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ABSTRACT: The effect of crystalline morphology on the hydrolytic degradation behavior
of poly(butylene succinate) (PBS) in an alkaline solution was investigated by using
scanning electron microscopy, gel permeation chromatography, and weight loss mea-
surement. Morphological changes were induced on PBS samples by different thermal
treatments (i.e., melt quenching or isothermal crystallization) at a constant overall
degree of crystallinity. It was found that even with a similar degree of crystallinity, the
hydrolytic degradation rate of an isothermally crystallized sample at 60°C was higher
than that of a melt-quenched sample. This was due to the difference in the internal
morphology of the spherulites: the internal structure of spherulite in an isothermally
crystallized sample consists of coarse and loosely packed fibrils whereas a melt-
quenched sample contains finer and tightly packed fibrils. This result suggested that
the internal structure of the spherulite of PBS samples plays an important role in the
hydrolytic degradation for this experimental condition. © 2000 John Wiley & Sons, Inc. J

Appl Polym Sci 79: 1025-1033, 2001
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INTRODUCTION

There is growing interest in developing biode-
gradable polymers for at least two reasons: one is
the serious environmental problem of plastic
wastes; the other is the effective medical applica-
tion of biodegradable polymers. Biodegradable
polymers are degraded to low molecular weight
compounds because of water or the action of the
enzymes excreted by microorganisms. Aliphatic
polyesters, such as poly(butylene succinate)
(PBS), poly(e-caprolactone) (PCL), poly(B-hy-
droxybutyrate) (PHB), and poly(lactic acid), are
known to be biodegradable polymers that can be
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easily decomposed by the cleavage of ester bond
linkage in an acidic or basic condition.?

It is known that factors affecting biodegrada-
tion behavior are polymer structures such as ste-
reochemistry, hydrophilicity, flexibility of chains,
and polymer morphology such as the crystallinity,
size, form, and number of crystallites.®>® Selec-
tive chemical degradation of semicrystalline poly-
mers shows certain characteristic changes. Dur-
ing degradation, the crystallinity of the samples
increases rapidly at first, then levels off to a much
slower rate.® This is attributed to the eventual
disappearance of the amorphous portions of the
samples. Actually, the effect of the crystallinity
and morphology of PCL on the enzymatic degra-
dation of its films was studied by several research
groups.'®~12 They showed that the degradation
first takes place at the amorphous regions prior to
the degradation of the crystalline regions. Also,
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the size, shape, and number of the crystallites
have a pronounced effect on the chain mobility of
the amorphous regions and thus the rate of the
degradation. This was demonstrated by studying
the effects of changing the orientation (via
stretching) on the degradation. Mochizuki et al.'3
reported the effects of the draw ratio on enzy-
matic degradation of PCL fibers by Rhizopus ar-
rhizus lipase. Their results showed that the en-
zyme preferentially attacked amorphous or less
ordered regions, which permits easier access for
the enzyme to the polymer chain, rather than
crystalline or more ordered regions of the PCL
fiber.

Hydrolytic degradation of polymers is also af-
fected by the polymer morphology that controls
the diffusion of water into the polymer matrix:
water penetrates at a higher rate in the amor-
phous region than in the crystalline region, which
results in a higher hydrolysis rate in the amor-
phous region. However, the study of the influence
of crystalline morphology on hydrolytic degrada-
tion was limited to several specific polymers.14~1¢
Moreover, the effect of the microstructure of crys-
talline morphology, such as the size, form, and
internal structure of crystallites, on hydrolytic
degradation is not precisely understood so far.

PBS is used for biodegradable polymers be-
cause of its hydrolytic degradation behavior in
acidic or basic conditions. Also, PBS has a high
crystallization rate, so the crystalline microstruc-
ture can be easily controlled by changing the crys-
tallization conditions and subsequent thermal
treatment, which maintains similar crystallinity.
Therefore, in order to study the effect of the mi-
crostructure of crystalline morphology on hydro-
lytic degradation, we chose PBS and prepared the
PBS samples with different thermal histories.
This study analyzed the crystalline microstruc-
ture of PBS in accordance with its thermal his-
tory, and its relation with hydrolytic degradation
behavior was investigated.

EXPERIMENTAL

Materials and Sample Preparation

The PBS was received from SK Chemicals Inc.
(number-average molecular weight = 45,000).
PBS granules were thoroughly dried under a vac-
uum at 50°C for 3 days. The granules of PBS were
melted in the mold at 150°C for 5 min, and then
the molten polymer films were quenched in ice
water or quickly transferred onto a hot stage set

at specific temperatures (25 or 60°C); then they
crystallized for 72 h. The melt-quenched sample
was also annealed at 75°C for 5 days. The thick-
ness of the sample was about 1 mm.

Hydrolytic Degradation

The hydrolytic degradation of the PBS samples
was carried out in a 1N NaOH solution at 25°C.
The dimension of the samples was 1 X 5 X 40
mm. The samples and solution were incubated in
a beaker and put in a water bath with gentle
shaking. After a fixed period of time the samples
were picked out and washed with distilled water
and dried to a constant weight in a vacuum oven
at 30°C for weighing.

Measurements

The thermal properties of the PBS samples were
determined by a differential scanning calorimetry
(DSC) instrument (Perkin—Elmer DSC 7) at a
scanning rate of 10°C/min. The internal morphol-
ogy of the spherulite was observed by using a
polarized optical microscope (Zeiss Axioplan Mi-
croscope). For that purpose, a piece of the sample
was embedded using an epoxy resin on a clean
glass slide and then polished to a thin, light trans-
parent film. The size and lamellar ordering of the
spherulite was obtained by using light scattering
apparatus. An He-Ne laser of 632.8-nm wave-
length was applied vertically to the film speci-
men. An H, geometry was employed in which the
optical axis of the analyzer was set perpendicular
to that of the polarizer. The angular distribution
of the light scattering intensity was detected by a
highly sensitive CCD camera and photomultiplier
tube. Wide angle X-ray scattering (WAXS) analy-
sis of samples was carried out using a MAC Sci-
ences HF-MX18F X-ray diffractometer in the 26
range of 10-50° at a scan rate of 4°/min. Small
angle X-ray scattering (SAXS) analysis of sam-
ples was also carried out using a Philips PW1700
X-ray diffractometer in the 26 range of 0.1-3.0° at
a scan rate of 0.05°/min. The wavelength of the
X-ray beam was 0.154 nm (Cu Ka).

After hydrolytic degradation, the surface of the
samples was examined with a scanning electron
microscope (Hitachi S-4200). The samples were
coated with a thin layer of gold and platinum. The
change in the molecular weight of the samples
before and after hydrolytic degradation was de-
tected by a gel permeation chromatography
(GPC) instrument (Waters 600E) calibrated using
standard polystyrene at room temperature. Chlo-
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Table I Thermal Properties and Solid Structure of PBS with Different Thermal Histories

Crystal. Temp. T, AH,, Crystal.® LP® LT® Ry,

Sample (°C) (°C) (J/g) (%) (nm) (nm) (pm) P
Que® Ice quenched 113.9 63.4 56.1 8.10 5.11 21.5 3.25
Iso-25 25 113.9 63.7 56.4 9.25 5.92 26.2 1.53
Iso-60 60 113.9 68.3 60.4 9.35 5.95 23.6 1.47
Que-Annf Annealed 113.7 78.4 69.4 9.40 6.00

2 The bulk crystallinity was calculated from the DSC.

® The long period was estimated from the Lorentz-corrected SAXS intensities as a function of the scattering vector.
¢ The lamellar thickness was estimated from the 1-dimensional correlation function according to the pseudo-two-phase model.

4 The ordering parameter was calculated by using eq. (2).

¢ The sample was first quenched in ice water after melting, then stored for 2 weeks at room temperature.
fThe ice-quenched sample was annealed in a vacuum oven at 75°C for 3 days.

roform was used as an eluent at a flow rate of 0.8
mlL/min.

RESULTS AND DISCUSSION

Crystalline Structure

It is well known that semicrystalline polymers
often show different crystalline structures after
different thermal histories.'”!° In this study,
four different PBS samples with different thermal
histories were prepared: crystallized isothermally
at different temperatures (25 and 60°C) after
melting (melt quenched), subsequently annealed
at 25°C for 2 weeks, and melt quenched and an-
nealed at 75°C for 5 days.

The morphology and thermal properties of the
PBS samples were determined by a polarized op-
tical microscope, DSC, light scattering, WAXS,
and SAXS. The crystallinity of the annealed sam-
ples was 69%, which was higher than those of
melt-quenched or isothermally crystallized sam-
ples (566-60%), as expected. However, the differ-
ence of crystallinity between melt-quenched and
isothermally crystallized samples (25 or 60°C)
was not so large, which might be attributed to the
high crystallization rate of PBS. The thermal
properties and other solid structures of PBS sam-
ples with different thermal histories are summa-
rized in Table I.

Figure 1 shows DSC thermograms of the PBS
samples prepared by different thermal treat-
ments. The thermograms show typical double
melting behavior. Multiple melting behavior is
well known in the melting of some semicrystalline
polymers such as polypropylene and aliphatic
polyesters, which might be attributed to the dif-
ference in crystal size, discrete bunching of crys-
tallites of varying degrees of perfection, or melt-

ing and recrystallization of some microcrys-
tals.?°22 In Figure 1 the position of the higher
melting peak dose not change for all samples.
However, the peak position and the shape of the
lower melting peak is different: for isothermally
crystallized samples the shape of the lower melt-
ing peak is clear whereas for melt-quenched sam-
ples the lower peak is smaller and vague. This
result indicates that the microcrystalline struc-
ture is different for the samples prepared by dif-
ferent thermal histories. The crystalline struc-
ture of the PBS samples was further character-
ized by X-ray scattering experiments, light
scattering, and polarized optical microscopy.
Figure 2 shows typical WAXS profiles of PBS
with various thermal histories. The positions of
the maximum peaks do not change and the
shapes of the peaks are very similar. This result
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Figure 1 DSC thermograms of PBS crystallized at
different temperatures.
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Figure 2 WAXS intensity profiles as a function of 26
for PBS crystallized at different temperatures.

indicates that the crystal form of PBS (i.e., mon-
oclinic?®) was not changed by the thermal treat-
ments used in this experiment. Also, the micro-
structure of the crystals such as the lamellar
thickness and the long period was further char-
acterized by using a SAXS technique. The lamel-
lar thickness of the samples was determined from
the scattering data according to the pseudo-two-
phase model using a 1-dimensional (1-D) correla-
tion function.?* The lamellar thickness for the
melt-quenched sample was 5.1 nm, and the iso-
thermally crystallized and annealed samples
showed a slightly higher value of 6.0 nm. The
lamellar thickness was not changed much by
changing the crystallization condition and ther-
mal history.

The spherulitic nature of PBS samples crystal-
lized at different temperatures is revealed by the
H, light scattering patterns shown in Figure 3.
The four-leaf clover pattern in the H, mode is
characteristic of the spherulite, and this pattern
is ascribed to the ordering of the optical axis in
both the tangential and radial directions within
the spherulite.?® In the melt-quenched sample a
clear four-leaf clover pattern appears whereas
isothermally crystallized samples do not show
this clear pattern. This change of pattern indi-
cates that the optical axis orientation of isother-
mally crystallized samples is more disordered
within the spherulite than that of the melt-
quenched sample. Also, based upon 1-D H, scat-
tering profiles at an azimuthal angle of 45° in the
scattering patterns (Fig. 4), one can analyze the
details of the spherulite morphology in the follow-

(e)

Figure 3 The H, light scattering patterns of PBS
samples crystallized at different temperatures. The cir-
cle indicates a scattering angle of 3.6°: (a) melt
quenched, (b) isothermally crystallized at 25°C, and (c)
isothermally crystallized at 60°C.

ing manner. The average radius of the spherulite
(Ry,) can be estimated by using the following
equation®%27;

4.1 = 47(Ry/\)sin(6,/2) 1

Intensity (arb. unit)

Angle (theta)

Figure 4 The H, light scattering profiles normalized
by the maximum intensity at an azimuthal angle w
= 45°,



where A is the wavelength of the light in the
medium and 6,, is the peak angle at the maxi-
mum intensity. The estimated radii of the PBS
spherulites with thermal histories are shown in
Table I. The radius of the spherulite is about
20-30 pwm and the difference in the radius of the
spherulite with thermal histories is not so large.
This may be attributed to the high crystallization
rate of PBS.

By a 1-D H, scattering profile, one can also
obtain information on the ordering in the spheru-
lite. To discuss the degree of ordering within the
spherulite, it is convenient to employ an ordering
parameter P,. According to Yoon and Stein,?® the
relative intensity of scattered light at a small
angle (6 < 6,,) is enhanced by the angular disor-
der of the optic axis orientation but at a wide
angle (6 > 0,,) it is enhanced by the radial disor-
der. The P, is given by using the following equa-
tion:

P.=Iy(w=4)1y, (0=28) (2)
o = (2m/A\)Ry.sin 6 3)

where o is the reduced scattering angle. The cal-
culated results of the P, for PBS samples are also
summarized in Table I. Compared with the melt-
quenched sample, the isothermally crystallized
samples have a lower ordering like that observed
by a 2-D scattering pattern. This means that iso-
thermally crystallized samples have a higher ran-
dom orientation of the lamellar crystals within
the spherulite. At present, it is not clear why the
lamellae crystallized at a higher temperature
have more random orientation. But, this phenom-
enon leads us to assume that when the lamellae
within the spherulite are crystallized at a high
temperature, their growth would have a much
greater probability of taking a randomness of ori-
entation compared to low temperature crystalli-
zation. This speculation is consistent with the
observed morphology of the spherulite in a polar-
ized optical micrograph as shown in Figure 5.
The polarized optical microscopic observation
on the morphology of spherulites is shown in Fig-
ure 5. The diameter of the spherulites is about
40-50 um, irrespective of the thermal histories,
which is in good agreement with the light scatter-
ing data (Table I). However, in the photographic
pattern of spherulites there is a clear difference
between isothermally crystallized samples and
the melt-quenched one (Fig. 5). In the melt-
quenched sample, a clear Maltese cross pattern
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Figure 5 Polarized optical micrographs of PBS sam-
ples crystallized at different temperatures: (a) melt
quenched, (b) isothermally crystallized at 25°C, and (c)
isothermally crystallized at 60°C.
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Figure 6 Scanning electron microscopy photographs
showing the degradation pattern for the center portion
of the spherulite after hydrolysis for 9 days: (a) melt
quenched and (b) isothermally crystallized at 25°C.

appears [Fig. 5(a)] whereas isothermally crystal-
lized samples do not show this clear pattern. This
particular pattern of the spherulite in the optical
microscopic observation is closely related to the
internal morphology of the spherulite, such as its
lateral size, packing density, and branching of
fibrils (bundles of lamellae).

Keith and Padden reported that the internal
morphology of a spherulite is determined by the
magnitude of the parameter o = D/G, where D is
the diffusion coefficient for noncrystallizable im-
purities in the melt and G is the radial growth
rate of the spherulite.?®3° According to their the-
ory, it would be expected that as o decreases, the
texture of the spherulite would become finer, be
more densely packed, and have branched fibrils;
conversely, as o increases the texture of the
spherulite would become thicker, be less densely

packed, and have no branched fibrils. In our ex-
periment the o value of the melt-quenched sam-
ple, which has a high growth rate and a low
diffusion coefficient, is considerably lower com-
pared to that of isothermally crystallized sam-
ples. Therefore, it can be assumed that internal
fibrils of the spherulite for the melt-quenched
sample are finer and the spherulites are more
densely packed than isothermally crystallized
samples. This speculation is verified indirectly by
making a comparison of the hydrolytic degrada-
tion pattern for each sample (Fig. 6).

Degraded surfaces show quite a different sur-
face morphology after hydrolysis. Fine fibrils
were observed on the degraded surface for the
melt-quenched sample, [Fig. 6(a)]l, whereas only
thick fibrils were observed in the isothermally
crystallized sample [Fig. 6(b)]. The pattern of ero-
sion observed during hydrolysis could reflect the
size and shape of fibrils composed of spherulites.
Therefore, the internal structure of the spherulite
for different thermal histories could be inferred
from the degraded morphology (i.e., the melt-
quenched spherulite contains finer and more
densely packed fibrils). Also, our experimental
observations on spherulitic morphology were in
good agreement with the extensive series of ex-
perimental observations by Keith and Pad-
den‘28—30

Hydrolytic Degradation

The effects of crystallinity and morphology on
polymer hydrolysis were studied for a de-
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Figure 7 The weight loss of PBS samples crystallized
at different temperatures as a function of hydrolysis
time in the 1N NaOH solution.
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Figure 8 Scanning electron microscopy photographs of the degraded surface of PBS
samples crystallized at different temperatures after hydrolysis for 9 days: (a) melt
quenched, (b) isothermally crystallized at 25°C, (c) isothermally crystallized at 60°C,
and (d) melt quenched and annealed at 75°C.

cade.'*716 It is known that hydrolytic degradation
proceeds at a higher rate in the amorphous region
than in the crystalline region. The higher degra-
dation rate in the amorphous region is attributed
to the easy diffusion of water molecules into the
interior of polymers. Figure 7 shows the weight
loss of PBS samples with various thermal histo-
ries during hydrolytic degradation. The degrada-
tion rate of annealed samples (Que-Ann, crystal-
linity 69%) was slower than those of nonannealed
samples (Que, Iso-25, and Iso-60, crystallinity
56—-60%). This result indicates that the crys-
tallinty of a PBS sample plays an important role
in determining the hydrolysis rate. This result
further supports the conclusion that the hydro-
lytic degradation takes place preferentially in the
amorphous region rather than in the crystalline
region. In the case of similar crystallinity (56—
60%), the degradation rate of a melt-quenched

sample was lower than that of an isothermally
crystallized sample at 60°C. The difference in the
degradation rate for these samples was consider-
ably large, in spite of similar crystallinity. This
result may be related to the structure of crystal-
line morphology.

Figure 8 shows the scanning electron micro-
graphs of specimen surfaces after hydrolysis for 9
days. The surface of the degraded samples has
lost smoothness. As a consequence of hydrolysis, a
spherulitic texture is clearly observed. Most of the
degraded surfaces are covered with spherulites.
These micrographs reveal that the central part of
the spherulites and spherulitic impinging lines
are degraded first, followed by the other parts of
the spherulites. Thus, holes and deeply eroded
cracks are observed at both the central part and
circumferencial part of the spherulites. This may
be explained as being due to the fact that water
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molecules penetrate more easily in the center and
circumference of the spherulites, which have less
ordered chain conformation than in any other
part. As a result, preferential hydrolytic degrada-
tion took place in these regions. Similar experi-
mental results were reported in the enzymatic
biodegradation of PHB by PHB depolymerase.?!
It is interesting that the pattern of hydrolytic
degradation for the PBS spherulites was really
similar to that of the enzymatic degradation of
the PHB spherulites. This result might be attrib-
utable to the preferential degradation of the dis-
ordered region by water or enzymes.

Careful observation of the degraded surfaces of
the specimens with different thermal histories
showed that the degradation pattern of the sur-
face for the melt-quenched sample [Fig. 8(a)] was
different from those for isothermally crystallized
samples [Fig. 8(b,c)]: in the melt-quenched sam-
ple, the degraded surface had fine bundles of la-
mellae and the depth of degradation from the
surface was not so deep. However, for isother-
mally crystallized samples, fine bundles of lamel-
lae in and around the spherulite were not ob-

(a) fine, densely packed fibrils (b) thick, loosely packed fibrils

Degraded |

s

Degraded step by step, shallowly

~
L/

Degraded irregularly, deeply

Figure 9 Schematic diagrams showing the course of
hydrolysis for PBS samples crystallized at different
temperatures for the same amount of time. The shadow
portion indicates the domain for water penetration
from the surface: (a) melt-quenched sample (fine,
densely packed fibrils) and (b) isothermally crystallized
sample at 60°C (thick, loosely packed fibrils).
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Figure 10 GPC diagrams of the interior of the de-

graded samples as a function of the hydrolysis time.
The sample is melt-quenched PBS.

served on the surface and the depth of erosion
was very deep. The explanation may be that the
pattern of surface degradation for the PBS was
affected by the degree of fibrillar packing in the
spherulite. According to the SAXS and optical
microscopy results, the spherulite of the melt-
quenched sample was composed of densely
packed fine fibrils [Fig. 5(a)], so water molecules
did not penetrate deeply into the interior of the
bulk from the surface in the NaOH solution.
Thus, the hydrolysis and erosion for the melt-
quenched sample may have occurred step by step
from the surface [Fig. 8(a)]. On the other hand,
isocrystallized samples had loosely packed thick
fibrils, and water molecules penetrated into the
samples more deeply compared with the melt-
quenched one, so that the surface of the spheru-
lite was dug out more deeply and roughly. Espe-
cially in the case of the isocrystallized sample at
60°C, the erosion of the surface was so extensive
that the form of the spherulite almost disap-
peared [Fig. 8(c)].

Figure 9 is a schematic diagram showing water
penetration from the surface of the sample and
the resulting degradation pattern for the melt-
quenched and isothermally crystallized samples,
respectively. Ultimately, this change of degrada-
tion pattern that arose from the degree of fibrillar
packing was closely related to the difference in
the hydrolysis rate for PBS samples with differ-
ent thermal histories as shown in Figure 7.



Figure 10 is the GPC diagram obtained by us-
ing samples taken from the interior of the de-
graded specimen. The samples for this GPC ex-
periment were taken from the bulk of the de-
graded specimens and did not contain the
degraded surface. The GPC diagrams showed
that the molecular weight distribution of the PBS
sample was not changed with degradation time.
This result directly showed that the hydrolytic
degradation of PBS progressed because of the sur-
face reaction at this experimental condition. We
assumed that water diffusion into the bulk of the
specimen was restricted by the high crystallinity
of PBS.

CONCLUSIONS

A solid structure analysis and hydrolytic degra-
dation of melt-crystallized PBS were conducted.
The internal structure of the PBS spherulite was
successfully controlled by applying different ther-
mal histories without appreciably altering the
overall degree of crystallinity. The annealed sam-
ple having higher cyrstallinity showed a lower
degradation rate. This result implied that hydro-
lytic degradation took place preferentially in the
amorphous part of the PBS sample and supported
the conclusion that the crystallinity of a sample
plays a major role in hydrolytic degradation. It
was also found that an isothermally crystallized
sample at 60°C, which had a spherulite composed
of less densely packed fibrils, showed a higher
degradation rate compared to a melt-quenched
sample, in spite of similar crystallinity. This re-
sult indicated that the internal structure of the
spherulite also played an important role in hydro-
lytic degradation. We also found that the hydro-
lysis of PBS progressed because of a surface reac-
tion in this experimental condition.
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