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ABSTRACT: The effects ofR-cyclodextrin (R-CD) on the crystallization of poly(butylenes adipate) (PBA) were
studied in this work. Depending on the rate of cooling from the melting state, pure PBA shows a polymorphic
crystallization behavior. That is, when the cooling rate is slow, PBA forms dominantly theR-form crystal and
the peak crystallization temperature is above 33°C. In contrast, when the cooling is rapid, it forms dominantly
theâ-form crystal and the peak crystallization temperature is below 33°C. The crystallization behavior of PBA
is almost not affected by the introduction of pureR-CD. However, the inclusion complex between PBA and
R-CD (PBAIC) can effectively enhance the crystallization of PBA. By introduction of PBAIC, the crystallization
rate of PBA is greatly accelerated and fullR-form crystal of PBA is preferentially formed at temperature higher
than 28°C.

Introduction

Polymorphism is a well-known phenomenon found for a
variety of crystalline polymers. Such polymers exhibit sev-
eral polymorphs according to the crystallization conditions,
mechanical stress, plastic deformation, and so on.1 A precise
knowledge of the physical properties of different polymorphic
forms for a given polymeric material can be advantageously
used for its possible applications.

Poly(butylene adipate) (PBA) is a biodegradable polymorphic
material and it has two types of crystal forms, that is,R- and
â-forms.2 TheR-form crystal is characterized as monoclinic unit
cell with dimensions ofa ) 6.73 Å,b ) 7.94 Å,c ) 14.20 Å,
and â ) 45.58°, whereas in theâ form, the PBA chains are
packed in an orthorhombic unit cell with dimensions ofa )
5.06 Å,b ) 7.35 Å, andc ) 14.67 Å. Of these two, theR-form
crystal is thermodynamically favorable while theâ-form crystal
is kinetically favorable.2 The â-form crystal can transform to
R-form crystal by annealing at 52°C, indicating that theR-form
of PBA is a stable crystalline form. To keep the shape and
function of the PBA products, the efficient formation of the
R-form crystal in the products is necessary. The modulation of
polymer crystallization by nucleating agents is a common
method used to improve the physical properties of materials.

The cyclodextrins (CDs) comprise a family of cyclic oli-
gosaccharides, and several members of this family are used
industrially in pharmaceutical and related applications.3 These
biocompatible cyclic oligosaccharides do not elicit immune
responses and have low toxicities in animals and humans.R-CD,
â-CD, andγ-CD are typical CDs consisting of six, seven, and
eight glucopyranose units linked byR-1,4-glycosidic bonds,
respectively. Their shapes are like a hollow truncated cone
without hydroxyl groups inside the cavity. Therefore, the
hydrophobicity of their cavities gives them an ability to include
a variety of guest molecules. The guest molecules encapsulated
by CDs can change their physical, chemical, and biological
properties. It has been found that CDs form water-insoluble
crystalline host-gust inclusion complexes (ICs) with various

biodegradable polymers, such as poly(ethylene glycol) (PEG),4

PBA,5 poly(ε-caprolactone) (PCL)6 and so on.
Recently, Tonelli et al. found that coalescence of guest

polymers from their ICs with CDs can result in a significant
improvement of their physical properties caused by modification
of the structures, morphologies, and even conformations that
are observed for their coalesced bulk samples.7 He et al. reported
that the rates of nucleation and crystallization of poly(hydroxy-
butyric acid) were greatly enhanced by coalescence from its
R-CD inclusion compound.8 This acceleration was attributed
to a small amount ofR-CD molecules in complexed state
remaining on the polymer chain, which increased the glass
transition temperature of the polymer chains. In this study, we
will investigate the formation of IC of PBA withR-CD (PBAIC)
and the effects ofR-CD on crystallization and polymorphic
behavior of PBA. The IC of PBA withR-CD (PBAIC) is
prepared by simply mixing PBA/acetone solution withR-CD
powder. TheR-CD molecules can undergo a transformation of
solid-state crystalline structure from the cage to the channel
structure. The formation of PBAIC will be characterized by the
wide-angle X-ray diffraction (WAXD) and Fourier transform
infrared spectrum (FTIR). The crystallization and polymorphic
behavior of PBA containing pureR-CD and PBAIC will be
investigated using the differential scanning calorimetry (DSC)
and polarized optical microscopy (POM). The PBAIC is
expected to enhance the nucleation and crystallization of PBA
and to induce the preferential formation of one of two crystalline
forms.

Experimental Section

Materials. PBA (Mn ) 1.2× 104, Mw/Mn ) 1.8) was purchased
from Kanto Kagaku Co., Ltd., Japan. Before use, PBA was purified
by precipitation into ethanol from chloroform solution.R-CD was
supplied by Nihon Shokuhin Kako Co., Ltd., Japan. Acetone and
chloroform were purchased from Nacalai Tesque, Inc, Kyoto, Japan.
Before use,R-CD was dried under the vacuum at 100°C for 10 h.

Preparation of IC Samples. PBAICW and PBAICS.PBA (0.2
g) and R-CD (1.0 g) were dissolved in acetone (100 mL) and
distilled water (10 mL), respectively. TheR-CD aqueous solution
was slowly added into the PBA solution under vigorous stirring at
60 °C for 3 h. Subsequently, the solution was cooled to 25°C, and

* To whom correspondence should be addressed. Telephone:+81-45-
924-5794. Fax:+81-45-924-5827. E-mail: inoue.y.af@m.titech.ac.jp

8285Macromolecules2007,40, 8285-8290

10.1021/ma071776o CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/18/2007



continuously stirred for further 24 h. As-produced white powder
was collected by filtration and then washed with acetone and water
to remove the free PBA and uncomplexedR-CD, respectively. The
product was coded asPBAICW . The PBAICS was prepared by
the same method as the PBAICW, except for PBA/acetone
concentration, that is, 2 g of PBA wasdissolved in 60 mL of
acetone. According to the1H NMR analyses, the molar ratios of
the PBA monomeric repeating unit toR-CD molecule of PBAICW
and PBAICS were estimated to be 1.0:1 and 2.4:1, respectively,
indicating that the PBA chains were partially covered byR-CD
molecules.

PBAICA. PBA (0.2 g) was dissolved in acetone (40 mL) and
heated to 60°C. TheR-CD powder (1.0 g: the average particle
size ofR-CD powder is about 5( 3 µm) was simply added into
the PBA solution under vigorously stirring at 60°C for 3 h.
Subsequently, the solution was cooled to 25°C, and continuously
stirred for further 24 h. As-produced white powder was collected
by filtration and then washed with acetone and water to remove
free PBA and uncomplexedR-CD, respectively. This sample was
coded asPBAICA . On the basis of1H NMR analysis, the molar
ratio of the PBA monomeric repeating unit toR-CD molecule of
PBAICA was calculated to be 1.1:1.

PBA1.2 and PBA8.6. The samples coded as PBA1.2 and
PBA8.6, where the numerals denote the weight percentages of
remainingR-CDs in the samples calculated by the1H NMR, were
prepared from the PBA/R-CD (95/5, wt/wt) and PBA/R-CD (90/
10, wt/wt) blends, respectively, as shown in below. PBA andR-CD
powders with an appropriate ratio were simply added into acetone
(40 mL), and then the solution was stirred at 25°C for 24 h. With
the addition of excess amount of ethanol (200 mL) into the solution,
the precipitation took place immediately. The precipitate was
washed by excess water to remove the uncomplexedR-CD.

PBA/PBAICW and PBA/PBAICS Blends. The PBAICW and
PBAICS samples were used as the nucleating agents for crystal-
lization of PBA. Considering the effect of particle size of the nu-
cleating agents on their abilities to nucleate crystallization of PBA,
the particle sizes of nucleating agents were diminished through
shattering the particles by ultrasonic treatment (BRANSON-B3200
water bath, at 47 kHz and 120 W) in the suspension with chloroform
(for 5 min at 25°C). The PBA/nucleating agent blends (99/1; wt/
wt) were prepared by dispersing the nucleating agents into a
concentrated chloroform solution of PBA (0.1 g/mL), and then the
solvent was allowed to evaporate during rigorous stirring.

Then, the final products were dried under vacuum at 40°C for
1 week.

Measurements.The host-guest stoichiometry (ST) of PBAICs
was estimated by solution1H NMR spectra recorded on a JEOL
GSX270 NMR spectrometer in DMSO-d6. The chemical shifts were
referenced to the DMSO residual proton resonance asδ ) 2.5 ppm
from that of tetramethylsilane:δ 5.48-5.39 (m, O(2)H and O(3)H
of R-CD), 4.81-4.75 (d, C(1)H ofR-CD), 4.48 (t, O(6)H ofR-CD),
3.99 (t, -O-CH2- of PBA), 3.81-3.52 (m, C(3)H, C(5)H and
C(6)H of R-CD), 3.43-3.20 (m, C(2)H and C(4)H ofR-CD), 2.28
(t, -C(dO)-CH2- of PBA), 1.63-1.55 (m,-O-CH2-CH2- of
PBA), 1.55-1.469 (m,-C(dO)-CH2-CH2- of PBA). The molar
ratios of the PBA repeat unit toR-CD molecules for PBAIC samples
were calculated by comparing the integral of the peak of CH2 (PBA)
resonance at 3.99 ppm to that of C(1)H (R-CD) one at 4.81-4.75
ppm.

The wide-angle X-ray diffraction (WAXD) pattern of the sample
was recorded on a RU-200 Rigaku Co. Japan using nickel-filtered
Cu KR radiation (40KV, 200 mA) with the 2θ values ranging from
10 to 35° at a scanning rate of 1°/min.

The Fourier transform infrared (FT-IR) spectrum was measured
at 30°C on a Spectra 2000 single-beam IR spectrometer (Perkin-
Elmer Co. Japan). The PBA for FT-IR measurement were prepared
by casting 1.5 wt % chloroform solution on the surface of a silicon
wafer. The solvent was completely evaporated under vacuum. The
samples ofR-CD and PBAIC samples were pressed into KBr
pellets, and the spectra were recorded at 30°C with an accumulation
of 16 scans.

The differential scanning calorimetry (Perkin-Elmer Pyris Dia-
mond DSC) was employed to detect the thermal transitions and
also to investigate the nonisothermal and isothermal crystallization
behavior of the samples. In the nonisothermal crystallization
experiment, the sample was first melted at 80°C for 5 min, and
then it was cooled to 0°C at a desired cooling rate. Subsequently,
it was kept at this temperature for 3 min, followed by heating to
80 °C at a rate of 10°C/min. In the isothermal crystallization
experiment, after melting at 80°C for 5 min, the sample was
quenched to the desired crystallization temperature and then kept
at this temperature, and after isothermal crystallization for enough
time, it was heated to 80°C at a rate of 10°C/min.

Polarized optical microscopic observation was performed on an
Olympus BX90 polarizing optical microscopy (POM) equipped with
a digital camera. The PBA sample was placed between a microscope
glass slide and a coverslip and heated on a Mettler FP82HT hot
stage. The samples (about 0.2 mg) were first heated to 80°C and
kept for 5 min and then quenched to 45°C.

Results and Discussion

Formation of PBAICs. The formation of PBAIC has been
reported by Harada et al.5 According to their procedure, the
PBA was put into a test tube with heating above the melting
temperature, and then the saturated aqueous solution ofR-CD
was added. After the ultrasonically agitation and washing
processes, the PBA complex was obtained. The preparation of
PBAICW and PBAICS can be achieved by common method,6

that is by mixing theR-CD and PBA solutions. The PBAICA
could be prepared by suspending theR-CD powder in the PBA/
acetone solution.

As shown in Figure 1, the WAXD patterns of PBAICW,
PBAICA and PBAICS are quite different from those of pure
PBA andR-CD, strongly suggesting the IC formation between
R-CD and PBA. The PBA crystallized at 20°C shows two
prominent diffraction peaks at 21.3 and 24.5°, while two
prominent peaks are present at ca. 20 and ca. 22.5° in the
WAXD patterns of PBAICW, PBAICA and PBAICS, which
are well-known to be the characteristics ofR-CD-based IC
crystals adopting the channel structure.9 However, it is notable
that the characteristic peaks of PBA were also observed in the
WAXD patterns of PBAICS.

The FT-IR spectra ofR-CD, PBA and PBAICs are shown in
Figure 2. The peak wavenumber of the carbonyl band for the
pure PBA is 1729.7 cm-1, whereas it shifts to 1737.7, 1737.5,
and 1734.7 cm-1 for PBAICW, PBAICA and PBAICS, respec-
tively. The carbonyl band of PBA shifted from the lower
wavenumber crystalline region10 toward the higher wavenumber
amorphous region.5 The DSC thermograms of PBAICA and
PBAICA do not show any detectable thermal transition in the
heating scan. However, the small melting peaks with lower
melting enthalpy are apparent in the DSC heating thermograms

Figure 1. WAXD patterns ofR-CD, PBA (crystallized at 20°C) and
their ICs.
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of PBAICS. These results indicated that the crystallization of
PBA is greatly restricted by complexation withR-CD.

These results also indicated that the PBA chain can penetrate
into theR-CD cavities even in the solid state to give theR-CD
complex. Similar results have been observed by Peet et al.11

and Harada et al.,12 independently. TheR-CD spontaneously
forms the IC upon mixing with neat liquid PEG and concurrently
undergoes a solid-state crystalline phase transformation from
the cage to the channel structure upon complexation. We also
carried out the similar procedures to investigate the formation
of IC betweenR-CD particles and other polymers (data not
shown here). When PCL was used instead of PBA in acetone
or in dioxane, the products with higher yield were obtained.
However, when theR-CD particles were added into the PCL/
chloroform solution, no detectable IC was found. In the PEG/
chloroform solution, the PEG did not form the IC withR-CD
yet. These results indicate that the solvents for polymers greatly
affect the formation of ICs. Similar results have been previously
reported by Tonelli et al., which indicated that the electrostatic,
van der Waals, and hydrogen-bonding interactions and relief
of conformational strain in CDs are not important, while
hydrophobic interactions, exclusion of high energy, cavity-bound
water, and crystalline packing of host CDs are important in the
formation of ICs.13 It is known that, although the penetration
of a long polymer chain into host CD cavities should lead to a
significant lowering of its conformational entropy, the water
molecules that are released to the external environment during
the threading process may largely compensate this entropic
loss.13 Since water is immiscible with chloroform, the release
of water fromR-CD cavities may be very slow, result in that
the polymer chain cannot replace the water molecules. If the
solvents, such as acetone and dioxane, are miscible with water,
the polymer chains are more favorable for replacement with
water molecules, leading the formation of ICs.

In Figure 3 are shown the WAXD patterns of the pure PBA
films isothermally melt-crystallized at 40 and 20°C. For the

sample crystallized at 40°C, three diffraction peaks appear. Two
of them are strong, and the other one is relatively weak. These
peaks correspond to theR-form crystal and are labeledRI, RII,
andRIII, respectively.14 When the crystallization temperature
is decreased to 20°C, the strong (âI) and weak (âII) diffraction
peaks, corresponding to theâ-form crystal,14 appear at com-
pletely different positions from those observed for the sample
crystallized at 40°C. This indicates that the sample crystallized
at 20°C has a different crystalline structure from that crystallized
at 40 °C. In Figure 3 are also shown the WAXD patterns of
PBA8.6 and PBA1.2 films quenched from the melt and
isothermally crystallized at 40°C, which are very similar to
that of the pure PBA crystallized at 40°C, indicating that the
R-form crystal is produced. Here, it is notable that the
characteristic peak at ca. 20°C is observed in the WAXD
patterns of PBA8.6, indicating that the channel structure of
R-CD existed in its complexed state. Because the amounts of
R-CD are very small, the characteristic peaks for the channel
structure cannot be detected in PBA1.2.

Crystallization Behavior of Uncovered Segments of PBA
in the PBAICS. Figure 4 shows the cooling and heating DSC
thermograms of PBA and PBAICS. As shown in Figure 4a,
when the cooling is slow, that is, cooling rate is-2 °C/min,
pure PBA shows two-stages crystallization behavior. The peak
crystallization temperatures of the first and second stage are
33.8 and 32.4°C, respectively, and a point of intersection for
two crystallization curves is about 33°C. A subsequent heating
scan at heating rate 10°C/min is shown for PBA in Figure 4b.
The relationship between melting peaks and WAXD patterns
for pure PBA has been studied in the literature.2,14 Here, three
endothermic peaks appeared, resulted by the fusion of both the
R- and â-form crystals. The melting peaks atTm1 and Tm2

correspond to the fusion of theR-form crystals, whereas that at
Tm4 to theâ-form crystals.2,14Thus, the two-stages crystallization
found in the cooling DSC thermograms correspond to theR-
and â-form crystallization at higher and lower temperature
region, respectively. When the cooling rate is increased to 15
°C/min, the whole crystallization peak shifts to the lower

Figure 2. FT-IR spectra ofR-CD, PBA and their ICs.

Figure 3. WAXD patterns of pure PBA crystallized from 80°C at 20
and 40°C, PBA8.6 and PBA1.2 samples.

Figure 4. (a) Nonisothermal crystallization and (b) melting behavior
of pure PBA and PBAICS, observed by cooling and heating scan DSC
measurements.
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temperature region below 33°C as seen in Figure 4a, a typical
melting behavior of theâ-form crystal (melting pointsTm3 and
Tm4) appears in its corresponding heating scan as seen in Figure
4b. So, theâ-form crystal of PBA is formed at lower crystal-
lization temperature, below 33°C, than theR-form.

It should be noted that PBA in PBAICS shows the peculiar
crystallization behavior. The parts of PBA polymer chains
uncovered byR-CD cavities are also crystallizable, as indicated
by WAXD and DSC results. In Figure 4a, the crystallization
peak of PBA in the PBAICS is detected at temperature only
below 33°C even under slow cooling. As mentioned just above,
the PBA chains uncovered byR-CD should form only the
â-form crystal. However, both characteristic melting peaks for
the R-form (at Tm1 andTm2) and those for theâ-form (at Tm4)
are observed and the former seems to be predominant in the
heating scan thermograms for PBAICS. These results suggest
that the R-form crystal of PBA is readily formed in its
complexed state from the melt. As shown in Figure 4, parts a
and b, the fraction of theR-form crystals decreased with increase
of cooling rate, indicating that the range of crystallization
temperature of theR-form crystals for PBA is greatly decreased
upon formation of ICs.

Crystallization Behavior of PBA Containing r-CD and
PBAIC. Figure 5 shows the DSC curves of pure PBA, PBA/1
wt % R-CD blend, and PBA1.2 samples nonisothermally
crystallized at the various cooling rates. The corresponding
melting DSC curves are shown in Figure 6. As for the pure
PBA, with the increase of the cooling rate, the intensities of
the melting peaks corresponding to the melting of theâ-form

crystal increase. Finally, when the cooling rate reaches 15
°C/min, only a typical melting behavior of theâ-form crystal
was observed.

As shown in Figures 5b and 6b, the crystallization temperature
of PBA/1 wt %R-CD blend is slightly higher than that of pure
PBA, and theâ-form crystal is formed as the cooling rate is
faster than 3°C/min. The crystallization and melting behavior
of PBA is almost not affected by the introduction of pureR-CD.
However, as seen in Figures 5c and 6c, when the cooling rate
ranges from 2 to 30°C/min for PBA1.2, only theR-form crystal
is formed.

Here, we can compare the crystallization and melting behavior
of pure PBA and PBA1.2. As shown in Figure 5, the peak
crystallization temperature of theR-form crystal for pure PBA,
which is about 33.8°C, shifts to higher temperature, 41.0°C
with the introduction of PBAIC, under cooling rate 2°C/min.
However, the peak crystallization temperature of PBA/1 wt %
R-CD blend increases from 33.8 to 34.6°C, the increment of
crystallization temperature is only 0.8°C. It is indicated that
theR-CD in the complex state is more effective for promoting
the crystallization of PBA than for the free stateR-CD.

On other hand, pure PBA formed theâ-form crystal at the
crystallization temperature below 33°C. As shown in Figures
5c and 6c, when the cooling rate is 30°C/min, the crystallization
peak temperature of PBA1.2 detected at about 31°C, the whole
range of crystallization temperature spans the ranges of theR-
as well asâ-form crystal formation for pure PBA. However,
the PBA1.2 sample only containsR-form crystals. It is suggested
that theR-CD complex effectively induced theR-form crystal-
lization of PBA.

Figure 5. Nonisothermal crystallization behavior of (a) pure PBA,
(b) PBA/1 wt % R-CD blend, and (c) PBA1.2 samples observed by
DSC under different cooling rate.

Figure 6. Melting behavior of pure (a) PBA, (b) PBA/1 wt %R-CD
blend, and (c) PBA1.2 after nonisothermally crystallized under different
cooling rate (see also Figure 5).
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Figure 7 shows the melting behavior of PBA, PBA/1 wt %
R-CD blend, and PBA1.2 after being isothermally crystallized
at various temperatures ranging from 24 to 34°C. As shown in
Figure 7a, PBA shows the change of the crystalline form at
about 31( 1 °C. In the temperature range higher and lower
than this temperature, theR- andâ-form crystal were predomi-
nantly formed, respectively. In the temperature range 31( 1
°C, the pure PBA shows triple melting peaks; which are resulted
by the fusion of combinedR- andâ-form crystal. Clearly, the
â-form crystals formed at a temperature below 33°C.

As shown in Figure 7b, the melting behavior of PBA/1 wt
% R-CD blend is almost similar to that of pure PBA. However,
the temperature range, in which PBA shows the change of the
crystalline form in PBA1.2 decreases to below 28°C, as shown
in Figure 7c. Therefore, in the nonisothermal crystallization of
PBA1.2 (Figure 6c), the whole range of crystallization temper-
ature is above 28°C, leading the formation of only theR-form
crystal in PBA1.2 sample.

Spherulite Morphology. In Figure 8 are shown the spheru-
litic morphologies of PBA samples crystallized at 45°C after
being quenched directly from 80°C. The diameter of the
spherulites of pure PBA reaches up to 100µm before the
spherulites impinge with each other. With the addition ofR-CD
particles (1 wt %), the number of nuclei does not change,
indicating that the pureR-CD has a smaller effect on the
nucleation of PBA. However, with the additions of PBAICW
and PBAICS particles, the number of nuclei increases and the
average diameter of spherulites reduces, indicating thatR-CD
in the complex state can effectively enhance the nucleation of
theR-form crystals in PBA. It is also shown that the nucleation
ability of PBAICS is much higher than that of PBAICW, due

to the difference of host-guest stoichiometry of ICs. Higher
nuclear densities of PBA can be observed for the PBA1.2 and
PBA8.6 samples, and the nuclear densities increased with
increasing of PBAIC component. It is attributable to good
distribution for PBAICs in PBA1.2 and PBA8.6 samples
compared with PBA/PBAICW 1 wt % and PBA/PBAICS 1 wt
% blend.

The DSC and POM results demonstrated thatR-CD alone
cannot effectively enhance the crystallization of PBA. However,
the PBAIC with small amount ofR-CD can greatly accelerate
the crystallization of PBA. Therefore, it is thought that not the
R-CD itself, but the PBA segments not covered byR-CD induce
the enhanced crystallization of PBA. We can see that the
PBAICS with a small amount of threadingR-CD molecules also
shows the remarkable crystallization behavior; that is, the
uncovered parts of PBA byR-CD cavities readily form the
R-form crystal from the melt. Therefore, it is thought that the
R-form crystallization of bulk PBA starts as the ordering of the
uncovered PBA segments on the surface of PBAIC particles,
accompanied by the ordering of the adjacent bulk PBA
segments.

Conclusion

The effects ofR-CD on the crystallization and polymorphic
behavior of PBA were studied by nonisothermal and isothermal
crystallization process. TheR-CD in the complex state is more
effective for promoting the crystallization of theR-form crystal
for PBA than for the free stateR-CD, and small amount ofR-CD
in the complex state can greatly decrease range of crystallization
temperature of theR-form crystal for PBA. It is suggested that
PBA in PBAIC preferentially forms theR-form crystal from
the melt.
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