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ABSTRACT: The poly(e-caprolactone) (PCL)/a-cyclodex-
trin (0-CD) inclusion complex (PCLIC) was successfully
prepared, and its effect on the thermal behavior and me-
chanical properties of PCL was thoroughly studied. It is
shown that the addition of PCLIC greatly increased the
crystallization rate and thermal stability of the PCL. The
Young’s modulus and yield strength of PCL/PCLIC com-
posite are about 2 and 1.3 times of the pure PCL, and the

elongation at break of the PCL/PCLIC composites kept
above 350%, when the PCLIC composition is 15 wt %. It is
shown that PCLIC is a good enforcing biofiller for the
PCL. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 112: 2351
2357, 2009

Key words: crystallization; mechanical property; cyclo-
dextrin; composite

INTRODUCTION

Preparation of conventional composites using inor-
ganic or natural fillers is a possible way to improve
some of the properties of biodegradable polymers,
such as, thermal stability, gas barrier properties,
mechanical strength, melt viscosity, and biodegrad-
ability. The biodegradable composites are promising
eco-friendly materials for a variety of applications.
Recently, the natural filler-reinforced polymeric com-
posites have attracted much research interest. Several
kinds of natural fillers have been developed as rein-
forcing fillers for both thermoplastic and thermoset-
ting matrix composites.' Saccharin was used as a
nucleating agent for crystallization of poly(hydroxy-
butyrate) (PHB) and their copolymers. When it added
to the melt of these polymers, their epitaxial growths
were induced on its surface.*” Starch has been shown
to serve as the nucleating agent for poly(L-lactic acid)
(PLLA) and poly(butylene succinate) (PBS), resulting
in crystallized materials with high tensile strength.”™®
Plant-derived kenaf fibers can significantly improve
the crystallization rate and tensile and storage moduli
of poly(e-caprolactone) (PCL) and PLLA.>*
a-Cyclodextrin (a-CD) is an attractive material as
additive for biodegradable polymer because of its
excellent biocompatibility, biodegradability, solubil-
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ity, and environmentally safety.'""'* Furthermore, it
has good nucleating ability on the crystallization of
aliphatic polyesters when compared with that of the
conventional nucleating agents, such as talc."> " Since
Harada et al.>'** have found that CDs form inclusion
complexes (ICs) with linear polymers, the CDICs with
polymers have attracted much attention because of
their unique supramolecular architectures. The CDICs
have been designed into polyrotaxane, hydrogel, and
model materials for macromolecular recognition in
biological systems.

The CDICs are also considered to be potential nano-
fillers for high-strength biobased materials because of
their tremendous mechanical properties, nanometer-
scale diameter, and high aspect ratio. Most of these,
however, consist almost completely of CDICs, and
there have been few studies on materials prepared
using a combination of CDICs and other components.
For the utilization of CDICs as the eco-friendly fillers,
extensive studies have been carried out by researchers
to improve miscibility,”> biodegradability,* crystal-
lizability,>® and mechanical properties™** of the
biodegradable polymers. However, the research on
the application of CDICs is not enough and much
challenge remains, especially, in applications of
CDICs as the nucleating and reinforcement agents for
the biodegradable polymers. In this study, PCL, one
of the typical biodegradable aliphatic polyesters was
chosen to study the effects of CDICs on the crystalli-
zation and mechanical properties of PCL via simple
blending. The crystallization behavior and mechanical
properties of PCL blended with o-CD and PCLICs were
investigated by the differential scanning calorimetry
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TABLE I
Concentration and Mixing Ratio of PCL and
o-CD Solution Used for the Preparation of PCLICs and
Host—-Guest Stoichiometry of PCLICs

Stoichiometry
of PCLIC

Original solution [PCL monomeric

PCL/ a-CD/ unit]/[o-CD]
Sample acetone water Yield molar ratio
PCLIC2 2g/200mL 1g/10mL 07g 24:1
PCLIC4 2g/200mL 2g/20mL 24¢g 41:1
PCLIC7 2g/200mL 4g/40mL 37¢g 71:1
(DSC), dynamic mechanical thermal analysis

(DMTA), and tensile test. The PCL/PCLIC composite
materials are biodegradable as well as biocompatible.
The Young’s modulus, tensile strength, hydrophilic-
ity, gas barrier properties, and thermal stability of the
composites will be significantly improved. Based on
their unique properties, the composite can be applied
in packaging, bionanomaterials, and so on.

EXPERIMENTAL SECTION
Materials

a-CD was supplied by Nihon Shokuhin Kako,
Tokyo, Japan. PCL (M,, = 1.9 x 10°, My/M,, = 1.7)
was purchased from Daicel Chemical, Tokyo, Japan,
and it was purified by the precipitation of chloro-
form solution into ethanol.

Preparation of PCLIC

PCLIC samples were prepared by solution mixing of
PCL and o-CD as shown in Table I. The samples
coded as PCLIC2, PCLIC4, and PCLIC7, where the
numerals denote the approximate molar ratio of
monomeric repeat unit of PCL to a-CD molecule for
PCLICs estimated by using "H NMR spectra. To pre-
pare PCLICs, the a-CD aqueous solution was added
slowly into the PCL acetone solution under vigorous
stirring at 60°C for 3 h. Subsequently, the mixed
solution was cooled to 25°C and continuously stirred
for another 24 h. As-produced white powder was
collected by filtration and then washed with acetone
and water to remove the free PCL and uncomplexed
a-CD, respectively. Then, the final product was
dried under vacuum at 60°C for 1 week.

Preparation of PCL/PCLIC and
PCL/a-CD composites

The PCLICs were used as the additives to enhance
the crystallization of PCL. As the particle size of the
nucleating agents affects their nucleating abilities,
the particle size was reduced by shattering the par-

Journal of Applied Polymer Science DOI 10.1002/app

DONG ET AL.

ticles by ultrasonic disruptor (UR-200P; Tomy Seiko,
Tokyo, Japan) in the suspension of acetone for 5 min
at 25°C. The mixtures of PCL and PCLIC were pre-
pared by admixing additives into a concentrated
acetone solution of polymer (0.1 g/mL). The ratios
of the components in the composites are listed in
Table II. The solvent was then allowed to evaporate
during rigorous stirring. The samples were dried at
25°C under vacuum for 3 weeks before the analysis.

The samples were molded into the rectangular film
with a dimension of 100 x 40 x 0.3 mm® by pressing
with a constant pressure of 10 MPa at 120°C for 3 min,
and then they were aged at room temperature for
2 weeks. In the sample name, for an example, the
PCL/PCLIC7-05, "05" denote the 5 wt % of o-CD in
the PCL/PCLIC7 composite. We also carried out the
similar procedures to prepare the PCL/a-CD-05 com-
posite film.

Measurements
WAXD

The wide-angle X-ray diffraction (WAXD) pattern of
the sample was recorded on a Rigaku RU-200
(Rigaku, Tokyo, Japan) using Nickel-filtered Cu Ko
radiation (40 kV, 200 mA) with 20 ranging from 5°
to 35° at a scanning rate of 3°/min.

'"H NMR

Solution "H NMR spectra were recorded on a JEOL
GSX270 NMR spectrometer JEOL, Tokyo, Japan) in
DMSO-dg at 80°C. The chemical shifts of the com-
plexes were referenced to the DMSO-ds residual
proton resonance as & = 2.5 ppm from that of
tetramethylsilane.

DSC

The differential scanning calorimeter Pyris Diamond
DSC (Perkin-Elmer Japan, Yokohama, Japan) was
used to detect the thermal transitions and also to

TABLE 1I
Preparation of PCL Composite Samples

Weight of
composition in
composite (mg)

Weight percentage
of composition in
composite (wt %)

Sample a-CD PCLIC PCL PCLIC
PCL - - 2,000 0
PCL/a-CD-05 5 - 1,900 100
PCL/PCLIC2-05 5 6.4 1,872 128
PCL/PCLIC4-05 5 12,5 1,750 250
PCL/PCLIC7-02 2 5.7 1,887 113
PCL/PCLIC7-05 5 14.2 1,717 283
PCL/PCLIC7-10 10 28.3 1,433 567
PCL/PCLIC7-15 15 425 1,150 850
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Figure 1 WAXD patterns of a-CD, PCL, and their ICs.

monitor the rate of heat flow during nonisothermal
crystallization of the sample from the molten state.
In this measurement, the sample (about 8 mg) was
presealed into an aluminum pan and heated from
0 to 100°C, holding for 5 min, and then cooled to
0°C at a rate of 10°C/min. Subsequently, the sample
was heated to 100°C.

DMTA

DMTA was made on a DMS210 (Seiko Instrument,
Tokyo Japan) under the tensile mode. Each test sam-
ple was 20-mm long, 10-mm wide, and ca. 0.3-mm
thick. The measurement was carried out at 1 Hz at a
thermal scanning rate of 2°C/min, and the tempera-
ture ranged from —100 to 100°C.

Tensile test

Measurement of mechanical properties of the speci-
men was performed at room temperature with an
EZ Tester (Shimadzu, Tokyo, Japan) at a crosshead
speed of 3 mm/min. All samples were cut from the
sheets and shaped into dogbone-type bars (ca. 0.3-mm
thickness, 4.76-mm width, and 22.25-mm length).
Each value of mechanical properties reported was an
average of five specimens.

RESULT AND DISCUSSION
Characterization of PCLIC

The formation of PCLIC is characterized by "H NMR
and WAXD. The host-guest stoichiometry of PCLIC
is estimated by 'H NMR, and the results are shown in
Table I. The ratio of the intensity of the CH, (PCL) res-
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onance at 3.98 ppm to that of the CH (a-CD) one at
4.80 ppm is the corresponding molar ratio of the PCL
monomeric repeat unit to a-CD molecule, and it is cal-
culated tobe2.4:1,4.1:1,and 7.1 : 1 for the PCLIC2,
PCLIC4, and PCLIC?7, respectively. These results indi-
cate that the polymer chains are partially covered by
the cavities of a-CD molecules in the PCLICs. The
yield increases with the increasing amount of a-CD/
water solution, whereas the o-CD content in the
PCLIC decreases with the increasing amount of
a-CD/water solution. This result may be attributable
to the decrease of PCLIC’s solubility in the acetone/
water solution with an increase in the water content.

Figure 1 shows the WAXD patterns of PCLICs,
which are quite different from those of pure PCL and
a-CD, strongly supporting the IC formation between
PCL and a-CD. The crystalline PCL shows three
prominent diffraction peaks at 21.4°, 22.0°, and 23.7°.
However, two prominent peaks can be observed for
each PCLIC at about 20.0° and 22.5°, which are well
known to be the characteristics of a-CD-based IC crys-
tals adopting the channel structure.*' >**# It is obvi-
ously shown that the characteristic peaks of
crystalline PCL were also observed in the WAXD pat-
terns of PCLICs, and the relative intensity of the peak
corresponding to the crystalline phase of PCL
increases with decreasing the a-CD content. It is indi-
cated that there is still a PCL crystalline region out-
side the a-CD cavity even after IC formation.

Thermal and dynamic mechanical properties

The DSC analysis is performed to study the influen-
ces of 0-CD and PCLICs on the crystallization of
PCL. Figure 2 shows the DSC traces of pure PCL
and PCL blended with 9-CD and PCLICs recorded
during the first heating scan, and their results are
summarized in Table IIl. Here, the o-CD content is

PCL _ \
L\i

PCL/PCLIC2-05

PCL/PCLIC4-05
PCL/PCLIC7-05
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Figure 2 DSC first heating-scan thermograms of PCL/
a-CD and PCL/PCLIC composites.
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TABLE III
Results of DSC First Heating and Cooling Scans for
PCL, PCL/a-CD, and PCL/PCLIC Composites

First heating scan Cooling scan

AH,, for AH, for

PCL (J/g) PCL (J/g)

Sample T, (°C) (30-70°C)* T.(°C) (10-50°C)*
PCL 57.9 75.2 22.3 —54.0
PCL/a-CD-05 57.4 73.4 30.4 -52.9
PCL/PCLIC2-05 58.4 77.8 33.3 —57.3
PCL/PCLIC4-05 59.3 75.8 34.7 —53.2
PCL/PCLIC7-02 58.7 75.6 33.9 —51.9
PCL/PCLIC7-05 58.6 71.3 35.3 —52.8
PCL/PCLIC7-10 58.8 66.7 36.3 —49.3
PCL/PCLIC7-15 58.7 67.2 36.4 —41.4

® The temperature range used for determining the AH,,
and AH..

the same for all the composites, that is, 5 wt %. The
T,,value of PCL in the PCL/a-CD-05 composite are
almost the same as that of pure PCL. After an addi-
tion of PCLIC, the T,, of PCL increases from 57.9°C
to over 58.4°C. These results may be due to the
improved perfectness of the PCL crystals with the
addition of PCLICs. The fusion enthalpy, AH,, of
PCL is not very sensitive to the addition of the same
amount of a-CD. Figure 3 shows the DSC traces of
the PCL/PCLIC?7 blends with various PCLIC7 con-
tents recorded during the first heating scan. The T,
values of the PCL component in the blends are
higher than that of pure PCL; however, the AH,, of
PCL in the blends is slightly decreased with the
increase of the PCLIC7 content.

Figure 4 shows the nonisothermal crystallization
behavior of PCL and PCL blended with a-CD and
PCLICs observed at cooling rate 10°C/min. The DSC
thermograms of these samples reveal the nucleating
ability of PCLICs, as indicated by the shifts of peak

N
N

PCL/PCLIC7-02

PCL/PCLIC7-05

PCL/PCLIC7-10

PCL/PCLIC7-15 )_J\—

T T T T T T 1

10 20 30 40 50 60 70 80
Temperature (°C)

— Endo

Figure 3 DSC first heating-scan thermograms of PCL and
PCL/PCLIC7 composites.
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temperature of crystallization T, that is, the compo-
sites showed higher T, and a narrower crystallization
peak than the pure PCL. The values of T, and corre-
sponding crystallization enthalpies (AH.s) of PCL
measured during the cooling scans are summarized
in Table III. The T, value of pure PCL is 22.3°C, and
the crystallization proceeds in a broad temperature
range. After the addition of a-CD, the T, value of PCL
increased from 22.3 to 30.4°C. However, all PCLICs
induce the increase in the T, value of PCL above this
temperature. Among the PCLICs, the most effective
nucleating agent is PCLIC7, which increases the T of
PCL from 22.3 to 35.3°C. These results agree well with
those in our previous studies'>?° that the o-CD in the
complex state is more effective for promoting the
crystallization of polymer than the free-state o-CD.

Figure 5 shows the nonisothermal crystallization
behavior of PCL and PCL/PCLIC7 composites. The
T. of PCL component in the composites increased
with the increase of PCLIC7 content. The most sig-
nificant nucleating effect is observed for the PCL/
PCLIC7-15 composite, in which PCL crystallized in
the most narrow temperature range and showed the
highest T, value, 36.4°C. It is 14.1°C higher than that
of pure PCL. These results indicate that PCLIC7
greatly enhances the crystallization of PCL.

Figure 6 depicts the dynamic mechanical spectra
of pure PCL, PCL/0-CD-05, PCL/PCLIC7-05, and
PCL/PCLIC7-15. As seen in Figure 6(a), for each
system, with increasing temperature, the storage
modulus (E) varied very little in the first section of
the curve (the first plateau zone). Then, a sharp
decrease is observed, which is attributable to the
change in the segmental mobility related to the glass
transition. After a second plateau zone, the value of
E’ decreased drastically again because of the melting
of the crystalline phase.

PCL

PCL/«-CD-05

PCL/PCLIC2-05

PCL/PCLIC4-05

PCL/PCLIC7-05

—— Endo

-
)
—

0 10 20 30 40 50 60 70 80
Temperature (°C)

Figure 4 DSC cooling-scan thermograms of PCL/a-CD
and PCL/PCLIC composites.
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Figure 5 DSC cooling-scan thermograms of PCL and
PCL/PCLIC7 composites.

Comparing the storage modulus of pure PCL with
those of the PCL composite samples, it is clear that
in the first and the second plateau zone, the storage
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Figure 6 Temperature dependence of (a) storage modu-
lus (E’) and (b) loss tangent (tan 3) of PCL samples.

2355

modulus of the composite is higher than that of
pure PCL. The values of the storage modulus, E’, for
pure PCL and PCL composites at —30, 0, 30, and
50°C , as the representative values, are shown in Fig-
ure 7. It is obvious that the E’ value of PCL
increased with the increase of the a-CD content, and
the E' of PCL increased with the PCLIC content at a
certain o-CD contents.

Figure 6(b) displays the loss tangent (tan &) of
pure PCL and its composites. In the lower tempera-
ture region, a more intense peak due to the o-transi-
tion appears at about —60°C for PCL. This peak is
associated with the main glass transition in the
amorphous domains of PCL. Another strong dissipa-
tion corresponding to the melting of the PCL crystal-
line phase occurs, where the steep drop in the elastic
modulus is distinct. For the PCL composite samples,
the o-transition peak becomes broader than that of
PCL and it slightly shifts to the higher temperature
region, indicating that the glass transition tempera-
ture of PCL in its composite samples increases. The
intensity of a-transition peak is slightly reduced for
the PCL/u-CD-05 composite, whereas it decreases
significantly for the PCL/PCLIC7-05 composite. The
intensity of the o-transition peak of the PCL/
PCLIC7-15 composite is greatly reduced and became
very broad.

These results clearly show that the incorporation
of PCLIC into the PCL matrix results in a remark-
able increase in stiffness and a decrease in tan 6. For
all PCL/PCLIC composites, the enhancement of E’
can be seen over the investigated temperature range
when compared with pure PCL, indicating that the
addition of PCLIC induces a reinforcement effect. In
fact, the composites of PCL with PCLICs are the
composites of PCL with o-CD. However, in the
PCL/PCLIC composites, the a-CDs are threaded on
the PCL chains and they aggregated to form the
channel columns. The aggregations of a-CD act as
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Figure 7 Dynamic mechanical properties of PCL, PCL/
a-CD, and PCL/PCLIC composites.
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hard domains, resulting in the increase of storage
modulus and glass transition temperature of the
PCL.

Mechanical properties

Mechanical properties of PCL and its composites,
such as elongation at break (g,), Young’s modulus
(E), and yield strength (c,), of all the samples are
evaluated from the stress—strain curves. The repre-
sentative stress—strain curves are shown in Figure 8,
and the results are summarized in Table IV.

As shown in Figure 8, PCL is able to undergo
large deformation with significantly large elongation
at break, but it showed relatively low E and o, val-
ues. The E and o, values of PCL/PCLIC7-15 are
improved to about 2 and 1.3 times of those of pure
PCL, respectively. Furthermore, its elongation at
break is still above 350%. So, the addition of PCLIC7
greatly increased the Young's modulus and yield
strength of PCL, whereas the addition of PCLIC7
did not much hamper its elongation.

The E and o, values of PCL are slightly increased
by an addition of pure o-CD. It is clear that the
value of g, of PCL/a-CD-05 is much lower than that
of PCL/PCLIC7-05, and the yield deformation of
PCL/a-CD-05 is also much smaller than that of pure
PCL and PCL/PCLIC7-15. The values of E and &, of
composites increased with the increase of PCLIC
contents, when the weight percentage of a-CD com-
ponent is 5 wt %. The g, values of the composites
decreased with the increase of PCLIC contents. Also,
it is seen that with the addition of PCLIC7, the PCL
kept the larger deformation, and the values of E’
and o, of PCL greatly increased with the increase of
PCLIC? content, although the crystallinity of PCL is
slightly decreased. The structural analysis indicates
that the PCLIC is a rodlike rigid molecule, forming
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Figure 8 Strain-stress curves of PCL, PCL/a-CD, and
PCL/PCLIC composites.
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TABLE IV

Results of Tensile Tests for PCL and PCL Composites

Young’s Yield Elongation

Sample modulus /MPa stress /MPa at break /%
PCL 246 £ 5 1449 £ 020 955+ 79
PCL/4-CD-05 306 + 4 14.64 + 0.05 544 + 90
PCL/PCLIC2-05 281 £ 12 16.05 £ 0.05 802 + 50
PCL/PCLIC4-05 312 £17 16.76 + 0.18 709 £ 21
PCL/PCLIC7-02 300 £9 16.30 + 0.12 638 + 88
PCL/PCLIC7-05 323 £11 17.23 £ 0.05 565 + 84
PCL/PCLIC7-10 451 £ 14 18.47 £ 0.16 380 £ 70
PCL/PCLIC7-15 486 + 18 19.80 + 0.13 390 + 35

linear channel of several hundred to thousand nano-
meters length. The long polymer chains are found to
be partially included inside the o-CD cavities, and
the uncovered parts of PCL are still crystallizable.
The uncorvered parts of PCL may crystallize with
PCL matrix together in the molding process. It is
possible that the PCLIC and polymer matrix are in
good adhesion, which leads to better stress transfer
between the matrix and the reinforcing fillers.

CONCLUSION

Compared with PCL and pure o-CD, the biodegrad-
able composites of PCL and o-CD in the state of
complex give excellent thermal and mechanical
properties. The physical properties of the PCL/
PCLIC composites are different from those of PCL/
a-CD composite. In the PCL/PCLIC composite, o-
CDs are threaded on the PCL chains and they aggre-
gated to form the channel columns. The threaded a-
CDs act as the hard domains for the PCL/PCLIC
composites, resulting in the increase of storage mod-
ulus and glass transition temperature of bulk PCL. It
is thought that the PCLIC is a good enforcing filler
for the PCL.
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