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Abstract

The addition effects of cyclodextrin (CD) and methylated cyclodextrin (Me-CD) on the structure and mechanical proper-
ties of PLLA were investigated. Inclusion complexes (IC) of «, f and y-CD and PLLA were prepared. The formation of IC
was confirmed from '*C NMR chemical shifts and the number of peaks for «, p and y-CD/PLLA IC. 10% of a, f and y-CD/
PLLA IC were mixed with PLLA and formed into films. The tensile test of the obtained films revealed the breaking strain
is improved up to 350%. Me-CD was mixed with PLLA and prepared into films. The breaking strain of the films reached up
to 250% and the addition effect was largest for Me-y-CD10. From DSC measurements, one melting peak was observed and
the peak moved to lower temperature as the amount of Me-CD increased. These results indicate Me-CD distributes homo-
geneously in PLLA. Solid state NMR of Me-a, f and y-CD50 gave broad peaks and the molecular mobility of the mobile
component increased. Therefore, Me-a,  and y-CD do not form IC, but act as the plasticizer for PLLA.
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Introduction

Poly(r-lactic acid) (PLLA) is a polymer having various
advantages such as biocompatibility, biodegradability, high
strength, high elasticity, transparency, etc. In the industrial
field, it is used as a packaging material and it has also begun
to be applied to medical equipment [1, 2]. However, it has
disadvantages of low thermal resistance and brittleness [3,
4]. For this reason, improvement of these disadvantages is
required to widely commercialize PLLA.

For the improvement of thermal resistance, the forma-
tion of the stereo complex (Sc) of PLLA and poly(p-lactic
acid) (PDLA) were studied, because melting point of Sc is
about 220 °C which is higher than that of PLLA, 170 °C.
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Many studies have been conducted for this purpose using
Sc [5-10].

The second disadvantage hinders the high performance of
the polymer. PLLA has a polar group, C=0, in the molecule
and is slightly polarized. Such a polarization causes inter-
chain interaction and restricts the molecular motion. Since
it is conceivable that PLLA molecular chains are attracted
to each other, the molecular motion of the amorphous part
is constrained, leads to high 7g and brittleness. In order to
achieve the high performance of PLLA, it is necessary to
utilize the mechanical property of the polymer chain itself,
that is, to orient the polymer chain. Drawing is the effective
method to orient the polymer chain. In our previous works,
the tensile drawing was applied to polyethylene, polypropyl-
ene, poly(tetrafluoroethylene) and so on [11-22]. The result-
ant oriented films exhibited excellent mechanical properties.
For efficient drawing, brittleness is not appropriate and plas-
ticization is necessary. Therefore, in order to improve the
disadvantages of mechanical properties, it is indispensable
to control the interchain interaction between PLLA chains.

Cyclodextrin (CD) is cyclic molecules composed of sev-
eral glucose unit. CDs have hydrophobic cavity which can
include guest molecules and form inclusion complex (IC).
Therefore, inclusion of PLLA chains inside CD cavity might
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control the interaction between PLLA molecular chains [23].
By introducing CD, the distance between PLLA is increased.
This leads to low Tg and the disadvantage and drawability of
PLLA is expected to be improved.

The purpose of this study is to evaluate the effect of CD
addition to PLLA film for the improvement of the brittleness
and the drawability.

Experimental
Materials

a, p and y-CD, and tri-o-methylated f-CD (Me-p-CD) were
purchased from Wako Pure Chemical Ind. (Japan) and used
as received. PLLA (Aldrich; Mw = 6.7 x 10*) and PLLA
(Mitsui Chemicals Inc.; Mw =2.6 x 10°) was used after
removing the oligomer and polymerization catalyst by dis-
solution in chloroform and precipitation in methanol. The
precipitated PLLA was dried at 100 °C for 24 h in vacuo
prior to film preparation. Chloroform and methanol were
purchased from Wako Pure Chemical Ind. (Japan) and used
as received.

Synthesis of tri-O-methylated CDs

Under a nitrogen atmosphere, a-CD or y-CD (0.973 g,
1 mmol or 1.30 g, 1 mmol) was dissolved in dry N, N-dimeth-
ylformamide (66.7 mL). To this solution, sodium hydride
(1.03 g, 43.0 mmol) was added and stirred at room tempera-
ture. The mixture was immediately cooled to 0 °C and then
methyl iodide (2.00 mL, 32.1 mmol) was added dropwise to
the mixture. After the addition, the mixture was gradually
warmed to room temperature and then stirred for 24 h. To
the resulting mixture, methanol was added for quenching.
The resultant solution was concentrated by reduced pressure
at 60 °C and the residual solid was dissolved in distilled H,O
(200 mL) and then extracted with chloroform (200 mL X 3).
The organic phase was dried with magnesium sulfate, and
the solvent was removed using a rotary evaporator. The
residue was purified by silica gel column chromatography
using chloroform/methanol (v/v=20/1) to give tri-O-meth-
ylated a-CD(Me-a-CD: 96%) and tri-O-methylated y-CD
(Me-y-CD: 67%) as colorless solids.

'"H NMR (500 MHz, CDCls;, 8, ppm, at rt): Me-a-CD:
3.19 (dd, /=9.53 Hz, 3.20 Hz, 1H), 3.42 (s, 3H), 3.51 (s,
3H), 3.54-3.62 (m, 2H), 3.66 (s, 3H), 3.70-3.72 (br, 1H),
3.80-3.86 (m, 2H), 5.05 (d, J=3.2 Hz, 1H). Me-y-CD:
3.24 (dd, J=9.75 Hz, 3.60 Hz, 1H), 3.40 (s, 3H), 3.54 (s,
3H), 3.55-3.59 (m, 2H), 3.68 (s, 3H), 3.70-3.73 (m, 1H),
3.76-3.79 (br, 0.5x2H), 3.88 (dd, J=10.5 Hz, 3.55 Hz,
0.5%2H), 5.26 (d, J=3.60 Hz, 1H).
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Inclusion complex preparation

A PLLA (Mw =6.7 x 10%) solution (0.25 wt% of dioxane)
and a, B, and y-CD solution (12 wt% of distilled water)
were prepared. For the preparation of IC, PLLA solution
was slowly added to CD solutions in continuous agitation
at 50 °C for a and y-CD and at 80 °C for f-CD. After this
step the mixture was agitated for 3 h. Then the stirring was
maintained for another 24 h at ambient temperature. Finally,
the obtained suspension was filtered and the white powder
was washed several times with dioxane and distilled water.
IC samples are abbreviated the name of CD/PLLA IC such
as a-CD/PLLA IC. For comparison, the powder of CD and
PLLA was mixed mechanically, which is called “mixture”.

Sample film preparation
ICfilm

a-CD/PLLA IC was sandwiched between commercial poly-
imide films (UPILEX-125S, Ube) and compression molded
into the film at 230 °C and 30 MPa for 10 min in vacuo,
followed by quenching into ice water. The same procedure
was applied to f and y-CD/PLLA IC. In addition, films were
prepared by mixing PLLA and a-CD/PLLA IC or B-CD/
PLLA IC at a weight ratio of 90:10 with the same way.

PLLA/methylated CD film

For preparation of PLLA films containing trimethyl-
CD (Me-CD), the sample solutions of 1 wt % PLLA
(Mw =2.6 x 10°) and Me-CD were prepared separately in
chloroform at room temperature. The solutions were mixed
and vigorously stirred for 24 h. The solutions were cast
onto a Petri dish and covered with an aluminum foil with
holes to allow solvent evaporation at room temperature.
The neat PLLA film was prepared with same way. The
sample films prepared were listed in Table 1. The sample
films abbreviated with the name of Me-CD followed by
the weight fraction of the Me-CD, for example, the film
consisting 90% PLLA and 10% Me-a-CD as Me-a-CD10.

Tensile drawing test

Tensile drawing of samples were carried out at 60 °C by
using a Tensilon RTC-1325A tensile tester (A&D, Japan).
The initial sample length was 10 mm. Tensile drawing
measurements were performed at a cross-head speed of

20 mm min~!
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Table 1 Composition of PLLA films containing trimethyl-a, p and
y-CD

Sample name PLLA/wt% Me-CD/wt%
Trimethyl-a-CD
Me-a-CD10 90 10
Me-a-CD20 80 20
Me-a-CD50 50 50
Trimethyl--CD
Me-3-CD10 90 10
Me-f3-CD20 80 20
Me-3-CD50 50 50
Trimethyl-y-CD
Me-y-CD10 90 10
Me-y-CD20 80 20
Me-y-CD50 50 50

DSC measurements

For thermal behavior analysis, DSC measurements were con-
ducted on a Diamond DSC instrument (PerkinElmer Japan
Co., Ltd., Kanagawa, Japan) calibrated with indium and tin
standards. Samples (2 mg) were packed in an Al pan and the
measurements were performed at 10 °C min~! under N, gas
flow (20 mL min™").

13C NMR measurements

The solution '*C NMR and the solid-state CPMAS '*C NMR
spectra were recorded on a Bruker AVANCE III spectrometer
(Bruker BioSpin K. K., Kanagawa, Japan). The solution '*C
NMR spectra were recorded at 75 MHz after samples were
dissolved in chloroform.

For the solid-state CPMAS 3C NMR, all samples were
packed in a zirconia rotor with a 4 mm diameter and spun at
4 kHz in the instrument. The contact and repetition times were
set at 2 ms and 5 s, respectively.

"H pulse NMR measurements

'H pulse NMR measurements were performed on a JEOL
MU-25 spectrometer (JEOL Ltd., Tokyo, Japan). A solid-echo
pulse sequence provided free induction decay curves, which
were fitted using a hybrid of exponential and Gaussian func-
tions, and fraction ratio and the spin—spin relaxation time, 7,
could be determined [24].
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Fig.1 CPMAS NMR spectra of PLLA, a-CD, a-CD/PLLA mixture
and a-CD/PLLA IC

Results and discussion

Figure 1 shows the solid state high-resolution NMR spec-
tra of PLLA, a-CD, a-CD/PLLA mixture and a-CD/PLLA
IC. In PLLA, peaks of C=0, CH, and CH; appear at about
170, 70 and 20 ppm respectively. These peaks split in sev-
eral peaks, indicating that PLLA forms a regular structure
10/3 helix [25]. a-CD has very sharp peaks from C1 to
C6, and the line width is narrow. This shows that a-CD
has high crystallinity. Comparing the spectrum of a-CD/
PLLA mixture with those of a-CD and PLLA, it can be
seen that the spectrum of a-CD/PLLA mixture is a super-
position spectrum of a-CD and PLLA. The spectrum of
a-CD/PLLA IC is different from that of the mixture. Peaks
of C1, C2, C3 and CS5 carbons for IC are shifted to low
field, and the peaks of C4 and C6 carbons shifted to high
field. Not only is it shifting but also the number of peaks
is changing. There are several reasons for NMR chemical
shift change. As NMR chemical shift is affected by the
electronic structure of molecule resulting from the change
in the conformation, the interaction between molecules,
chemical bond, etc [26, 27]. In IC, the chemical bond does
not change. The interaction between molecules sometimes
largely affects the chemical shift such as the ring current
effect. However, phenyl ring does not contained in IC.
Therefore, the main reason for the chemical shift change
in this case may be the conformational change of CD. As
a result of a-CD interacting with PLLA, a-CD is taking
a specific conformation different from pure a-CD. It has
reported the chemical shift change of ICs arise from the
conformational change of a-CD [28, 29]. In the sample
preparation, the precipitate is washed with water. If a-CD
is merely mixed with PLLA, a-CD should not remain in
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the sample. Taking these into consideration, the change in
the peaks of a-CD means that a-CD forms IC with PLLA.

On the other hand the peak position and the number of
peaks of PLLA have not changed in the a-CD/PLLA IC.
Therefore, PLLA is included in a-CD with maintaining 10/3
helix.

When PLLA takes a 10/3 helix, one ring height of a-CD
corresponds to about three monomer units of PLLA. That
is, if a-CD fully include PLLA, the molar ratio of PLLA
monomer and a-CD is about 3:1. Since a-CD is composed of
6 glucose units, the molar ratio of monomer unit and glucose
unit is about 1:2. From 'H NMR for the obtained IC, the
amount of a-CD was 58% of fully included IC. Therefore,
the molar ratio of the monomer units of PLLA is approxi-
mately 1:1 to a-CD glucose units. However, in the spec-
trum, the intensity of the a-CD is stronger. In the CPMAS
spectrum, components with poor mobility are emphasized.
Considering this, it means that the mobility of a-CD is more
restricted than that of PLLA.

Figure 2 shows CPMAS NMR spectra for PLLA, B-CD,
B-CD/PLLA mixture and f-CD/PLLA IC. The spectrum of
B-CD has also sharp peaks, indicating the high crystallinity.
Similar to «-CD/PLLA mixture, the spectrum of the -CD/
PLLA mixture is a superposition of individual spectra. In
contrast, in the spectrum of the f-CD/PLLA IC, both the
chemical shift value and the number of peaks deviated from
B-CD, while peaks of PLLA are unchanged. That is, even in
the case of $-CD, PLLA is included in p-CD with maintain-
ing the original PLLA conformation.

Figure 3 shows the spectra of PLLA, y-CD, y-CD/PLLA
mixture and y-CD/PLLA IC. Compared to a, B-CD, the
spectrum of y-CD shows that the carbon peaks of C-1-6
is complicatedly split. y-CD is thought to take various
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Fig.2 CPMAS NMR spectra of PLLA, p-CD, $-CD/PLLA mixture
and B-CD/PLLA IC
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Fig.3 CPMAS NMR spectra of PLLA, y-CD, y-CD/PLLA mixture
and y-CD/PLLA IC

conformation because y - CD has the largest number of glu-
cose units and the ring radius is also large. In the case of
v-CD/PLLA mixture, it is also a superposition spectrum of
each single substance like o, f-CD. In the spectrum of the
vy-CD/PLLA IC, both the chemical shift position and the
number are greatly changed with respect to the mixture. In
particular, the number of peaks of C-1, 4, and 6 remarkably
decreases. This means that y - CD takes a specific conforma-
tion by the inclusion of PLLA. The inner diameter of the y
-CD is about 0.8 nm and the outer diameter of PLLA with
10/3 helix is about 0.3 nm. Since the diameter of the cavity
is more than twice the outer diameter of PLLA helix and
the spectral change is larger than the case for a and f-CD,
there is a possibility that two PLLAs are included in the
cavity of y - CD.

From the measurement of CPMAS NMR, it became clear
that o, B, y-CD and PLLA form IC. Since PLLA and CD are
interacting with each other in the inclusion complex, there
should be a difference in the molecular motion. 'H pulse
NMR measurements were carried out, and the temperature
dependence of the molecular motion was confirmed. Fig-
ure 4 shows the temperature dependence of the spin—spin
relaxation time (7,) and its component fraction of a-CD,
PLLA, and o-CD / PLLA IC. The obtained free induction
decay (FID) of a-CD was analyzed with two components
[24]. In Fig. 4a, it can be seen that there is almost no temper-
ature change of 7,. As the melting point of a-CD is 280 °C
or higher, molecular motion of a-CD has not activated in the
measurement temperature range. The fraction of the rigid
component is almost 100% at 30 °C and decreased slightly
to about 85% at 190 °C. 15% of 'H for a-CD is activated at
high temperature. There are 10 'Hs for glucose unit of a-CD.
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Fig.4 Temperature dependence of 7, and fraction of mobile component. a a-CD, b a-CD/PLLA IC, ¢ PLLA

In 10 'Hs, the mobility of two 'Hs bonded to Co6(side chain)
may be activated by the temperature. As the fraction of these
"Hs is 20% which is close to the mobile fraction at 190 °C.
The mobile and rigid fractions of a-CD are attributed to 'Hs
bonded to C6 and the rest.

In contrast, PLLA has a melting point at about 180 °C.
T, of PLLA also had two components in Fig. 4c. As the
temperature rises, 7, of the mobile component gradually
increases above Tg and rapidly increases near the melting
point. When the temperature exceeds 7Tg, the fraction of
mobile component gradually increases. Near the melting
point, the fraction of the mobile component rapidly increases
and leads to almost 100%. That is, it turns out that melting
is clearly occurring.

For a-CD/PLLA IC, three components were required to
analyze the observed FID. From the results of a-CD (Fig. 4a)
and PLLA (Fig. 4c), the mobile component is attributed
to the mobile component of PLLA. As T, of the rigid and
mobile components for a-CD are almost constant for the
temperature range measured, these components are attrib-
uted to the rigid and intermediate components in Fig. 4b.

The rigid fraction of PLLA attributed to the rigid, intermedi-
ate fractions which changes dependent on temperature.

In Fig. 4b, T, of the mobile component increases near
the melting point of PLLA. However, it does not increase as
much as PLLA (Fig. 4c), and the increase of T, is suppressed
to 2000 ps. The fraction of rigid component decreased to
75% and remains even at 190 °C. This is considered to be the
result of PLLA being included in CD. As the molar fraction
of IC is 1:1 for the glucose unit to PLLA monomer unit, the
contributions to 'H pulse NMR signal from CD and PLLA
are 10/14 (= 70%) and 4/14 (~30%), respectively. Based
on the decrease of rigid component (15%) for a-CD at high
temperature (Fig. 4a), a-CD in a-CD/PLLA IC contributes
to the decrease by 10% and rest of the decrease (15%) arises
from PLLA. As 'H fraction of a-CD/PLLA IC from PLLA
is about 30%, the half of PLLA component in a-CD/PLLA
IC became the mobile fraction in Fig. 4b.

Since the results of CPMAS NMR and 'H pulse NMR
show that PLLA formed IC with CDs, the interchain inter-
action of PLLA might be different from PLLA. In order
to confirm this, the mechanical properties of the film are
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Fig.4 (continued)

examined using these samples. Film molding was carried
out using a-CD/PLLA IC, but uniform films could not be
molded and powdery holes exist partly. This behavior means
the material did not flow properly at the film preparation
temperature. Since the outside of a-CD/PLLA IC is cov-
ered with a-CD, PLLA movement is restricted as can be
seen from the results of 'H pulse NMR and it is reported IC
composed of a-CD and PLA maintained IC structure up to
the thermal degradation [23]. This result is also the evidence
for the formation of IC.

For the effective drawing, both the restricted part which
transmits the stress and the mobile part which orient the
polymer chain are required. For instance, the melted poly-
ethylene cannot be drawn because of low viscosity, but
the melted ultrahigh molecular weight polyethylene can
be drawn because there are deep entanglements which can
transmit the applied stress even at melted state [21]. For
a, p and y-CD/PLLA IC, ICs are rigid and the interchain
interaction is too weak. As it has reported that the addition
of IC improve the mechanical properties of PLLA [30], IC
was mixed with pure PLLA to prepare a film. a-CD / PLLA
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IC and PLLA was mixed at a weight ratio in 1:9. As a result,
a transparent film could be prepared. The stress strain curve
for drawing of PLLA, PLLA mixed with 10 wt% of a-CD
/ PLLA IC and PLLA mixed with 10 wt% of f-CD / PLLA
IC at 60 °C is shown in Fig. 5. For PLLA, breaking strain
is very small and it is brittle. On the other hand, the film
with a-CD/PLLA IC: PLLA =1:9 has a very large breaking
strain. Even in the film with f-CD/PLLA IC:PLLA =1:9, the
breaking stress and strain increased. It is thought that this is
caused by cutting the interaction between PLLA. It became
clear that it is possible to control brittleness and drawability
of PLLA by cyclodextrin.

o, B, and y-CDs dissolve in water and polar solvents but
do not dissolve in organic solvents. Therefore, a, B, and
v-CD/PLLA inclusion complex were prepared by using
a mixed solvent of water and dioxane. On the other hand,
methylated-cyclodextrin, one of the modified cyclodex-
trin, dissolves in chloroform in which PLLA can be dis-
solved. Therefore, cast films were prepared by dissolving
methylated-cyclodextrin and PLLA in chloroform, and their
mechanical properties were investigated. Figure 6 shows
stress—strain curves of cast films for PLLA, Me-a, § and
y-CD10 and 20. From Fig. 6a, it is found that the breaking
strain of Me-a-CD10 is 125% which is higher than that of
PLLA. Similar trends are observed for Fig. 6b, c, the break-
ing strain for Me-p-CD10 and Me-y-CD10 are about 200 and
250%, respectively. The draw ability of the films increased
by the addition of Me-a, B and y-CD. The magnitude of
breaking strain is in the order of a < § <y. The drawing mag-
nification is higher with the larger CD and the larger cavities.
This means that Me-a, f and y-CD inhibit the interaction
between PLLA and that the more the cavity is, the stronger
the inhibitory power is.

When the amount of Me-a, p and y-CD increased from 10
to 20%, the breaking strain decreased. It is considered that
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the mutual interaction between PLLA weakened too much
and it was impossible to maintain film structure for the films
containing 20 wt% of Me-a, p and y-CD.

DSC measurement was carried out to investigate the
mixing state of samples. Figure 7 shows the results of DSC
measurement. In Fig. 7, the melting point of PLLA decreases
as the amount of Me-a,  and y-CD increases. In the case
of Me-f-CD, the melting point of Me-p-CD and PLLA is
158 °C and 170 °C, respectively. Even when Me-B-CD is
added, only one melting point peak appears. This means
that Me-fB-CD and PLLA are homogeneously mixed. Simi-
lar behavior is also observed for Me-y-CD. In Fig. 7a for
Me-a-CD, the decrease in the melting point of PLLA is
slight, and two melting peaks are observed for Me-a-CD50.
As the melting peaks for PLLA is decreased slightly, the
phase separation with PLLA rich and Me-a-CD rich occurs.

Solid state high resolution NMR measurement was car-
ried out to investigate the interaction between PLLA and
Me-a, p and y-CD. For Me-a,  and y-CD10, the CD peak
was very weak. As the melting peak of PLLA is shifted to
lower temperature with the amount of Me-a,  and y-CD,
the mixed state is considered to changes continuously.
Measurements were performed for Me-a, f and y-CD50.
Figure 8a shows the solid state high resolution NMR spec-
trum for PLLA, Me-a-CD50 and Me-a-CD. Several sharp
peaks appeared for each carbon in Me-a-CD, and the crystal-
linity of Me-a-CD is considered to be relatively high. The
peaks of PLLA split, which means PLLA takes the regular
conformation, 10/3 helix. In contrast, Me-a-CD50 has very
broad peaks. This means that the crystallinity of Me-a-CD50
is decreased by mixing with PLLA. In addition, the split
derived from the peak of PLLA is also unclear, and it is
considered that amorphization has occurred by adding meth-
ylated a-CD to PLLA. That is, methylated CD may act as a
plasticizer for PLLA.

Similar trend is observed for Me-B-CD in Fig. 8b. Since
sharp peaks exist for Me-B-CD, Me-B-CD has high crystal-
linity. When it is mixed with PLLA, solid state NMR spec-
trum for Me-p-CD50 have the broad peaks, which indicates
PLLA in Me-p-CD50 does not take the regular structure and
Me-f-CD also act as plasticizer for PLLA.

Me-y-CD gives the broad peaks even when it is not mixed
with PLLA. This is because the ring size of Me-y-CD is
large and there is a possibility of taking various conforma-
tions. Even when Me-y-CD is added to PLLA, the sharp
peaks are not observed. Addition of methylated CD gives
the broad peaks in common to Me-a, f3, y-CD, and it is con-
sidered that the plasticization of PLLA occurs. Also, from
these spectra, the clear evidence that Me-a, § and y-CD
form IC with PLLA was not obtained. In other words, it
is thought that Me-a, p and y-CD exists between PLLA
molecular chains and controls intermolecular interaction.
When the NOESY spectrum of the solution was measured,
the correlation between Me-B-CD and CH; and CH of PLLA
appeared. From this, it is considered that methylated CD
interacts with CH; and CH group of PLLA. By interacting
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Fig.9 Temperature dependence of a 7, and b fraction of mobile
component for PLLA, Me-B-CD10, Me-$-CD20 and Me-p-CD50

with PLLA, Me-a, B and y-CD act as plasticizer instead of
IC. In Fig. 6, the expanded S-S curves at the small strain
regime are shown. Compared with PLLA, MeCD added
sample show gentle initial slope which corresponds to low
Young’s modulus. The plasticizing effect is confirmed from
Fig. 6.

If plasticization is occurring, the molecular mobil-
ity of PLLA might be affected and 7, of the amorphous
component should be increased. Figure 9a shows the tem-
perature dependence of 7, for the amorphous component
of PLLA, Me-p-CD10, 20 and 50. For PLLA, T, is about
40us at 30 °C. T, increases at Tg, 70 °C, indicating the
start of the micro-Brownian motion. On the other hand for
Me-$-CD10,20 and 50, T, of the mobile component is high,
about 70 ps, even at room temperature, which is close to 7,
of PLLA above Tg. The mobility of the amorphous compo-
nent is increased by adding Me-p-CD.

In Fig. 9b is shown the temperature dependence of the
fraction for the mobile component for PLLA, Me-$-CD10,
20 and 50. The mobile fraction for PLLA is less than 5%
at 30 °C and above Tg it increases with temperature. For

Me-B-CD10, 20 and 50, the fraction is between 10 and 20%
at 30 °C and increases with temperature. The mobile fraction
for Me-p-CD10, 20 and 50 is much larger than PLLA. These
results also arises from the plasticization of methylated CD.

Conclusions

The addition effects of cyclodextrin and methylated cyclo-
dextrin on the mechanical properties of PLLA were inves-
tigated. ICs of a, B and y-CD and PLLA were prepared.
The structure of IC were confirmed by solid state NMR.
13C NMR chemical shifts and the number of peaks for «,
and y-CD/PLLA IC were different from those of the mix-
tures. By formation of IC, the conformation of cyclodex-
trin changed. For y-CD, the change of NMR spectrum was
drastic and there was a possibility of y-CD including two
PLLA chains. The formation of IC also affected the molecu-
lar mobility of PLLA. The molecular mobility of PLLA was
suppressed and the rigid component remains even above the
melting temperature.

a, B and y-CD/PLLA IC cannot be formed into films.
Therefore, 10% of a, f and y-CD/PLLA IC were mixed with
PLLA and formed into films. The tensile test of the obtained
films revealed the breaking strain is improved up to 350%.

Me-CD was mixed with PLLA and films were prepared.
The breaking strain reached up to 250% and the addition
effect was largest for Me-y-CD10. The size of the cavity may
affect the interchain interaction. From DSC measurements,
only one melting peak was observed and the peak moved
to lower temperature as the amount of Me-CD increased.
These result indicate Me-CD distributes homogeneously in
PLLA. Solid state NMR of Me-a, 3 and y-CD50 gave broad
peaks and the molecular mobility of the mobile component
increased. Therefore, Me-a, f and y-CD do not form IC, but
act as the plasticizer for PLLA.
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