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ABSTRACT: The nucleation effects of a-cyclodextrin (a-CD) and its inclusion complexes (ICs) with poly-
(e-caprolactone) (PCL), poly(ethylene glycol) (PEG), and poly(butylene succinate) (PBS) on the crystal-
lization of PCL, PEG, and PBS were investigated by differential scanning calorimetry (DSC) and polarized
optical microscopy. The formations of ICs of a-CD with PCL, PEG, and PBS were characterized by DSC,
Fourier transform infrared spectroscopy, wide-angle X-ray diffraction (WAXD), and solution 'H NMR.
The WAXD studies showed that all of the a-CD-ICs adopt a channel structure. Both DSC and 'H NMR
results suggested that the polymer chains were partially complexed by a-CDs. Thus, the polymer chains
in the bulk phase can contact not only the exterior of the a-CD macrocycle but also the end parts of
polymer chains protruding from the a-CD cavity and/or the free chain segments uncovered by o-CD,
when the o-CD-IC as a nucleating agent is added into the polymers. Therefore, the difference in the
interfacial interaction between bulk polymers and the nucleating agents should be responsible for the
difference in the nucleation effects. a-CD-PCL-IC particles have little nuclear formation effect on the
crystallization of bulk PBS; however, they can greatly accelerate the nucleation and crystallization of
the bulk PCL. The same results are also observed during the crystallization of PBS and PEG; that is,
PBS-IC and PEG-IC particles can greatly accelerate the nucleation and crystallization of PBS and PEG,
respectively. It seemed that IC of a given polymer could greatly enhance the nucleation and crystallization
of the polymer itself. This result may be attributable to the limited mobility of the uncovered part of the
polymer segments constrained by its interior part resided in the a-CD cavity, leading to the nucleation
of polymer crystallization. The effect of fine talc powder was also examined. The experimental results
suggested that the nucleation ability of a-CD on the crystallization of the polymer is comparable to that

of the talc.

Introduction

The rapid development of polymer science and engi-
neering and the wide applications of polymeric materials
are obviously one of the characters of the last century.
Especially, during the past several 10 years, the poly-
meric materials have contributed to the society very
much. However, the wide applications of plastics also
result in an irreversible buildup of polymer waste in the
environment. Fortunately, biodegradable polymeric ma-
terials offer an attractive solution to alleviate the
environmental concerns about the consequences of
polymer waste accumulation. The biodegradable poly-
mers could be easily biodegraded into simpler com-
pounds, and after utilization by microorganisms, they
are redistributed by elemental cycle such as the carbon
and nitrogen cycles.! Hence, minimum environmental
pollution is expected when such materials are disposed
of after their use.

Among biodegradable polymers, the aliphatic polyes-
ters are the most important category, which own similar
mechanical and thermal properties to those traditional
engineering plastics.2 However, their application still
suffers from some disadvantages, which varies with the
polyester referred. Recently, much attention has been
paid toward the improvement of properties of biode-
gradable polymers. Since Harada et al. found that a lot
of a-cyclodextrins (a-CD) are threaded on a poly-
(ethylene glycol) (PEG) chain to form a crystalline
inclusion complex (IC),? the formation and properties
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of ICs of CDs with various polymers have been studied
to improve miscibility,* biodegradation,® and crystal-
lization® of polymers. A representative of natural bio-
degradable polyesters is bacterial poly(3-hydroxybu-
tyrate) (PHB) accumulated as intracellular energy
reserves by a variety of microorganisms.l:? Bacterial
PHB is produced by a fermentation process to produce
extremely pure material after solvent extraction from
bacterial cells, resulting in an unusually low nucleation
density. Thus, the melt of highly pure PHB may undergo
homogeneous nucleation, and the crystallization rate of
PHB is so slow that the processability window of PHB
is very narrow.%? Furthermore, the low nucleation
density results in the big size of PHB spherulites, which,
in combination with the secondary crystallization, makes
crystalline PHB materials brittle.®° As is well-known,
an addition of an appropriate nucleation agent can help
to increase the nucleation density and promote the
crystallization of polymers, and thus it is expected to
inhibit the embrittlement and improve the processing
efficiency of polymeric materials. Some inorganic com-
pounds such as talc have been intensely used as
nucleating agents for polymers.1? Although talc is a very
effective nucleation agent for most polymers, it is closely
related to the potent carcinogen asbestos, which can
induce tumors in the ovaries and lungs of cancer
victims. 11

From the viewpoint of environmental protection,
green nucleating agents are desirable, especially for the
biodegradable polymers. CDs are natural products,
produced from a renewable natural material, starch,
and are environmentally friendly.!2 In our previous
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works, it has been found that o-CD, as an effective
nucleating agent, promotes the crystallization of PHB
greatly.? It is reasonable to expect that a-CD can be
used as a good nucleating agent for other biodegradable
polymers. Further, we also wonder whether a-CD in ICs
with polymers will benefit the nucleation of polymers
or not. Furthermore, it is also speculated that o-CD can
be used as a good nucleating agent for poly(butylene
succinate) (PBS). PBS is a typical two-component ali-
phatic polyester composed of butane-1,4-diol and suc-
cinic acid and is considered to be one of the most
accessible chemosynthesized aliphatic biodegradable
polyesters.13 However, the low nucleation density and
the slow crystallization rate of PBS cause its relatively
poor processability.13

In the present work, we will choose three kinds of
semicrystalline polymers, poly(e-caprolactone) (PCL),
PEG, and PBS, as guest molecules in the o-CD-ICs, and
these o-CD-ICs will be used as nucleating agents for
the crystallization of the semicrystalline polymers. Also
their nucleation effectiveness will be compared to the
conventional nucleation agent, talc. The nucleation and
crystallization behavior of PCL, PEG, and PBS with the
nucleating agents will be investigated by a differential
scanning calorimetry (DSC) and a polarized optical
microscopy (POM). The possible nucleation mechanism
of a-CD-enhanced crystallization behavior of semicrys-
talline polymers will be discussed.

Experimental Section

Materials. PEG with a number-average molecular weight
M, of 2.0 x 10* was purchased from Nacalai Tesque Inc.,
Japan. PBS (M,, = 2.2 x 10%, M/M,, = 1.8) and PCL (M,, = 1.2
x 10%, M/M, = 1.8) were purchased form Showa Highpolymer
Co., Ltd and Daicel Chemical Co., Japan, respectively. Before
use, PEG and PBS (or PCL) were purified by precipitation,
respectively, into n-heptane and ethanol from chloroform
solutions. a-CD was supplied by Nihon Shokuhin Kako Co.,
Ltd., Japan. The talc powder was purchased form Kanto
Kagaku Co., Ltd., Japan. The solvents, such as dimethyl
sulfoxide (DMSO), acetone, and chloroform were purchased
from Nacalai Tesque, Inc, Kyoto, Japan. The a-CD, talc and
the solvents were used as received.

Sample Preparation. 1. a-CD-PCL-IC (PCL-IC).}4'> PCL
(0.4 g) and a-CD (4.0 g) were dissolved in acetone (150 mL)
and distilled water (50 mL), respectively. The PCL solution
was added slowly into the o-CD aqueous solution under
vigorous stirring at 60 °C for 3 h. Subsequently, the solution
was cooled to 25 °C and continuously stirred for further 24 h.
The as-produced white powder was collected by filtration and
then washed with acetone and water to remove free PCL and
uncomplexed a-CD, respectively. Then, the final product was
dried under vacuum at 60 °C for 1 week.

2. a-CD-PEG-IC (PEG-IC).? PEG (0.2 g) was mixed with
a saturated aqueous solution (10 mL) of a-CD (1.0 g) at 25 °C,
and the resulting solution was ultrasonically agitated (BRAN-
SON—-B3200 water bath, 47 kHz, 120W) at 25 °C for 15 min,
followed by standing overnight at 25 °C. The precipitated
product was washed with water and was dried under vacuum
at 60 °C for 1 week.

3. a-CD-PBS-IC (PBS-IC).'¢ a-CD (4.0 g) and PBS (0.25
g) were dissolved in DMSO (40 mL), and then the solution was
stirred at 60 °C for 1 day. After adding an excess amount of
chloroform (100 mL) into the mixture, the solution im-
mediately became turbid. The precipitated products were
filtrated and then washed by chloroform to remove free PBS.
The remaining powder was dried under vacuum at 60 °C for
1 day, then washed with water to remove free a-CD, and again
dried under vacuum at 60 °C for further 1 week.

4. Preparation of Polymer Samples Including Nucle-
ating Agents. Considering the effect of the particle size of
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Table 1. Particle Size of Nucleation Agents

monomeric

particle ultrasonic unit of polymer/

nucleation size treatment o-CD molar ratio
agent (um) (min) (uncovered part of polymer)
o-CD <5 10
PCL-IC <5 10 1.9:1 (47%)
PEG-IC <5 10 5.7:1 (65%)
PBS-IC <5 10 2.0:1 (70%)

the nucleating agents on their abilities to nucleate crystal-
lization of polymers (PCL, PEG, and PBS), the diminished size
of the nucleating agents were prepared through shattering by
ultrasonic treatment (BRANSON—-B3200 water bath, 47 kHz,
120W) in the suspension with chloroform (for 10 min at 25
°C). The mixtures of polymer and nucleating agents were
prepared by admixing 2 wt % of nucleating agents into a
concentrated chloroform solution of polymer (0.1 g/mL); the
solvent was then allowed to evaporate during rigorous stirring.
The resultant films were dried at 25 °C under vacuum for 1
week before analysis. In Table 1 are shown the particle sizes
of all nucleating agents measured by POM under molten state
of polymer.

Measurements. 1. Characterization of Inclusion Com-
plexes. The Fourier transform infrared (FT-IR) spectrum was
observed at 30 °C on a Perkin-Elmer Spectra 2000 single-beam
IR spectrometer with a resolution of 4 cm™!. The polymer
samples for FT-IR measurement was prepared by casting 1.5
wt % chloroform solution on the surface of a silicon wafer. The
solvent was completely evaporated under vacuum. The samples
of a-CD and o-CD-ICs were pressed into KBr pellets, and the
spectra were recorded with an accumulation of 16 scans at 30
°C.

The differential scanning calorimetry (DSC) thermograms
of the sample (about 8 mg) pre-sealed into an aluminum pan
was recorded on a Perkin-Elmer Pyris Diamond DSC. An
indium standard was used for the calibration and nitrogen was
used as the purge gas. The sample was heated to above melting
temperature of polymers (90 °C for PCL and PEG, 140 °C for
PBS), annealed for 5min, and then cooled to 0 °C at 10 °C
min~! (cooling scan), kept for 0 °C for 3min, finally then
reheated to above melting temperature at 10 °C min~! (heating
scan).

The wide-angle X-ray diffraction (WAXD) pattern of the
sample was recorded on a Rigaku RU-200 using Nickel-filtered
Cu Ka radiation (40KV, 200mA) with the 260 ranging from 5°
to 35° at a scanning rate of one degree:min~!.

Solution 'H NMR spectra were recorded on a JEOL GSX270
NMR spectrometer in DMSO-dgs at 80 °C. Chemical shifts of
the complexes were referenced to the DMSO residual proton
resonance as 0 = 2.5 ppm for DMSO-ds. Before measurements,
the 'H NMR sample was heated for 2 h at 100 °C, to make
the IC in a fully dissociated state in the DMSO-ds.

2. Crystallization and Melting Behavior. DSC was
employed to detect the thermal transitions and to monitor the
rate of heat flow during nonisothermal/isothermal crystalliza-
tion of the sample from the molten state. The weight of sample
used in the DSC measurements was kept in the range of 6—8
mg. In the nonisothermal temperature program, the sample
was melted at molten state (90 °C for PCL and PEG, 140 °C
for PBS) for 5 min, cooled to 0 °C at a rate of 10 °C-min~! and
kept at 0 °C for 3min, and then heated at a rate of 10 °C min~!
to molten state. The crystallization temperature (7.) and
corresponding crystallization enthalpy (AH.) values were taken
as the peak and the area of the crystallization exotherm in
the cooling run, respectively. The melting temperature (7,)
and melting enthalpy (AH,,) values were taken as the position
of the peak and the area of the melting endotherm in the
heating run, respectively. In the isothermal temperature
program, after melted at molten state for 5 min, the sample
was quenched to the desired crystallization temperature and
the isothermal crystallization curves were recorded. The
crystallization kinetics of PCL and PBS were analyzed based
on these curves.
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Figure 1. FT-IR spectra of a-CD, PCL, PEG, PBS, and their
ICs.

Polarized optical microscopic observation was performed on
an Olympus BX90 polarizing optical microscopy (POM) equipped
with a digital camera. The polymer sample was placed between
a microscope glass slide and a cover slip and heated on a
Mettler FP82HT hot stage. The samples (about 0.2 mg) were
first heated to the molten state and kept for 5 min and then
quenched to the desired crystallization temperature of poly-
mers.

Results

Formation of a-CD-ICs. a-CD-ICs were character-
ized by FT-IR, DSC, WAXD, and 'H NMR. FT-IR
observations can demonstrate the presence of both
components, i.e., 0-CD and polymer in each IC sample.
As shown in Figure 1, the carbonyl stretching bands of
PBS and PCL respectively appear at about 1717 and
1725 cm™! in the their pure state. Upon complexation
with a-CD, the peak tops of the carbonyl bands of PBS
and PCL appear respectively at about 1734 and 1736
cm~!, which shifted from the lower wavenumber crys-
talline region toward the higher wavenumber amor-
phous region,6-17 suggesting that the crystallization of
the polymer was suppressed in the a-CD-IC. The peak
at 2888 cm ! is assigned to the CH stretching for the
PEG, and this peak also appeared in the FT-IR spec-
trum of PEG-IC, suggesting the presence of PEG in the
PEG-IC.

Figure 2 shows the DSC thermograms of a-CD, PCL,
PEG, PBS, and their ICs, and the results of DSC
measurements are summarized in Table 2. o-CD does
not show any detectable thermal transitions in the
cooling and heating scans. As shown in Figure 2a, the
melting peaks of pure PCL, PEG, and PBS were
observed at 54.9, 64.9, and 113.6 °C, respectively, in the
heating scan. The detectable endothermic peak could
not be observed in the heating scan of PEG-IC, indicat-
ing that the crystallization of PEG was suppressed in
the a-CD cavities. However, in the case of PCL-IC or
PBS-IC, a very small melting peak was apparent at a
slightly lower temperature than that of the pure poly-
mers. This indicates that there is still a PCL or PBS
crystalline phase outside the o-CD cavity even after IC
formation and the stability of the crystal may be lower
than that of the polymer crystal.

The crystallization behavior of the respective IC was
measured by DSC. As shown in Figure 2b, the crystal-
lization peaks of pure PCL, PEG, and PBS were detected
at 28.2, 38.9, and 75.5 °C, respectively. Upon IC forma-
tion, the crystallization peak of PEG disappeared in the
cooling scan DSC curves, also indicating that the
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Figure 2. DSC heating (a) and cooling (b) scans of o-CD, PCL,
PEG, PBS, and their ICs. The inserted curves are the corre-
sponding enlarged DSC curves (x20).

Table 2. Crystallization and Melting Behavior of

a-CD-ICs
sample TJ/°C AH/J/g Tw/°C AH/J/g
a-CD
PCL 28.2 —75.0 54.9 76.3
PCL-IC N.D. N.D. 50.6 0.1
PEG 38.9 —-159.4 64.9 164.8
PEG-IC N.D. N.D. N.D. N.D.
PBS 75.5 —74.4 106.8, 113.6 74.5
PBS-IC 86.4 -0.6 1114 1.7

crystallization of the guest PEG was suppressed in the
PEG-IC. In the PCL-IC, the presence of PCL crystal-
lization could not be detect by the DSC cooling scan.
However, a small crystallization peak of PBS was
apparent at a higher temperature than the crystalliza-
tion temperature of pure PBS, indicating the presence
of the PBS chains, which can crystallize outside the CD
cavity. This result may be attributed to the fact that
the mobility of the uncovered part of the polymer
segments should be limited by its interior part residing
in the o-CD cavity, leading to the promotion of polymer
crystallization.

As shown in Figure 3, the WAXD patterns of a-CD-
ICs, which are quite different from those of pure
polymer and a-CD components, strongly support the IC
formation between a-CD and polymers. The crystalline
PCL shows three prominent diffraction peaks at 21.4,
22.0, and 23.7°, PEG shows four major peaks at 18.9,
23.1, 25.9, and 26.7°, and PBS shows three strong peaks
at 19.5, 21.8, and 22.4°. However, for all their a-CD-
ICs, only two prominent peaks can be observed at about
19.8° and 22.5°, which are well-known to be the char-
acteristics of o-CD-based IC crystals adopting the
channel structure.?14.15.16,18

The host—guest stoichiometry of the ICs was esti-
mated by 'H NMR in solution. From these signals the
molar ratio of a-CD molecule to the monomeric repeat
unit of polymer is calculated to be 1.9, 5.7, and 2.0 for
the PCL-IC, PEG-IC, and PBS-IC, respectively. These
results indicate that the polymer chains were partially
covered by a-CDs in the a-CD-ICs.

Nonisothermal Crystallization Behavior. The
nucleating effects of talc, o-CD, and a-CD-ICs on the
crystallization of semicrystalline polymers (PCL, PEG,
and PBS) were investigated by DSC nonisothermal
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Figure 3. WAXD patterns of a-CD, PCL, PEG, PBS, and their
ICs.

crystallization process. All samples were melted at
molten state of polymers (90 °C for PCL and PEG, 140
°C for PBS) for 5 min to erase the thermal history
residing in the samples. In Figure 4, the DSC cooling
scan of these melted samples at 10 °C min~! reveals the
relative nucleation abilities of tale, o-CD, and a-CD-
ICs, as indicated by the peak crystallization tempera-
ture (T.) and the temperature range over which they
crystallized. Usually, a high 7. and a narrow crystal-
lization temperature range indicate faster crystalliza-
tion. In Table 3 are summarized the values of T'.s and
the corresponding crystallization enthalpies of polymers
measured during cooling scans.

As shown in Figure 4a, the T value of PCL, which is
about 28.2 °C in the pure state, shifts to a higher
temperature with the addition of tale, a-CD, and a-CD-
ICs, indicating their nucleation effects on the crystal-
lization of PCL. The T, value for pure PCL and those
for PCL in the PCL blends with tale, a-CD, and a-CD-
ICs increase in the order of PCL < PCL/PEG-IC 2 wt %
~ PCL/o-CD 2 wt % < PCL/PBS-IC 2 wt % < PCL/PCL-
IC 2 wt % < PCL/talc 2 wt %. Among the ICs, the most
effective nucleating agent is PCL-IC, which shifts the
T. of PCL to 36.5 °C. This is almost 8 °C higher than
that of pure PCL, confirming that the nucleation effect
of the PCL-IC on the crystallization behavior of PCL
was significantly larger than those of pure a-CD and
the other kinds of a-CD-ICs.

As shown in Figure 4b, the T, value of pure PEG is
about 38.9 °C, and the crystallization proceeds within
a broad temperature range. Although the crystallization
rate of the PEG is very fast and the crystallization
temperature is very high, with an addition of the
nucleation agents, the 7. of PEG increases and the
crystallization process finishes within a narrow tem-
perature range. It is worth noting that the crystalliza-
tion rate of PEG with PEG-IC is faster than that of PEG
with other nucleating agents.

As shown in Figure 4c, the T, value of pure PBS is
about 75.5 °C and the crystallization proceeds in a broad
temperature range. The T, value for PBS and those for
PBS in the PBS blends with tale, a-CD, and a-CD-ICs
increase in the order of PBS ~ PBS/PCL-IC 2 wt % <
PBS/PEG-IC 2 wt % < PBS/a-CD 2 wt % < PBS/talc 2
wt %< PBS/PBS-IC 2 wt %. The 2 wt % talc can enhance
the crystallization of PBS, but such an effect was less
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Figure 4. DSC nonisothermal crystallization curves of PCL
(a), PEG (b) and PBS (c) containing 2 wt % talc, a-CD, PCL-
IC, PEG-IC, and PBS-IC. The cooling rate is 10 °C/min. Before
the cooling, the samples were melted at molten state of
polymers (90 °C for PCL and PEG, 140 °C for PBS) for 5 min
to erase the thermal history.

than that caused by PBS-IC, which is the most effective
nucleation agent, shifting the T of PBS to 88.4 °C. This
is almost 13 °C higher than that of pure PBS. Moreover,
it is noted that PBS in the PBS/PBS-IC 2 wt % blend
crystallizes in the much narrow temperature range, and
the crystallization enthalpy AH. of PBS is the most
greatly increased by the addition of PBS-IC (Table 3),
confirming that the nucleation effect of the PBS-IC on
the crystallization behavior of PBS was significantly
larger than those of pure a-CD and the other kinds of
o-CD-ICs. These results suggest that the IC of a given
polymer could greatly enhance the nucleation and
crystallization of the polymer itself.

Isothermal Crystallization Behavior. In Figure 5
are presented the DSC thermograms of isothermal
crystallization of PCL and PBS containing nucleating
agents at 44 and 90 °C, respectively. Clearly, the
isothermal crystallization rate of polymer containing its
0o-CD-IC is much higher than that of the pure polymer,
confirming again the IC of a given polymer enhances
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Table 3. Nonisotheramal Crystallization and Melting
Behavior of PCL, PEG, and PBS Containing 2 wt %

Nucleating Agents
T/ AHJ Twll Tw2/ Tw3/ AH./ XJ/
sample °C Jlg ° °C °C J/g %

PCL 28.2 —75.0 54.9 76.3 46.0
PCL/tale 2wt% 371 748 54.7 75.1 45.2
PCL/0-CD 2wt% 29.7 —T755 54.1 76.1 45.9
PCL/PCL-IC 2wt% 36.5 —76.6 54.9 77.2 46.5
PCL/PEG-IC 2wt% 29.3 —74.0 54.7 74.1 44.6
PCL/PBS-IC 2wt% 32.6 —74.8 54.2 74.8 45.1
PEG 389 —1594 64.9 164.8 79.2
PEGf/talc 2wt% 40.1 —158.5 64.6 166.3 80.0
PEG/a-CD 2wt% 42,1 —158.7 64.0 166.8 80.2
PEG/PCL-IC 2wt% 40.0 —155.9 64.5 166.3 80.0
PEG/PEG-IC 2wt% 40.4 -156.8 63.7 167.2 80.4
PEG/PBS-IC 2wt% 41.1 —156.4 64.6 164.8 79.2
PBS 75.5 —74.4 113.6 106.8 74.5 37.3
PBS/talc 2wt% 81.4 —745 1139 107.6 74.9 37.4
PBS/a-CD 2wt% 79.7 —75.0 1134 107.9 75.2 37.6
PBS/PCL-IC 2wt% 75.8 —74.0 113.6 107.0 74.3 37.1
PBS/PEG-IC 2wt% 77.7 —74.7 114.1 105.8 75.3 37.7

PBS/PBS-IC 2wt% 88.4 —82.3 113.2 109.7 102.3 84.2 42.1

effectively the crystallization of the polymer itself. The
results for isothermal crystallization of PEG were not
shown here. The distinct feature for the PEG is the
multiple crystallization peak during the isothermal
crystallization process; thus, the Avrami treatment
cannot be applied to this complicated crystallization
processes. This may be due to the presence of a low-
molecular weight PEG fraction. A transient nonintegral
folding crystal and an integral folding crystal should
have been formed in this isothermal crystallization
stage.l?

Crystallization Temperature: 44°C
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Figure 5. DSC isothermal crystallization curves of PCL and
PBS containing 2 wt % nucleating agents (talc, a-CD, PCL-
IC, PEG-IC, and PBS-IC). The samples were melted at molten
state of polymers (90 °C for PCL and PEG, 140 °C for PBS)
for 5 min to erase the thermal history.
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Figure 6. Avrami plots of the isothermal crystallization of
PCL and PBS containing 2 wt % nucleating agents (tale, o-CD,
PCL-IC, PEG-IC, and PBS-IC) at 44 and 90 °C, respectively.

Crystallization kinetics was determined from the
isothermal DSC measurements. The isothermal heat
flow curve was integrated to determine the degree of
crystallinity of the sample as a function of crystallization
time. The relative crystallinity X; at any given time was
calculated from the integrated area of the DSC curve
from ¢ = 0 to t = ¢ divided by the integrated area of the
whole heat flow curve. The isothermal bulk crystalliza-
tion kinetics was analyzed with the Avrami equation?®

X, =1 — exp(—kt") (1)

where n is an index related to the dimensional growth
and the way of formation of primary nuclei and % is the
overall rate constant associated with both nucleation
and growth contributions. The linear form of eq 1 is
given as eq 2

log[—In(1 — X,)] =log k& + n log ¢ (2)

n and k are obtained by plotting log[—In(1 — X;)] against
log t. As an example, Figure 6 illustrates the plots of
log[—In(1 — X,)] vs log ¢ and the linear fitting of data
for the PCL and PBS samples crystallized at 44 and 90
°C, respectively. Meanwhile, the crystallization half-
time ¢1/2, which is defined as the time when the crystal-
linity arrives at 50%, can be determined from the
kinetics parameters measured by using the following
equation:
In 2\1/»
=) ®
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Table 4. Kinetic Parameters of Isothermal Crystallization of PCL and PBS®
42 44 46
iso. cry. temp./°C parameter n k x 103 te n k x 103 te n k x 103 tie
PCL 2.80 4.68 5.98 2.54 1.33 11.79 2.39 0.39 22.95
PCL/talc 2wt% 2.01 894.75 0.88 2.08 210.04 1.78 2.26 32.40 3.88
PCL/o-CD 2wt% 2.65 11.40 4.71 2.63 1.85 9.53 2.86 0.12 20.86
PCL/PCL-IC 2wt% 2.52 652.68 1.02 2.75 104.09 1.99 2.94 9.09 4.37
PCL/PEG-IC 2wt% 2.69 9.78 4.86 2.72 1.29 10.08 2.66 0.21 21.34
PCL/PBS-IC 2wt% 2.38 123.48 1.90 2.63 16.57 4.13 2.95 0.49 11.64
90 92 94
iso. cry. temp./°C parameter n k x 103 te n k x 103 te n k x 103 te
PBS 2.32 32.20 3.75 2.36 10.60 5.88 2.56 2.85 8.55
PBS/talc 2wt% 2.60 194.89 1.63 2.89 27.77 3.04 2.97 4.33 551
PBS/a-CD 2wt% 2.34 102.60 2.26 2.45 32.80 3.47 2.62 8.22 5.43
PBS/PCL-IC 2wt% 1.97 66.10 3.29 2.17 21.41 4.96 2.23 6.79 7.98
PBS/PEG-IC 2wt% 2.55 61.07 2.59 2.79 12.73 4.20 2.84 2.88 6.89
PBS/PBS-IC 2wt% 2.27 4339.10 0.45 2.55 2446.81 0.61 2.96 740.63 0.98

@ The units for £ and #1/2 are min~" and min, respectively.

As shown in Figure 6a,b, the nearly parallel curves were
observed for the PCL and PBS samples, respectively.
The crystallization parameters &, n, and 12 are listed
in Table 4. For all of the PCL samples, the Avrami
exponent value n ranges from 2 to 3, whereas it is
almost insensitive to the addition of nucleation agents.
The kinetic constants £ and ¢1/2 show strong dependence
on the crystallization temperature. With increasing the
crystallization temperature, the value of £ decreases,
whereas that of ¢12 increases. These results indicate
that, with increasing crystallization temperature, the
crystallization rate decreases. The value of % increases
in the order of PCL < PCL/PEG-IC 2 wt % < PCL/a-
CD 2 wt % < PCL/PBS-IC 2 wt % < PCL/PCL-IC 2 wt
% < PCL/talc 2 wt %, whereas that of ¢1/2 decreases in
the reverse trend. Clearly, talc and PCL-IC were the
good effective nucleating agents on the crystallization
of PCL.

For all of the PBS samples, the Avrami exponent
value n is similar at a given temperature. Also, the
value of %k increases with decreasing crystallization
temperature, whereas the #1» value increases with
increasing temperature. The value of ¢1/» decreases in
the order of PBS ~ PBS/PCL-IC 2 wt % > PBS/PEG-IC
2 wt % > PBS/a-CD 2 wt % > PBS/talc 2 wt % > PBS/
PBS-IC 2 wt %. Clearly, PBS-IC was the most effective
nucleating agent on the crystallization of PBS.

Melting Behavior. Figure 7 shows the DSC heat
flow curves of PCL, PEG, and PBS samples after
nonisothermal crystallization processes, and their ther-
mal data are summarized in Table 3. The crystallinity
of the polymer was calculated from AH,,/AH®°, where
AH" is the melting enthalpy expected for a polymer with
100% crystallinity, here, assuming the heats of fusion
AH® of PCL, PEG, and PBS are 166,21 208,22 and 200
J/g,28 respectively.

As shown in Figure 7a, the double melting tempera-
tures, Thm1 and T',2, were detected for the PCL samples
on the DSC heating traces. The nucleating agents forced
the peak of 7,1 to increase and depressed the 7,2 peak.
The ratio of the peak area between the melting peaks
of Th,1 and Ty,2 for the PCL containing nucleating
agents and pure PCL are different; the increment of the
ratio of peak area between the peaks of 7,2 and Tp,1
was enhanced as the nucleation effect of the nucleating
agent was improved. As seen in Table 3, although, the
crystallization enthalpy and the heat of fusion are not
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©
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Figure 7. Melting behavior of PCL, PEG and PBS containing
2 wt % nucleating agents (talc, a-CD, PCL-IC, PEG-IC, and
PBS-IC) at a heating rate of 10 °C/min after nonisothermal
crystallization process.

very sensitive to the addition of the PCL-IC, it also
seems that high crystallization enthalpy and heat of
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Flgure 8. Polarized optlcal mlcrographs of PCL (a) and PCL
containing 2 wt % o-CD (b), tale (¢), PCL-IC (d).

fusion values are related with a high crystallization
temperature.

As shown in Figure 7b, only one melting point was
detected for PEG and PEG with nucleating agents, and
the crystallization enthalpy and the heat of fusion were
not very sensitive to the addition of the nucleation
agents. However, it should be noted that the melting
peak of PEG with addition of nucleating agents is
slightly shaper than that of the PEG. These results may
be due to the increased crystallization rate and the
improved perfectness of the PEG crystals with addition
of the nucleating agents.

The distinct feature for the melting behavior of PBS
is that the PBS crystals partially melted and recrystal-
lized during heating process as shown in Figure 7c.
Here, Th1, T2, and Tp,3 indicate the melting peaks.
The peak temperature of Tp,1 observed at the highest
temperature (ca. 114 °C) is independent of the addition
of nucleating agents, because it corresponds to the
melting of crystals recrystallized during the heating
process.2* The T2 and T3 peaks are possibly at-
tributed to the melting of original crystallites corre-
sponding to the two kinds of morphologically different
crystalline phases despite the same crystalline struc-
ture, i.e., a-form of PBS.2* As shown in Figure 7c and
Table 3, the heat flow curve of pure PBS exhibits the
lowest T3 and T2 values, indicating the formation of
a crystalline phase with the worst crystal perfectness
or the thinnest lamella thickness. On the other hand,
it is noted that the more effective nucleation agent was
used, the higher T},,2 and T',3 values can be observed.
With the addition of PBS-IC, PBS shows the most
intense T2 and T1,,3 peaks. The crystallinity of PBS is
not very sensitive to the addition of the nucleation
agents, as shown in Table 3. However, it also seems that
high crystallinity is related to a high 7 value measured
during cooling.

Spherulitic Morphology. In Figure 8 are shown the
spherulitic morphologies of pure PCL and PCL contain-
ing nucleating agents crystallized at 42 °C after quenched
directly from 90 °C. The diameter of pure PCL spheru-
lites reaches up to 100 um before they impinge with each
other. With the addition of nucleation agents, the
number of nuclei will increase and the average diameter
of spherulites will reduce. The diameter of spherulite
decreased in the order of PCL > PCL/a-CD 2 wt % >
PCL/PCL-IC 2 wt % > PCL/talc 2 wt %, whereas the
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Flgure 9. Polarlzed optlcal mlcrographs of PEG (a) and PEG
containing 2 wt % o-CD (b), talc (¢), PEG-IC (d).

it e

Figure 10. Polanzed opt1ca1 mlcrographs of PBS (a), and PBS
containing 2 wt % o-CD (b), talc (¢), PBS-IC (d).

nucleation density increased in the reverse trend, in
good accordance with the DSC results. Obviously, the
PCL-IC acts as a good nucleating agent for the PCL
crystallization. Similar results were observed in the
PEG and PBS blends with nucleating agents. Also as
shown in Figures 9 and 10, the PEG-IC and PBS-IC
greatly increases the nucleation density for PEG and
PBS crystallization, respectively.

Discussion

The crystallization behavior of polymers in the blend
is affected by many factors, such as composition, ther-
mal history, interfacial interactions, size, and its dis-
tribution of dispersed particles. The crystallization
process of polymers from the molten state can be divided
into two stages, that is, the nucleation and the crystal
growth. A primary nucleation process may be either
homogeneous or heterogeneous.?’ The homogeneous
nucleation occurs sporadically in the melt by thermal
fluctuation, whereas the latter starts on the surface of
microscopic insoluble particles dispersed randomly in
the polymer melt, such as impurities or nucleating
agents arbitrarily added. In practice, however, unless
under very special conditions, it is rare to observe
homogeneous nucleation for crystalline polymers. When-
ever there is nucleating agent present in a polymer melt,
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it can affect the free energy balance for nucleation,
usually so as to increase the nucleation rate and prevent
homogeneous nucleation. For heterogeneous nucleation,
due to a much reduced surface energy, the nucleation
rate can increase by several orders of magnitude.
Therefore, the effect of homogeneous nucleation can be
totally smeared by heterogeneous nucleation and be-
comes inaccessible experimentally. So far in the above
discussion, it has been assumed that the heterogeneous
nucleation is achieved via foreign surfaces, and the
presence of these high energy surfaces can favorably
affect the free energy balance for nucleation of crystal-
line polymers.

In the case of the present study, a-CD-ICs, used as
the nucleating agent for crystalline polymers, PCL,
PEG, and PBS, show different nucleation abilities on
the different polymers. From the structural analysis of
PCL-IC, PEG-IC, and PBS-IC, the long polymer chains
were found to be partially included inside the a-CD
cavities. Therefore, the polymer chains in the bulk phase
may contact not only the exterior of a-CD macrocycle
but also the end parts of polymer chains protruding from
the o-CD cavity and/or the free chain segments uncov-
ered by o-CD. A possible explanation can be given to
this interesting phenomenon, that is, the difference in
the interfacial interaction between bulk polymers and
nucleating agents should be responsible for the differ-
ence in the nucleation effects.

As described above, a very interesting phenomenon
was that the IC of the polymer can greatly enhance the
nucleation and crystallization of the polymer itself, as
the kind of polymers in the ICs are the same as those
surrounding the ICs. This result is also supported by
our previous work,? with the PHB forms its IC, a large
increase of T (about 33 °C) can be observed during the
cooling process from the melt. This may be attributable
to the fact that the mobility of the uncovered part of
the polymer segments should be limited by its interior
part residing in the o-CD cavity, leading to the nucle-
ation of the polymer. A slightly closer packing of
polymer chains in the vicinity of a foreign surface makes
the transport of polymer chain segments during crystal-
lization easy. Therefore, this high-energy interior sur-
face of a-CD can favorably affect the free energy balance
for nucleation.

However, PBS-IC can greatly enhance the crystal-
lization of bulk PBS, whereas PCL-IC and PEG-IC have
fewer nucleation effects on the crystallization of bulk
PBS. This may be caused by miscibility between PBS
and nucleating agents. The crystallization temperature
of PBS is above 75 °C, which is above the melting
temperatures of PCL and PEG. Thus during the noniso-
thermal crystallization, when the PBS crystallization
has finished, uncovered PCL and PEG chains still
remain in the amorphous state. As PCL and PBS are
immiscible in the amorphous state,26 the PBS chains
cannot contact intimately the uncovered PCL segments
of the PCL-IC. Thus, the PCL-IC particles have a
tendency to separate from the molten PBS, and cannot
induce the nucleation of the PBS crystallization. In
contrast, PBS and PEG are miscible in the molten
state;2>27 thus, it seems that the PBS chains are able
to close enough to the particle of PEG-IC to be induced
nucleation. This approach of PBS chains onto the
surface of the PEG-IC particle, due to polar interaction,
causes a reduction of the surface energy barrier and
increases the nucleation density for PBS crystallization.

Nucleation Mechanism Aliphatic Polymers 7743

Namely, the miscibility between the polymers protrud-
ing from the o-CD cavity of ICs and those surrounding
ICs seem to be related to the nucleation effects of ICs.
The higher the miscibility, the more effective the
nucleation agent.

Although, the PCL-IC particle cannot act as the
nucleating agent on the crystallization of PBS, the PBS-
IC has a good nucleating effect on the crystallization of
PCL. This nucleation mechanism might be different
from that of the PCL-IC particle in the bulk phase PBS.
As shown in Figure 2a, the crystallization of PCL will
be start below 45 °C, a portion of uncovered PBS chains
in the ICs already crystallized at about 86 °C. Mean-
while, the PCL may be epitaxially crystallized® on the
surface of crystallized PBS, which is acting as the true
nucleating agent to initiate nucleation.

Moreover, the complexed state of a-CD is more
effective for promoting the crystallization of the polymer
itself, but free sate a-CD also enhances the nucleation
and crystallization of polymers. The above discussion
also can give a reasonable explanation for the nucleation
effect of pure a-CD, and it may be attributable to two
possible reasons. The most plausible one in the present
case is that some polymer chains may partially and
spontaneously penetrate into the cavity of a-CD during
blending with a-CDs or melting a-CD/polymer samples,
leading to the formation of inclusion complexes with
o-CDs. Similar to the end of the polymer protruding
from the a-CD cavity and the free chain segments
uncovered by o-CD in ICs, the free segment adjacent
to that covered by o-CD in the poorly included chains
may induce the nucleation of the polymer. This assump-
tion is indirectly supported by the researches of Peet
and Harada et al.;?? that is, the solid-state o-CD added
to the liquid state of PEG can form crystalline a-CD-
PEG-IC. However, as the ability to form the inclusion
complex in the molten state or during the blending is
small, the nucleation effect of a-CD cannot be as
effective as a-CD ICs. The other reason is that the
different crystalline structure of a-CD might be lead to
different nucleation abilities. X-ray analysis (Figure 3)
shows that the complexed state of a-CD adopts the
channel structure, whereas that of the free state adopts
the cage structure. A variety of results (for examples:
PCL-IC has no nucleation effect on the crystallization
of PBS; o-CD including different polymers appears to
have different nucleation abilities) prove that the chan-
nel structure of the a-CD-complex particles affects less
the crystallization of PCL, PEG, and PBS. However, we
should not eliminate the possibility of epitaxial crystal-
lization of polymers on the surface of a-CD particles.

Conclusion

Polymeric inclusion complexes between o-CD and
semicrystalline polymers (PCL, PEG, and PBS) were
successfully prepared and characterized quantitatively
with various analytical methods. The WAXD studies
showed that all of the o-CD-ICs adopt a channel
structure. Both DSC and 'H NMR results suggested
that the polymer chains were partially complexed by
0-CDs. Thus, the polymer chains in the bulk phase can
contact not only the exterior of the a-CD macrocycle but
also the end parts of polymer chains protruding from
the a-CD cavity and/or the free chain segments uncov-
ered by a-CD, when the a-CD-IC as a nucleating agent
is added into the semicrystalline polymers. Therefore,
the difference in the interfacial interaction between bulk



7744 Dong et al.

polymers and the nucleating agents should be respon-
sible for the difference in the nucleation effects. The
nucleation effect of a-CD on the crystallization of PCL,
PEG, and PBS was also investigated with DSC and
POM. We found that the a-CD-IC of a given polymer
could effectively enhance the crystallization of the
polymer itself, demonstrating that the a-CD in the
complex state is more effective for promoting the
crystallization of the polymer than for promoting the
free state a-CD. This result may be attributable to the
limited mobility of the uncovered part of the polymer
segments constrained by its interior part residing in the
o-CD cavity, leading to the nucleation of polymer
crystallization.
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