) octoate was purchased from Aldrich (Mil-
waukee, WI) and distilled before use in the reaction.
Xylene was purchased from Junsei (Tokyo, Japan) and
distilled with sodium metal. All other chemicals were
reagent grade and used without further purification.

In situ polymerization of r-lactide

For the in situ polymerization of 1-lactide at the clay
surface, the hydroxyl groups at the clay surface were
activated by tin(Il) octoate'' for 1 day in the presence
of xylene at 50°C in a glove box. After activation was
accomplished, L-lactide was added to the mixture in a
round-bottomed flask, and the reaction temperature
was raised to 135°C for insertion-coordination ring-
opening polymerization. With a preset time, the prod-
uct was precipitated in diethyl ether and was dis-
persed in tetrahydrofuran for centrifugation. The pre-
cipitant was dried in vacuum at 70°C for 1 day.

Melt compounding of high-molecular-weight PL
with PLL-grafted clay

PLL grafted onto a clay surface (clay-g-PLL) was com-
pounded with high-molecular-weight commercial-

grade PL by a Brabender mixer. With a predetermined
ratio of clay-g-PLL to high-molecular-weight PL, the
compounding procedure was performed at a constant
mixing speed, 40 rpm, at 180°C for 15 min. For com-
parative studies, the PL also was compounded with
Cloisite” 30B in the same experimental conditions as
above.

Characterization

The PLL content in the synthesized clay-g-PLL was
determined with a thermal gravity analyzer, TGA
Q500 (TA Instrument) in the temperature range of
30°C-300°C in a nitrogen atmosphere. The molecular
weight of PLL in the synthesized clay-g-PLL was de-
termined by gel permeation chromatography (Waters
410 differential refractometer, Waters" 600 pump).
The clay-g-PLL underwent an ion-exchange reaction
with a 0.1M LiCl solution in tetrahydrofuran in order
to extract the grafted PLL. Microstructure analysis was
performed by XRD (D/MAX-IIIC, RIGAKU). The in-
tensity of X-ray distribution was measured at ambient
temperature in the range of diffraction angle (26) from
1.2° to 30°, with a scanning rate of 1°/min on a dif-
fractometer with CuKa radiation. The morphology
also was checked by TEM (Tecnai F20) using an accel-
eration voltage of 100 kV. Ultrathin sections of the
composites were cut at —130°C with a Reichert ultra-
cryomicrotome equipped with a diamond knife. Rheo-
logical measurements were done by an ARES rota-
tional rheometer (Rheometric Scientific) with a 25-mm
parallel plate in a 1-mm gab. The measurements pro-
ceeded under conditions of a 10% constant strain in a
dynamic frequency sweep mode at 210°C.

RESULTS AND DISCUSSION
Synthesis of clay-g-PLL

The reaction conditions and results of in situ graft
polymerization of rL-lactide onto the clay surface are
shown in Tables I and II. In the in situ graft polymer-
ization, the clay-¢-PLL was recovered from the reac-
tion product by centrifugation. Table II shows that the
product yield was more than 99 wt %, indicating that
the L-lactide monomers were almost completely con-
verted to PLL grafted onto the clay surface. It also can
be seen from Table II that the clay content of the
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TABLE 1I
Reaction Results of In Situ Graft Polymerization of L-Lactide onto a Clay Surface

Calculated clay content® Clay content® M,, of PLL® Product yield
Code (Wt %) (Wt %) (g/mol) PDI (wt %)
Clay-¢-PLLO1 10 9400 1.25 >99
Clay-¢-PLLO02 10 21600 1.42 >99

# Calculated from feed weight ratio of Cloisite® 30B to L-lactide.

® Measured by TGA.
¢ Measured by GPC using polystyrene standard.

4 Measured after centrifugation three times and vacuum drying.

centrifuged product was nearly the same as the calcu-
lated clay content from the feed composition, indicat-
ing that an almost complete grafting reaction took
place at the clay surface during the in situ polymer-
ization. The number-average molecular weight of the
grafted PLL was found to be 9400 and 21,600 for
clay-g-PLLO1 and clay-g-PLLO2, respectively. The
polydispersity indices of these two grafted PLLs were
rather low. This was because of restricted mobility of
the growing chains confined between the silicate lay-
ers, which were able to prevent transesterification side
reactions.'” These two different clay-¢g-PLLs were
comparatively studied in order to understand the ef-
fect of grafted PLL chain length on the rheological
behavior of the nanocomposite.

Microstructure of melt-compounded clay-g-PLL/PL
and clay/PL

The contents of clay-¢g-PLL, cloisite (R) 30B, and PL
used in the melt compounding are shown in Table III.
Figure 1 shows the TEM images of the melt-com-
pounded nanocomposites. In the TEM images, disor-
dered, intercalated, or nearly exfoliated structures'* of
clay-g-PLL/PL and clay/PL can be observed. As
shown in Figure 2, the WAXD patterns, which do not
appear to have peaks corresponding to the clay in-
terspacing (20 = 4.8), also support the TEM results.

Rheological property of clay-g-PLL/PL

The effect of PLL chain length on the processability of
the melt-compounded clay-g-PLL/PL nanocomposite
is shown in Figures 3 and 4. From Figure 3(a), it can be

seen that the complex viscosity of clay-g-PLLO1/PL
(M, of grafted PLL = 9400 g/mol) generally decreased
with an increase in PLL content, indicating that the
dominant role of clay-g-PLL01 was as an internal plas-
ticizer. Although the clay-¢g-PLL01 had an end-teth-
ered structure, the short chain length of PLL was
rather difficult to entangle with chains of the PL ma-
trix so that PLL simply acted as an internal plasticizer.
In fact, the critical molecular weight of chain entan-
glement of PLL is known to be about 9000 g/mol.">™"”
Thus, the end-tethered effect of the clay-g-PLLO01 in the
PL matrix was offset by the low molecular weight of
the PLL chains. Support for this explanation also was
provided by the storage and loss modulus data. Figure
3(b,c) displays the storage and loss modulus curves of
clay-g-PLLO1/PL. At first, it was noted that the storage
modulus of clay-¢g-PLL01/PL was lower than that of
pure PL over the entire frequency range. This is be-
cause chain entanglement of pure PL was much more
effective than that in clay-¢g-PLL0O1/PL. With an in-
creasing clay content of the nanocomposite, a transi-
tion in storage modulus behavior was observed in the
frequency region of around 10 rad/s. When the fre-
quency was below about 10 rad/s, the storage modu-
lus increased with an increase in clay content. How-
ever, in the region above a frequency of 10 rad/s, the
storage modulus decreased with an increase in clay
content. This rheological behavior can be understood
by the dispersion of clay in nanocomposites and also
by chain slippage. As shown in Figures 1(a) and 2, the
microstructure of the clay-g-PLL01/PL nanocompos-
ite prepared in this study was disordered, interca-
lated, or nearly exfoliated. This well-dispersed state

TABLE III
Compounding Conditions of Clay-g-PLL/PL and Clay/PL

Clay content

Mixer speed Mixing time Mixing temperature

Code Type of clay (wt %) (rpm) (min) (°C)
Clay-¢-PLLO1/PL? Clay-¢-PLLO1 05,1,3° 40 15 180
Clay-g-PLL02/PL? Clay-g-PLL02 05,1,3° 40 15 180
Clay/PL? Cloisite® 30B 1,3 40 15 180

@ Cargill-Dow polylactide

® Weight percents (wt %) of clay-¢-PLL are 5, 10, and 30, respectively.
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(b)

(c)

Figure1 TEM images of clay-¢-PLL/PL and clay/PL nano-
composite (3 wt % clay): (a) clay-g-PLL01/PL, (b) clay-g-
PLL02/PL, (c) clay/PL.

may mimic a lower-frequency state. As the frequency
becomes higher, a higher orientations of the clay will
develop. At this stage of shear stress, the elasticity of
the nanocomposite would be affected significantly by
interactions between the grafted PLL chains on the
clay surface and the chains of the matrix. In a certain
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frequency range, chain slippage may be induced by
low-molecular-weight PLL chains. Thus, a transition
in storage modulus behavior could be observed. These
plasticizing effects were more obvious in the loss
modulus behavior of clay-g-PLL0O1/PL. It was clearly
represented in the loss modulus behavior—the mod-
ulus decreased with an increase in clay content.

Figure 4(a) shows that for the clay-g-PLL02/PL (M,
of grafted PLL = 21,600 g/mol), the dominant role of
the clay-g-PLL0O2 in the composite was to enhance
viscosity, especially with a clay content of around 3 wt
%. The storage and loss moduli of clay-g-PLL02/PL
are shown in Figure 4(b,c). From the storage modulus
results, it is apparent that the nonterminal behavior
occurred in the low-frequency range and was more
significant with increased clay content. This nontermi-
nal behavior resulted from the end-tethered structure
of clay-¢g-PLL, which was reported previously.'’ The
molecular weight of the PLL of clay-g-PLL02 was
above the critical molecular weight of entanglement of
PLL, and thus the PLL chains could effectively entan-
gle with the chains of the PL matrix. Above a fre-
quency of about 50 rad /s, storage modulus decreased
with clay content. In this frequency region, the shear
stress seemed to be high enough to disentangle the
PLL chains from the chains of PL matrix; thus, the
plasticizing effect of chain slippage was expected to be
dominant. Figure 4(c) shows the loss modulus results
for clay-g-PLL02/PL, which also confirms the nonter-
minal behavior and plasticizing behavior of clay-g-
PLLO2 mentioned above. Figure 4(a) shows a large
enhancement of the shear thinning of clay-g-
PLLO2/PL at a clay content of 3 wt %. This result can
be attributed to both the end-tethered effect of clay-g-
PLLO2 in the lower-frequency region and the plasti-
cizing effect of grafted PLL chains in the higher-fre-
quency region.

Cloisite 30B
El
S,
=y
AR
c N Clay-g-PLLO1/PL-3wt% clay
= Jo T S pd
N
el Clay-g-PLL02/PL-3wt% clay
M T T T S A
AN .
~———— —  __ _ ____ _ClayPL:3wt% clay |
T T T
1 2 3 4 5 6 7

20

Figure 2 WAXD patterns of clay-g-PLL/PL and clay/PL
nanocomposite (3 wt % clay): (a) clay-g-PLL01/PL, (b) clay-
g-PLLO2/PL, (c) clay/PL.
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Figure 3 Rheological properties of clay-g-PLL01/PL at
210°C: (a) complex viscosity, (b) loss modulus, (c) storage

modulus.

Rheological property of clay/PL

Figure 5 shows the complex viscosity of clay/PL, clay-
¢-PLLO1/PL, and clay-g-PLLO2/PL at a 3 wt % clay
content. The shear thinning of clay/PL was found to
be much less significant than in clay-¢g-PLL02/PL. This
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is because the effect of viscosity enhancement on com-
plex viscosity was less significant for the nonmodified
clay/PL composite. The plasticizing effect of clay-g-
PLLO2 at higher frequencies also could have contrib-
uted to the higher shear thinning. It also was shown
that the complex viscosity of clay-¢g-PLL01/PL was
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Figure 4 Rheological properties of clay-g-PLL02/PL at
210°C: (a) complex viscosity, (b) loss modulus, (c) storage
modulus.
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Figure 5 Complex viscosity of clay/PL, clay-g-PLL01/PL,
and clay-g-PLL02/PL at 210°C (3 wt % clay).

lower than that of clay/PL. This is because of the high
plasticizing effect of the short chain length of grafted
PLL.

CONCLUSIONS

We prepared a novel clay/polylactide nanocomposite
by introducing a modified clay into the nanocompos-
ite and then evaluated its processability. The clay-g-
PLL could be both an internal plasticizer and/or a
viscosity enhancer depending on the molecular
weight of the grafted PLL chain. When the molecular
weight of the PLL grafted onto the clay surface was
greater than the critical molecular weight of chain
entanglement, the viscosity-enhancing effect was
dominant in the low-frequency range, whereas the
plasticizing effect was dominant in the high-frequency

range. This led to the nanocomposite having high
shear-thinning behavior. When the molecular weight
of the grafted PLL was below the critical molecular
weight of chain entanglement, only the plasticizing
effect was apparent.

In summary, the novel clay/polylactide nanocom-
posite showed improved processability compared
with the simply modified clay/polylactide nanocom-
posite.
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