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ABSTRACT: Using a reactive extrusion-molding process,
we produced poly(lactic acid) (PLA) nanocomposites from
L-lactide monomer in the presence of organic montmoril-
lonites. On the basis of X-ray diffraction, scanning electron
microscopy, and transmission electron microscopy analy-
ses, we determined that the intercalation of the PLA
between the clay layers in the mixing process, followed by
disappearance of agglomeration, proceeded in the extru-
sion process. Although only a slight change in the chemi-
cal shifts in cross-polarization/magic angle spinning "*C-
NMR was observed with the addition of the organic clay,

the presence of the additive and the organic content of the
nanocomposites affected the nuclear magnetic relaxation
times [the 'H spin-lattice relaxation time (T;H) and the 3¢
spin-lattice relaxation time (T;C)] for different tempera-
tures. The nanoclay suppressed increases in T;H at ele-
vated temperatures and extended T,C values of C=0O and
CH around room temperature. © 2012 Wiley Periodicals, Inc. J
Appl Polym Sci 125: E681-E690, 2012

Key words: electron microscopy; nanocomposites; NMR;
polyesters; reactive extrusion

INTRODUCTION

In recent years, new polymer/nanoclay systems
have been studied to give additional functions to
biodegradable polymers such as poly(lactic acid)
(PLA)." These polymer/nanoclay systems consist of
layered silicate nanosized fillers and show three
types of morphology, microcomposite, intercalated,
and exfoliated, depending on the clay type and the
production methods.”> The alternation of the mor-
phology induces various superior properties, such as
stiffness, permeability, crystallinity, and thermal sta-
bility. In functionalizing nanoclay composite sys-
tems, 2 : 1 layered phyllosilicates have been found
to be appropriate for controlling a highly ordered
structure. These approaches for producing polymer/
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nanoclay systems are effective for PLA/nanoclay
systems, and several interesting studies of these sys-
tems have been surveyed.>” The production meth-
ods of PLA/clay nanocomposites may be divided
into two main categories: nanodispersion of the clay
in the polymer matrix and polymerization in the
presence of the nanosized fillers.

The preparation of PLA/clay nanocomposite start-
ing from PLA pellets with organically modified
montmorillonite by the melt-mixing method with a
corotating twin-screw extruder is the most estab-
lished method.® This method has been applied to the
preparation of PLA/clay nanocomposite consisting
of organically modified smectite,” mica,” and rector-
ite.® Plasticized PLA /clay nanocomposites have also
been obtained by the melt-mixing method with a
corotating twin-screw extruder’ and the direct melt-
blending method.'® Furthermore, exfoliated PLA/
clay nanocomposites have been prepared in chloro-
form'" and in tetrahydrofuran.'?

On the other hand, in the production method that
uses polymerization from r-lactide with nanosized
fillers, both intercalated and exfoliated PLA/clay
nanocomposites have been prepared by the in situ
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coordinative polymerization of rL-lactide with bulk
polymerization. These processes also yielded nano-
composites with high clay contents, which were
used as a masterbatches for subsequent compound-
ing."*'"* To our knowledge, however, few reports
have been published on the in situ preparation of
PLA/clay nanocomposites by melt-mixing with sin-
gle- or twin-screw extruders, although some works
have been carried out on the bulk polymerization of
L-lactide and the block copolymerization of poly(L-
lactide) and poly(e-caprolactone) or poly(ethylene
glycol) with and without a reactive extruder.'"'

For this study, we assembled a new type of reac-
tive extrusion-molding machine with a mixing screw
placed at the hopper of a single-screw extruder. This
machine facilitated the processes of simultaneous
polymerization and molding to provide materials in
the shapes of fibers and films starting from mono-
mers and/or polymers. In a previous article, we
reported that clay/polystyrene—polybutadiene—poly-
styrene triblock copolymer intercalated nanocompo-
sites were prepared with an organoclay containing
stearic acid by melt blending.'” We also reported that
by the reaction of a pristine montmorillonite with dis-
tearyldimethylammonium (D18) cation, an organi-
cally modified montmorillonite by D18 cation-
exchange (D18Mt) material was prepared and melt-
blended with polystyrene—poly(ethylene-co-butyl-
ene)—polystyrene triblock copolymer (SEBS) to pro-
vide clay/SEBS intercalated composites; the resulting
material exhibited an improved tensile modulus, tear
strength, and hardness.'® In this study, with reactive
extrusion molding, the coordination polymerization
of L-lactide monomer was examined in the presence
of organically modified montmorillonite (D18MLt).
The characterization of the resulting material revealed
the formation of a PLA/clay nanocomposite with an
intercalated morphology. We also discuss the struc-
tures and mobilities of these intercalated PLA/clay
nanocomposites with a focus on relaxation analyses
with the solid-state NMR method.

EXPERIMENTAL
Materials

Montmorillonite (Kunipia-F) was obtained from Kuni-
mine Industries (Tokyo, Japan). The cation-exchange
capacity of the sample was 115 mequiv/100 g. D18 chlo-
ride, used as a surface modifier, was purchased from
Tokyo Chemical Industry (Tokyo, Japan). Industrial-
grade r-lactide (L content = 88%) was purchased from
Musashino Chemical Laboratory (Tokyo, Japan) and
was used without further purification. Tin 2-ethylhaxa-
noate [Sn(Oct),] was purchased from Wako Pure Chem-
ical Industries (Osaka, Japan) and was used as a cata-
lyst. Irganox 1010 was purchased from Chiba Japan
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Figure 1 Diagram of the reactive extrusion-molding
machine. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Co. (Tokyo, Japan) and was used as an antioxidant for
the polymer products. Pelletized poly(L-lactic acid)
(PLA_ref) was purchased from Mitsui Chemicals
(Tokyo, Japan) [number-average molecular weight
(M,) = 98,000, glass-transition temperature (Ty) =
60°C].

Preparation of the organically modified
montmorillonite

Organomontmorillonites (organo-Mts) with different
amounts of D18 were prepared during previous stud-
ies.'® The differing amounts of D18 in the organo-Mts
gave exchanged cation rates of 60, 80, and 100%, and
the products were labeled D18Mt(60), D18Mt(80),
and D18Mt(100), respectively. The apparent organic
contents of D18Mt(60), D18Mt(80), and D18Mt(100),
which were calculated from the weights before and
after heating at 1000°C for 1 h, were 35.5, 40.8, and
45.8 wt %, respectively. The organo-Mts were dried
at 80 °C overnight in vacuo before polymerization to
minimize the influence of water.

Typical procedure of melt polymerization with
the reactive extrusion equipment

The melt polymerization of L-lactide with organo-Mts
was performed with the reactive extrusion machine, as
shown in Figure 1. A 300-g sample of industrial-grade
L-lactide was placed in a 500-mL beaker; this was fol-
lowed by the addition of 3 wt % of the dried
D18Mt(80), 0.3 wt % of Sn(Oct),, and 0.3 wt % of Irga-
nox 1010; the sample in the beaker was then gently
mixed by hand. These samples were put into the mix-
ing hopper part of the reactive extrusion-molding
machine. With heating at 120 °C under a nitrogen
atmosphere, the samples were stirred by a shuttlecock-
type screw at 6 rpm for 60 min and were then stirred in
vacuo at 170 °C for 30 min. Through a gear pump
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equipped under the mixing hopper with a nitrogen
flow, the melting mixture was introduced into the sin-
gle-screw chamber of the reactive extrusion machine.
With heating at 160-180 °C, the melting mixture was
extruded at a rotation speed of 5 rpm. The melted poly-
mer composite was ejected from a spinning disc located
at the extruder exit into water at ambient temperature
to provide a solidified fiber. Small amounts of unreacted
L-lactide and existing water in the system were recov-
ered in a trap equipped on the vacuum pump. For some
samples, the polymer was taken from a collection en-
trance under the gear pump and immersed into water
to give a solidified mass.

Characterization of the PLA/clay nanocomposites

The nanocomposite samples were analyzed with
gel permeation chromatography at 40 °C with a Tosoh
(Tokyo, Japan) GPC-H8020 instrument equipped with
a Tosoh TSKgel GMHpg-M column and a differential
refractometer detector. Chloroform was used as the
eluent at a flow rate of 1.0 mL/min, and the molecular
weights were calibrated with polystyrene standards.

The differential scanning calorimetry (DSC) data
for the samples were recorded on a Rigaku-Denki
TAS-100 (Tokyo, Japan). Pure PLA and composite
samples of 5 mg were heated at a rate of 10 K/min
under a nitrogen atmosphere over a temperature
range of 0-250 °C to measure their T, crystallization
temperature (T,), and melting temperature (T),) val-
ues. Thermogravimetric analysis (TGA) was per-
formed on the Rigaku-Denki TAS-100 to provide the
thermal decomposition temperature (T4ec)-

X-ray powder diffractometry was performed with a
Rigaku-Denki RINT-2000 and RINT-2200 diffractometer
equipped with a Cu Ko (A = 0.14 nm) source in the 20
range 0.84-30 ° at a scan speed of 2.0/min. Tensile
properties of the fibers were measured with a Tensilon
system (RTC-1250, Orientec Co., Tokyo, Japan), at 20 °C
and a relative humidity of 65%, where the crosshead
speed was set at 20 mm/min and the length of speci-
mens was 20 mm. All of the tensile properties given in
this article represent average values of five trials. Scan-
ning electron microscopy (SEM) images were recorded
with a JEOL JST-5310 (Tokyo, Japan) at an acceleration
voltage of 15 kV. Transmission electron microscopy
(TEM) images were recorded with a JEOL JEM-1400EX
at an acceleration voltage of 100 kV. Ultrathin sections
(70 nm) of the nanocomposites were prepared in epoxy
resin by a Leica ULTRACUT instrument (Wetzlar, Ger-
many) at ambient temperature. The sections were trans-
ferred from water to 200-mesh Cu grids and were then
carbon-coated.

NMR measurements

The 'H-NMR spectra were measured with CDCl; as
the solvent on a Varian INOVA-300 spectrometer
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(Palo Alto, CA) operated at 299.96 MHz with a Var-
ian 5-mm four-nucleus auto-NMR triple-resonance
liquid probe for the "H nuclei and a 3.74-s acquisi-
tion period with a 7.0-us /2 pulse for the 'H nuclei.
The spectra were collected over a 4.5-kHz spectral
width with a 1.2-s recycle delay in 16 transients.

The solid-state ">C-NMR spectra were measured on
a Varian 400 NMR system spectrometer operated at
100.56 MHz with a Varian 4-mm double-resonance T3
solid probe for the '°C nuclei and a 40-ms acquisition
period with an 86-kHz "H decoupling radio frequency
with a small phase incremental alteration (SPINAL)
decoupling pulse sequence."” The cross-polarization/
magic angle spinning (CP-MAS) NMR spectra were
measured with a ramped-amplitude pulse sequence®
with a 2-ms contact time and a 2.6-ps ©/2 pulse for the
"H nuclei over a temperature range of —30 to 100°C.
The amplitude of the 'H nuclei ramping down linearly
from 92.6% of its final value was used during the
cross-polarization contact time. The spectra were col-
lected over a 30.7-kHz spectral width with a 5.0-s
recycle delay in 256 transients (singal-noise ratio > 98).
The contact time was optimized by the measurements
of several selected samples with variable contact times
(100-8000 ps). Fiber samples were cut and placed in
zirconium rotors 4 mm in diameter, which were spun
at the magic angle at 15 kHz subsequently.

The 'H spin-lattice relaxation time (T;H) was indi-
rectly measured via the detection of the '*C reso-
nance and enhanced by the cross-polarization ap-
plied after a m pulse to the "H nuclei with the
inversion recovery method. The '*C spin-lattice relax-
ation time (T;C) was measured with the conventional
Torchia’s pulse sequence.”’ The relaxation time anal-
yses were performed with the same solid-state probe
with the same contact time and acquisition period
used for the CP-MAS ">C-NMR spectrum.

RESULTS AND DISCUSSION
Intercalative polymerization

Figure 1 gives an outline of the reactive extrusion-
molding machine used in the experiment. The
machine consisted of a mixing hopper (the first step)
and a single-screw extruder (the second step). The
mixing hopper was equipped with a shuttlecock-
type screw, which enabled the stirring of solid mix-
tures and/or liquid samples under applied heat. A
30-mm single-screw extruder (length/diameter = 15)
was connected with the mixing hopper through a
gear pump. Because the collection entrance was
located under the gear pump and terminal of the ex-
truder, both one- and two-step reactions were possi-
ble with the reactive extrusion-molding machine.
The effect of changing the D18 cation mixing ratio
in D18Mt was examined with the two-step method.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 TH-NMR spectra of the L-lactide, PLA homopol-
ymer (PLA_extru), and PLA/clay nanocomposite
[PLA_D18Mt(80)] (left) and an enlarged view of the CHj
area (right). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Reaction samples of i-lactide with different D18
amounts in D18Mt were collected from the exit of
the single-screw extruder. The polymerization and
extrusion were performed under a nitrogen atmos-
phere or vacuum conditions. Regardless of the
amount of D18, solidified fiber samples (M, =
22,500-23,500) were obtained with the spinning roll.
The unreacted L-lactide was trapped before the vac-
uum pump and accompanied by existing water in
the molding. Figure 2 shows the changes in the 'H-
NMR spectra in CDCl; before and after polymeriza-
tion and with and without D18Mt. The CH; peaks of
L-lactide shifted to high field, and the CH peaks
shifted downfield after polymerization (PLA_extru:
PLA homopolymer made by the reactive extrusion-
molding). In the presence of D18Mt, line broadening
was observed due to paramagnetic impurities of
Fe". Judging from the chemical shift and symmetry
of the 'H peaks of PLA_D18Mt(80), little r-lactide
existed in the fiber samples. The relatively lower
M, of the PLA/clay nanocomposite was probably
caused not only by hydroxyl groups at the surface
of the clay but also by bound water. The results of
the thermal analyses are summarized in Table I
With the addition of D18Mt, the T. values of the
fiber samples decreased slightly, although the T,
and T, values of these samples were similar to those
of PLA_extru. The Tg4.. values of the fiber samples

TABLE 1
Molecular Weight (M,,) and Thermal Properties of the
PLA/Clay Nanocomposites

DSC TGA

Tg Tg Tm Tdec

Sample M, C) Q) (°Q) (°C)
PLA 242 x 10* 52 87 166 260

235 x 10* 53 85 165 270
2.25 x 10* 51 83 163 278
231 x 10* 51 82 165 272

PLA_DMt(60)
PLA_DMt(80)
PLA_DMt(100)

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Interlayer Distances of the Montmorillonites and PLA/
Clay Nanocomposites

X-ray
Sample Peak/20 door (nm)
D18Mt(60) 34 2.6
D18Mt(80) 3.2 2.8
D18Mt(100) 2.9 3.0
PLA_DMt(60) 25 35
PLA_DM¢(80) 25 35
PLA_DMt(100) 25 35

increased slightly with the addition of D18Mt; the
PLA/clay nanocomposite with D18Mt(80) had a
higher T4e. value than the composites with D18Mt(60)
and D18Mt(100). Generally, the organo-Mts slightly
affected the thermal properties of the PLA chain with
only 3 wt % additions.

Characterization of the PLA/clay nanocomposites

To study the composite morphology, X-ray diffraction
(XRD) analysis was performed on the starting organo-
Mts and the PLA/clay nanocomposites; the results
are shown in Table II. Although the interlayer distan-
ces of organo-Mts increased with the D18 content, the
interlayer distances of the PLA/clay nanocomposites
remained the same, despite the D18 content; this
implied that the amount of D18 had little influence on
the morphology of the PLA/clay nanocomposite.
Next, to evaluate the performance of the reactive
extrusion molding and to analyze the production
process further, we compared samples collected
before and after extrusion with XRD, mechanical
property tests, SEM, and TEM analyses. Figure 3
shows the XRD patterns of D18Mt(80) (the organo-

D18Mt(80)

Intensity (a.u.)

PLA_D18Mt(80)_pre

PLA_D18Mt(80)

3 4 5 6
26 (degree)

Figure 3 XRD patterns of D18Mt(80), PLA_D18Mt(80)_pre,
and PLA_D18Mt(80). The interlayer distance is designated
by an asterisk.
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TABLE III
Tensile Properties of the PLA/Clay Nanocomposites

Tensile Elongation  Tensile elastic
strength at break modulus
(MPa) (%) (MPa)
PLA_DMt(80)_pre 352 = 4.5 2.64 = 0.50 1674 + 122
PLA_DMt(80) 450 09 3.62 +0.17 1352 * 137

Mts), PLA_D18Mt(80)_pre (the one-step reaction
sample,  collected  before  extrusion), and
PLA_D18Mt(80) (the two-step reaction sample, col-
lected after extrusion). The peak angle was already
shifted toward the lower 20 region even before the
extrusion. The interlayer distances of D18Mt(80)-
PLA_D18Mt(80)_pre-PLA_D18Mt(80), given as two-
digit numbers with an asterisk in Figure 3, showed a
little change before and after the extrusion: 2.8-3.4—
3.5 nm, respectively. This enlargement of the inter-
layer distances indicated that even in the sample
before extrusion, the PLA polymer chain was intro-
duced between the clay layers; this led to an interca-
lated morphology. The results of the tensile tests of
PLA_D18Mt(80)_

pre and PLA_D18Mt(80) are summarized in Table
III. After the extrusion, the mechanical properties of
the fiber were improved: the tensile strength in-
creased, whereas the tensile elastic modulus de-
creased. Figure 4 shows typical SEM images of
PLA_D18Mt(80)_pre and PLA_D18Mt(80); agglomer-
ated particles were observed in PLA_D18Mt(80)_pre,
whereas through the extrusion process, these struc-
tural defects disappeared, and a fine microstructure
was formed in the PLA_D18Mt(80). This resulted in
an improved dispersion. The morphology of the
PLA/clay nanocomposites was also confirmed by
TEM. Figure 5 shows typical high-magnification
TEM images of PLA_D18Mt(80)_pre and PLA_
D18Mt(80); intercalated clay tactoids without exfoli-
ated single platelets can be found in both images.
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Although small parts of the clay platelets (3-5
stacks) separated from the tactoids in part were
observed in the image of PLA_D18Mt(80), no exfoli-
ated single platelets existed in any of the observation
fields.

To summarize the characterizations results, interca-
lative polymerization proceeded immediately in the
mixing hopper (the first step); then, further dispersion
occurred in the single-screw extruder (the second
step). The PLA /clay nanocomposite took on the inter-
calated morphology both in the mixing hopper and in
the single-screw extruder. Although structural defects
decreased and the dispersion was improved by the re-
active extrusion molding, the single-screw extruder
did not have the mixing ability to form a composite
consisting solely of the exfoliate morphology.

Solid-state NMR spectra

On the basis of the previous knowledge of the mor-
phology and dispersion of the PLA/clay nanocom-
posite, solid-state NMR was used to analyze the mo-
lecular mobility and structural changes as a function
of temperature in the range that included T, and T..
For the PLA samples with and without organo-Mts
and containing different amounts of D18, CP-MAS
®C-NMR spectra were measured at different tem-
peratures. For typical examples, the spectra of
PLA_extru and PLA_D18Mt(80) showed similar
peak shapes with increases in temperature, as shown
in Figure 6; the peak intensity of each material
decreased due to a reduction in the efficiency of the
'"H-"C cross-polarization. Particularly near and
above the T, point, the signal strength explicitly
decreased and the shape of CH and C=O peaks
changed to asymmetrical; this was obtained by the
addition of small crystalline peaks® into the sym-
metrical amorphous ones. On the other hand, no
asymmetrical shapes about the CH and C=O peaks
were observed below the T, point; this suggested

(b)

Figure 4 SEM micrographs of the PLA/clay nanocomposites: (a) PLA_D18Mt(80)_pre (left) and (b) PLA_D18Mt(80)

(right). The dotted circles show the aggregates.

Journal of Applied Polymer Science DOI 10.1002/app
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(a) (b)
Figure 5 TEM micrographs of the PLA/clay nanocomposites: (a) PLA_D18Mt(80)_pre (left) and (b) PLA_D18Mt(80)
(right).

that the polymer was amorphous. These changes in To investigate the behaviors of the macromole-
the peak patterns appeared in almost all of our  cules near the T, and T, points, relaxation time anal-
PLA/clay nanocomposites, regardless of the D18  ysis was performed on (1) five samples produced by

content of organo-Mts. reactive extrusion molding, as shown previously
PLA extru CH PLA_D18Mt(80) CH,
C=0 CH I =0 CH
100°C ) Jk 100°C ) i

ol
e

o
F

200 150 100 50 200 150 100 50 0

ppm ppm

(a) (b)

Figure 6 CP-MAS "C-NMR spectra of the PLA homopolymer (PLA_extru) and the PLA/clay nanocomposite
[PLA_D18Mt(80)] at different temperatures.

Journal of Applied Polymer Science DOI 10.1002/app
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[PLA_extru, PLA_D18Mt(60), PLA_D18Mt(80), PLA_
D18Mt(100), and PLA_D18Mt(80)_pre], (2) commer-
cially available PLA (PLA_ref), and (3) a mixture of
3 wt % D18Mt(80) and PLA_ref in a plastic bag
[PLA_D18Mt(80)_mix].

T,H analysis

In the indirect determination of T;H by CP-MAS
BC-NMR measurements, T;H values determined
with any of the carbon peaks were generally almost
the same because of the spin diffusion of "H nuclei.
Plots of the T{H values calculated with the CH and
CHj; peaks versus reciprocal temperature are shown
in Figures 7 and 8, respectively. For all of the T:H
graphs, the error bars indicate standard errors in the
regression calculation. It was considered that larger
standard errors above 80°C were caused by a lower
efficiency of the cross-polarization and formation of
the crystal phase. In a comparison of Figures 7 and
8, the T{H values determined between the CH and
CHj; peaks showed a similar tendency. In all of the
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Figure 7 Plot of the T;H values of the CH group versus
the reciprocal temperature with various (a) D18 contents
(upper) and (b) morphologies (bottom). The error bars
indicate the standard errors in the regression calculation.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8 Plot of the T1H values of the CH; group versus
the reciprocal temperature with various (a) D18 contents
(upper) and (b) morphologies (bottom). The error bars
indicate the standard errors in the regression calculation.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

measured samples, the T;H values increased with
temperature. Recent research on the T,H values of
PLA composites found that more well-dispersed
exfoliated composites exhibited lower T;H values.®
In the composites with less dispersed morphologies,
that is, intercalated and microcomposite forms, the
decrease in the T;H values was small.>**® All of the
extruded samples had similar T;H values below
room temperature, and all showed increasing T{H
with increases in temperature. However, the increase
was lower in the PLA/clay nanocomposites than in
PLA_extru above room temperature in Figs. 7(a) and
8(a) [10°/(absolute temperature) < 3.4]. Regardless
of the D18 content of organo-Mts, the T;H values
of the three PLA/clay nanocomposites were almost
the same, even for different temperatures in the
range of —30 to 100°C. As shown in Figure 7(b)
and 8(b), in the case of PLA_D18Mt(80)_pre (the
one-step sample collected before extrusion), we also
observed suppression of the increase in T;H values
compared with PLA_extru above room tempera-
ture. With regard to other PLA homopolymers

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Plot of the T;C values of the CHj; group versus
the reciprocal temperature with various (a) D18 contents
(upper) and (b) morphologies (bottom). The error bars
indicate the standard errors in the regression calculation.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

having different T, and M,, values, PLA_ref (having
higher M,;) had longer T;H values, with the excep-
tion of its T, point. Furthermore, the T;H value of
the simply mixed sample, PLA_D18Mt(80)_mix,
exhibited no difference from the original PLA,
PLA_ref. The reason for these results was probably
that the extruded samples had a lower T, point
and smaller M, than the commercially available
PLA.

T,C analysis

T,C was examined with Torchia’s pulse sequence.
Plots of the T;C values calculated by the CH; peaks
versus the reciprocal temperature are shown in Fig-
ure 9. The experimentally obtained curves of the
T,C values of CHj showed a similar tendency to
those of T{H. Their standard errors above 80°C
were, however, larger than those of T;H. The T,C
values of CHj of the PLA/clay nanocomposite were
similar to those of PLA_extru without suppression
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of the increase in T;C values compared with
PLA_extru above room temperature [Fig. 9(a)]. On
the other hand, the PLA_ref and PLA_D18Mt(80)_
mix samples had similar T;C values of CHj, which
were higher than those of PLA_extru and the PLA/
clay nanocomposites in the range 22-60°C [Fig. 9(b)],
unlike the T{H values.

The trends in T;C of the backbone carbon were
different from that of the CHj; group. Figures 10 and
11 show plots of the T,C values calculated from the
CH and C=O peaks, respectively, versus the recip-
rocal temperature. Shown as error bars in the fig-
ures, the standard errors in the regression calcula-
tion of the T;C values of CH and C=O were larger
even below 60°C compared with those of the T,C
values of CH3 and the T{H values. These errors of
the data fitting may have been caused by the longer
T,C values and the contribution of multiple relaxa-
tions. Thus, we discuss the T;C values of CH and
C=0 with consideration of the error margins. In all
of the PLA compounds, with an increase in
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. (a)
35 To T
30 \ - i /
| g —
I";* B = - _A.-;'___ z S 3
o [/ ‘}; !
15 fit
;.:"f * PLA extru
10 54' = PLA_D18Mt(60)
1 4 PLA_D18Mt(80)
5 - PLA D18Mt(100)
0 :
2.5 3.0 2.0 4.0 4.5
108/ T (KY)
T,C (sec)
100 50 0 TC)
40 T T T T T T
T, (b)
35 (commercial) j{ 1
30 ol
25 | g
15 . “*PLA_extru
10 i PLA_D18Mt(80)_pre
%’-’ iy = PLA_D18Mt(80)
T *~PLA ref
2 -8 PLA D18Mt(S0) mix
0 !
2.5 3.0 3.5 4.0 4.5
108/ T (K1)

Figure 10 Plot of the T;C values of the CH group versus
the reciprocal temperature with various (a) D18 contents
(upper) and (b) morphologies (bottom). The error bars
indicate the standard errors in the regression calculation.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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sus the reciprocal temperature with various (a) D18 con-
tents (upper) and (b) morphologies (bottom). The error
bars indicate the standard errors in the regression calcula-
tion. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

temperature, the T;C values of both the CH and
C=O0 groups reached minimal values and were then
significantly reduced, except the unclear minimal
T,C values of the C=O groups for PLA_ref and
PLA_D18Mt(80)_mix (the T, and T. points are indi-
cated in Figs. 10 and 11), whereas the T,C values of
the CH3 group (Fig. 9) monotonically increased with
increasing temperature. The temperature at the T;C
minimum was not affected by the addition of
organo-Mts but was affected by the T, value and/or
molecular weight: no change in the minimal T;C
value was observed between the extruded PLA and
the composite (ca. 40°C), as shown in Figure 10(a).
The effect of the PLA/clay nanocomposite appeared
as an increase in the T;C value for samples with
more than 80% D18; the T,C values generally in-
creased around room temperature [Figs. 10(a) and
11(a)]. Meanwhile, at temperatures above T,, rapid
decreases in the T;C values of the CH group were
observed. The alternation of molecular motion of the
backbone was one reason for the rapid decline.”® We
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considered that this alternation of molecular motion
also caused divergences of the T;C tendency in the
CH groups above T,.

Relaxation time analyses

It was considered that the relaxations of the 'H nuclei
and "°C nuclei of the CH; groups mainly occurred
through the motion of CHj in the extreme narrowing
region.”’28 On the other hand, it has been reported
that the paramagnetic Fe** of clay influenced the
polymer protons near the clay surface.** According to
the previous discussions, in our case, the addition of
organo-Mts into the PLA matrix did not suppress the
motion of CHj; but accelerated the relaxation of the H
nuclei to the clay. Thus, in the samples formed by
extrusion, the T;C value of CH; was not changed, but
the T;H value decreased compared with that of the
original PLA_extru. In contrast, the T;C values of CH
and C=O0O exhibited the minimal value near the T,
point followed by a drastic increase [Figs. 10(a) and
11(a)]. This enabled us to explain the relaxation time
changes that appeared in the particular temperature
range including the T, point as the boundary. To vali-
date our results, however, more studies on the mag-
netic relaxation are necessary that employ com-
pounds based on the PLA that have different
environments. Our planned future work includes an
investigation of the molecular dynamics and relaxa-
tion times of other PLA compounds.

CONCLUSIONS

Melt polymerization was adopted to produced
PLA/clay nanocomposites starting from 1-lactide
and organically modified montmorillonite. The melt
polymerization used a reactive extrusion-molding
process and employed a mixing hopper and a sin-
gle-screw extruder. It was found by XRD, SEM,
and TEM analyses that almost all of the PLA poly-
mer chains were constructed with an intercalated
morphology in the mixing hopper; this was fol-
lowed by dispersion on the micrometer scale in the
single-screw extruder. When the composite was
made and mixed with the organoclay, there were
few changes in the CP-MAS '"C-NMR spectra,
even over a temperature range from —30 to 100 °C.
The T,H values above room temperature were
reduced by this intercalated morphology of the
PLA/clay nanocomposite, whereas no suppression
was observed by simple mixing with the organo-
clay. The intercalated morphology also affected the
T,C values: the organoclay accelerated the relaxa-
tion from the C nuclei of the CH; group and
depressed the relaxation from the backbone of
PLA. In almost all of the PLA compounds we ana-
lyzed, the minimum T,C values for both the CH
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and C=O groups appeared at 40°C and a signifi-
cant reduction of these value was observed above
the T, point.

The authors wish to express special thanks to Yoshikazu
Fujita, Nagoya University, for help with the TEM sample
preparation and operation.
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