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ABSTRACT: Poly(ethylene succinate) (PES), poly(buty-
lene succinate) (PBS), and PES-rich copolyesters were syn-
thesized using an  effective catalyst, titanium
tetraisopropoxide. PES was blended with minor amounts
of PBS for the comparison. The compositions of the copo-
lyesters and the blends were determined from NMR spec-
tra. Their thermal properties were studied using a
differential scanning calorimeter (DSC), a temperature
modulated DSC (TMDSC), and a thermogravimetric ana-
lyzer. No significant difference exists among the thermal
stabilities of these polyesters and blends. For the blends,
the reversible curves of TMDSC showed a distinct glass-

rubber transition temperature (T,), however, the variation
of the T, values with the blend compositions was small.
Isothermal crystallization kinetics and the melting behav-
ior after crystallization were examined using DSC. Wide-
angle X-ray diffractograms (WAXD) were obtained for the
isothermally crystallized specimens. The results of DSC
and WAXD indicate that the blends have a higher degree
of crystallinity and a higher melting temperature than
those of the corresponding copolymers. © 2010 Wiley Period-
icals, Inc. ] Appl Polym Sci 116: 3693-3701, 2010
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INTRODUCTION

Polymers universally used such as polyethylene
(PE), polypropylene (PP), and polystyrene have
caused increasingly serious pollution problem in the
last several decades because of their high chemical
stability. With the rise of concern about the global
environment, much attention has recently been paid
to environmental protection policy for every govern-
ment. Biodegradable polymers' are friendly to our
ecosystem and offer alternative solutions for solid
waste management. Aliphatic polyesters are among
the most interesting candidates for biodegradable
materials because they can be degraded to CO, and
H,O by the action of enzymes and microorganisms.
Poly(ethylene succinate) (PES) and poly(butylene
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succinate) (PBS) are attractive thermoplastics, fully
biodegradable,” because they have relatively high
melting temperature (T, > 103°C) and very favor-
able mechanical properties, which are similar to
those of such extensively used polymers as low den-
sity PE (LDPE), PP® and others. Moreover, PES and
PBS have excellent processability, so they can be
processed using conventional equipments.

PBS exhibits a lower biodegradation rate than PES
because it has a higher crystallization rate and
greater crystallinity. PES has been reported to be
degraded by polyhydroxybutyrate (PHB) depoly-
merase,*” and be hydrolyzed by lipase®® or serine
proteases.'’ Recently, thermophilic microorganism,"'!
mesophilic bacteria,'? fungi,13 and thermophilic acti-
nomycetes'* isolated from various environments
have been used to degrade PES successfully. Biode-
gradation rate is undoubtedly one of the most im-
portant properties of biodegradable polymers.
Chemical structure, copolymer composition, crystal-
line structure, and morphology®’ influence the bio-
degradation rate. Lately, the degree of crystallinity'
has been singled out as the factor that affects mostly
biodegradation of polymers, because biodegradation
firstly takes place in the amorphous region, such
that the erosion proceeds at a higher rate in the
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amorphous region than in the crystalline region.'®'”

Hence, research on the relationship among structure,
crystallization kinetics and morphology must pre-
cede research on degradation behavior, and the
results thus obtained will help elucidate the degra-
dation mechanism, supporting the design and devel-
opment of various practical degradable polymers.

To promote the physical properties or extend the
range of application of PES and PBS, there are
numerous approaches have been employed, such as
physical blending, copolymerization, and formation
of composite with organoclay. PES was found to be
miscible with 1polgl(beta—hydlroxybu’cyrate),18 poly
(ethylene oxide),"** or poly(vinyl phenol),”® and to
be partially miscible with cellulose acetate,** poly
(vinyl chloride),” or PBS.** However, PES blends
with  poly(3-hydroxybutyrate-co-hydroxyvalerate)*’
or poly(i-lactide)” were immiscible. Copolymers are
well known to have higher degradation rates than
homopolymers, which is basically attributed to the
limited crystallinity.**' In previous studies, it was
found that the incorporation of trimethylene succi-
nate units into PES significantly inhibited the crystal-
lization behavior of PES and decreased its melting
temperature.’”® To increase the biodegradation rate
without sacrificing the melting temperature of succi-
nates, PES copolymers with minor amounts of
butylene succinate (BS) were synthesized in this
work.>* Blends of PES and PBS were prepared in
chloroform with the weight ratios of PES/PBS: 98/
02, 95/05, and 90/10 for the comparison with the
copolymers. Over a wide range of isothermal crystal-
lization temperature (T,), the differential scanning
calorimetry (DSC) data were analyzed using the
Avrami equation.***” Additionally, the origin of
multiple melting behaviors of isothermal crystallized
specimens was elucidated using wide-angle X-ray
diffraction (WAXD) patterns and DSC curves. The
thermal properties and the degree of crystallinity of
both blends and copolymers were compared.

EXPERIMENTAL
Materials and specimen preparation

Ethylene glycol (EG) (Showa, 99.5%), 1,4-butanediol
(BD) (Acros, 99%) and succinic acid (SA) (Acros,
99%) were used without purification. Titanium tet-
raisopropoxide (TTP) (Acros, 98+%) was used as
received. Other solvents used in the analysis were
also used without purification. PES, PBS, and PES-
rich copolyesters were synthesized via a two-step
esterification reaction in the melt. A detailed report
of synthesis and characterization has been simply
referred our most recent work.”> The synthesized
polyester was dissolved in chloroform and precipi-
tated into 10 times the amount of vigorously stirred
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TABLE 1
Intrinsic Viscosity and Thermal Properties®
[n] T, T  Tw T
Sample code (dL/g) °O) °O) °O) (°C)
PES? 1.08 -10.8 47.7 1009 -
PBS? 1.27 —41.1 —-15.5 - 113.1
PEBSA 95/05% 1.25 —-11.7 53.3 945 -
PEBSA 90/10? 1.14 —-14.2 56.3 89.8 -
PEBSA 50/50 1.18 -29.17 - 37.8° -
PES/PBS 98/02% - 443  101.0 112.6
PES/PBS 95/05% - 440 100.8 112.6
PES/PBS 90/10? - 455 1013 112.6
PES® 1.08 -10.4 28.0 105.1 -
PES/PBS 98/02° -10.2 21.4 105.2 116.3
PES/PBS 95/05°¢ —-10.1 21.6 1053 116.4
PES/PBS 90/10°¢ -10.5 21.0 105.1 116.1

“at a heating rate of 10°C/min for amorphous
specimen.

P at a heating rate of 10°C/min for room temperature
annealed specimen.

¢ at a heating rate of 1°C/min for amorphous specimen
using TMDSC. T cold crystallization peak temperature.

ice-cooled methanol. The precipitate was filtered,
washed with methanol, and dried under reduced
pressure at room temperature. The first column of
Table I presents the sample codes of copolyesters
(PEBSA) and blends (PES/PBS), with the numerical
values representing the feed ratios of the diols or the
weight ratios of PES and PBS.

Purified polyester samples were dissolved in 60/
40 w/w phenol/1,1,2,2-tetrachloroethane solution.
The solution viscosities of the polyesters at 30°C
were measured using an Ubbelohde viscometer.
Their intrinsic viscosity, [1], values ranged from 1.08
to 1.27 dL/g, as listed in the second column of Table
1.3 PES had a [n] of 1.08 dL/g and a number aver-
age molecular weight of 1.05 x 10° g/mol relative to
poly(methyl methacrylate).**®® In this study, PES,
PBS, and PEBSA were synthesized using an effective
catalyst, TTP, without the addition of any heat stabi-
lizer. The molecular weights of these polyesters
were high enough to allow them to be made into
films for the subsequent studies. PES/PBS blends
with different weight ratios were prepared by dis-
solving PES and PBS in chloroform (1 wt %), then
chloroform was evaporated in hood after casting on
petri dish. Dried blend or copolymer was sand-
wiched between two polyimide films with spacers,
and was heated from room temperature to 20-30°C
above its melting temperature (T,,). The sheet was
formed by compression molding for 5 min at 5 kg/
cm?” pressure. During the molding process, the mold
was pressed and released several times to ensure
that the sheet was void-free. The sheet was then
allowed to cool slowly to room temperature. The
compressed sheet had a thickness of ~0.2 mm for
use in DSC studies or about 0.5 mm for obtaining
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WAXD patterns. All sheets were dried at room tem-
perature in a vacuum oven overnight before they
were used.

NMR and WAXD measurements

NMR spectra of d-chloroform solutions were
recorded with tetramethylsilane as the reference
standard using a Varian UNITY INOVA-500 NMR
at 295.5 K. "H-NMR spectra were analyzed to deter-
mine the compositions of the copolyesters and PES/
PBS 90/10 blend. *C-NMR was utilized for the
determination of both the composition and the ester
sequence distribution in these copolyesters.

Specimens with a thickness of about 0.5 mm, fol-
lowing complete isothermal crystallization at T,
were prepared using a heating stage (Linkam
THMS-600). X-ray diffractograms were obtained on
a Siemens D5000 diffractometer with Ni-filtered Cu
K, radiation (A = 0.1542 nm, 40 kV, 30 mA) at a
scanning rate of 1°/min. Measurements were made
at room temperature.

Measuring thermal properties and thermal stability

The thermal properties of the polyesters and blends
were analyzed using a Perkin-Elmer Pyris 1 DSC,
equipped with a refrigerating system (Pyris Intra-
cooler 2P). Temperature was calibrated with deion-
ized water and indium, and the heat flow was cali-
brated using indium. A specimen with a weight 4 *
0.5 mg was used. It was initially heated at a rate of
20°C/min from 30 to 170°C for PES-rich polymers or
to 180°C for the blends, at which temperature it was
maintained in a molten state for 5 min to remove
the thermal history. Subsequently, the specimen was
quenched with liquid nitrogen and then heated at a
rate of 10°C/min to above its T,,. The glass transi-
tion temperature (T,), T, and cold crystallization
temperature (T..) were detected during the heating
process.

For the blends, the T, values of amorphous speci-
mens were obtained from the reversible curves of
temperature modulated DSC (TMDSC, TA Instru-
ments Q100), equipped with a refrigerating system.
The cell constant calibration was performed using an
indium standard, and the temperature calibration
was conducted using deionized water and indium.
A standard sapphire sample was used to measure
the calibration constant of heat capacity for the mod-
ulation study. A heating rate of 1°C/min with a pe-
riod of 60 s and a modulation amplitude of 0.159°C
were selected as a heating-only condition based on
the specifications that are presented in the instru-
ment manual.

Thermal stability experiments were conducted
using a TA Instruments 2050 thermogravimetric ana-

lyzer (TGA). Nitrogen gas was used as the purge
gas at a flow rate of 50 ml/min. A specimen of
lighter than 10 mg was heated at a rate of 10°C/min
from room temperature to 800°C. Weight loss curves
and their derivatives were obtained to compare the
relative thermal stabilities of the synthesized polyest-
ers and PES/PBS blends.

Differential scanning calorimetry measurements

A Perkin-Elmer Pyris 1 DSC was used and cali-
brated as described above. About 3-5 mg of the
blend was used. In the isothermal crystallization
study, the samples were initially heated from 30 to
180°C at 20°C/min at which temperature they were
maintained in a molten state for 5 min. They were
then rapidly cooled at a nominal rate of 250°C/min
to a preset temperature (T.) between 30 and 88°C,
and crystallized for a period that was three times
the peak ending time to ensure complete crystalliza-
tion. The enthalpy of crystallization exotherm was
measured as a function of time, and the crystalliza-
tion kinetics was analyzed by Avrami method.**”
Following isothermal crystallization, the specimens
were scanned directly from T, up to 140°C at 10°C/
min to examine their melting behavior.

RESULTS AND DISCUSSION
NMR analysis

A detailed determination of the compositions and
the ester sequence distribution of PEBSA copolymers
were reported in our most recent work.”® In the '*C-
NMR spectrum of PEBSA 50/50, the carbonyl car-
bons were split into four peaks, which areas were
utilized for the determination of the triads possibil-
ity, composition and the ester sequence distribution
in this copolyester. Based on the analysis of carbonyl
carbons, PEBSA 90/10 copolyester was characterized
as having 89.9 mol % ethylene succinate (ES) units
and 10.1 mol % BS units in a random sequence.*
Only enlarged ?C-NMR spectrum of the carbonyl
carbons of PEBSA 90/10 copolymer is replotted in
Figure 1 for the comparison with PES/PBS 90/10
blend. The assigned “a” peak at 171.9-172.0 ppm
refers to the carbonyl carbons of PES homopolymer
with ES units on both sides of succinate unit. There
are only two peaks for the carbonyl carbons of PES/
PBS 90/10 blend. Another peak “d” at 172.2-172.3
ppm is assigned to the carbonyl carbons of PBS
homopolymer with BS units on both sides of succi-
nate unit. The composition of this blend is deter-
mined from the relative areas under these two
peaks. The calculated result indicates that PES/PBS
90/10 blend has 88.8 mol % PES and 11.2 mol %
PBS. The analyses of '"H-NMR spectrum of PES/PBS
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Figure 1 BC-NMR spectra of the carbonyl carbons of
PES/PBS 90/10 blend and PEBSA 90/10 copolymer.

90/10 blend gives 89.0 mol % PES and 11.0 mol %
PBS. Both results are in good agreement with those
expected from the weight ratio of this blend.

Thermal properties

Figure 2 plots DSC heating curves of amorphous
polyesters™ and amorphous blends. PES has the
highest T, at —10.8°C. The T, value slowly declines
from —10.8 to —41.1°C as the moiety of the BS units
increases from 0 to 100%, as presented in the third
column of Table I. Such T, depression is attributed
to the increase in the chain flexibility by the incorpo-
ration of BS units. For the blends, the peak at T.. of

PES
PBS
e PES/PES 9802
=
=
=
g PES/PES 0505 -
= — — ]
S | PES/PES 98102 "
L5
= PES/PES 5010 PES/PES 9505 T,
B &l ‘\__ | I A
PES/PES 90/ 10
20 A8 e

Temperature (°C)

I 15 Wig
T L

T 1 T
-150 =111y =50 1] S0 1) 150

Temperature ('C)

Figure 2 DSC thermograms of amorphous polyesters and
blends at a heating rate of 10°C/min. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 3 TMDSC thermograms of amorphous PES/PBS
90/10 blend at a heating rate of 10°C/min.

PBS overlaps with the glass transition of PES, as
shown in the inset thermograms of Figure 2. Hence,
TMDSC was used to separate them. Figure 3 shows
the TMDSC curves at a heating rate of 1°C/min for
amorphous PES/PBS 90/10 blend. The total heat
flow (abbreviated as T) could be qualitatively sepa-
rated into the heat capacity related component (re-
versible, as R) and the kinetic component (non-re-
versible, as NR). A distinct glass-rubber transition is
observed in the reversible curve. For PES neat poly-
mer, this transition temperature, —10.4°C, is very
close to —10.8°C, as determined at a heating rate of
10°C/min using conventional DSC. Hence, the tran-
sition temperature which is obtained from the re-
versible curve is designated as the T, of PES/PBS
blend. The T, values of the blends are also tabulated
in the third column of Table I for comparison. These
blends keep the intrinsic T, of PES neat polymer
with a value ranging from —10.5 to —10.1°C. The
preliminary results of the phase contrast optical mi-
croscopy of PES/PBS 95/5 blend in the melt state
showed the behavior of phase separation (Support-
ing Information Figures S1 and S2). Therefore, the
slight variation of the T, values with the blend com-
position indicates that PES and PBS could be

TABLE II
Thermal Stability and Equilibrium Melting
Temperature®*~°

Sample code Tstart (OC) TlossZ% (OC) Tmax (OC) Tom (OC)
PES 247.1 291.9 379.5 112.7
PBS 246.1 298.5 400.3 127.4
PEBSA 95/05 248.1 283.9 387.4 111.1
PEBSA 90/10 242.1 277.9 398.2 107.0
PEBSA 50/50 241.1 285.4 404.5 -
PES/PBS 98/02 247.1 286.7 382.9 113.2
PES/PBS 95/05 243.3 286.4 395.6 113.0
PES/PBS 90/10 245.8 288.2 388.4 113.2

Average 2451 £ 2.6 2874 = 6.0 3921 = 8.9
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Figure 4 WAXD patterns from polyesters and blends
crystallized isothermally at the temperatures indicated.

immiscible in the amorphous phase. This phenom-
enon will be further discussed in the next
manuscript.

A sharp cold crystallization peak occurs at
—15.5°C for PBS homopolymer, suggesting that the
cold crystallization rate of PBS markedly exceeds
that of PES homopolymer. As mentioned above, the
cold crystallization peak of PBS in the PES/PBS
blend overlaps with the glass transition of PES (Fig.
2). For all the DSC curves of these PES/PBS blends,
a narrower cold crystallization peak is also observed
around 45°C, which is 3°C earlier than the cold crys-
tallization peak of PES homopolymer. It seems that
PES was not effectively nucleated by the few PBS
crystals. The T,, value of these three blends keeps
around 101°C, which is the melting temperature of
PES homopolymer. A small melting peak is detected
at 112.6°C (T,,'), which is the melting temperature of
PBS homopolymer. Table I also tabulates the values
of T, T, and T,, obtained from the total heat flow
of TMDSC curve at a heating rate of 1°C/min. The
T value of PES is about 23°C less (or the cold crys-
tallization occurs earlier), and the T, and T,, values
are ~4°C higher.

A cold crystallization peak (T at 47.7°C) and a
small recrystallization peak just before the melting
peak (T,,; at 100.9°C) are detected for PES homopol-
ymer, as presented in Figure 2. For PEBSA 95/05
and 90/10 copolymers,®T,. moves from 53.3 to
56.3°C (fourth column in Table I) and the corre-
sponding peak becomes lower and broader. No cold
crystallization is revealed by the curve of PEBSA
50/50. Clearly, the incorporation of a few BS units
into PES reduces the cold crystallization rate of
amorphous specimens. Accordingly, the intensity of
the melting peak declines, and the corresponding
T, falls from 100.9, through 94.5 to 89.8°C, as indi-
cated in the fifth column of Table I. Increasing the
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fraction of BS units to 50 mol % (PEBSA 50/50)
decreased T, drastically to 37.8°C that was obtained
after the specimen was kept at room temperature for
more than 3 days.

Thermal stability

For brevity, TGA curves of the weight loss and the
derivative of weight loss versus temperature are not
shown here. Table II presents three temperature pa-
rameters for all of the polyesters® and blends used
in this study, along with their average values, where
Tstart is the temperature of first detectable deviation
from the derivative curve of weight loss, Tioss29 rep-
resents the temperature at a weight loss of 2% from
the weight loss curve, and Thmax denotes the temper-
ature with the greatest slope from the weight loss
curve. The average values of Tgiart, Tioss2%s and Tmax
are 245.1 * 2.6°C, 287.4 *+ 6.0°C, and 392.1 *= 8.9°C,
respectively. The values of Ty, are well above
220°C, the temperature of the last step of synthesis.”
It can be assumed that no appreciable thermal deg-
radation took place during the step of polycondensa-
tion, so there was no need to use a heat stabilizer
during the synthesis of these polyesters. Addition-
ally, these polyesters and blends exhibit no signifi-
cant variation or no trend in these three temperature
parameters because this experiment depends on the
size, shape, and the degree of crystallinity of the
specimens. Similar results have been reported for a
series of PEBSA copolymers.*

Wide-angle x-ray diffraction

Figure 4 shows the diffraction diagrams of PES, PBS,
PEBSA copolyesters® and PES dominated blends
that were isothermally crystallized at 5-20°C below

| 30°C
‘ /\ 35°C
. /\ 40°C
£ 45°C T oswe
=
- 50°C
£
s U\ 55°C
g /\ 60 ¢
= 65°C
67 °C
70°C
72°C
1 N 1 v
0 20 40 60
Time (min)

Figure 5 Crystallization isotherms of PES/PBS 90/10
blend at the indicated temperatures (T).
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TABLE III
Summary of the Condition and the Kinetic Analysis of Crystallization for Isothermally Crystallized PES/PBS 90/10
Blend

T, (OC) te (mln) AI_Iexo (]/g) AI_Ierndo (]/g) Xc,endo (O/O) t1/2 (mm) nq kl (minin)
30 50 —40.8 54.8 32.6 5.88 2.88 421 x 1072
35 40 —42.5 54.9 32.7 3.69 2.81 1.78 x 1072
40 35 —41.7 55.1 32.8 3.50 2.76 2.36 x 1072
45 35 —43.3 56.8 33.8 3.17 2.78 2.82 x 1072
50 35 —43.5 56.8 33.8 3.55 2.84 1.89 x 1072
55 35 —44.6 57.3 34.1 470 2.79 9.15 x 1072
60 45 —44.7 57.7 34.3 5.94 2.98 3.53 x 107>
65 60 —45.9 58.6 349 9.76 2.97 8.05 x 104
67 100 —46.6 58.6 349 11.93 3.03 3.87 x 10°*
70 150 (—40.8) 59.3 35.3 16.14 2.84 2.67 x 107*
72 250 (—34.3) 61.2 36.4 22.19 2.79 123 x 1074
75 300 - 61.3 36.5 - - -
80 700 - 62.5 37.2 - - -
85 1000 - 64.9 38.7 - - -
88 1200 - (49.2) (—29.3) - - -

their respective T, values. The unit cell of the crys-
talline PES o form is orthorhombic,”*® and the dif-
fraction peaks from the (120) and (200) planes are
observed at 20 ~ 20.2° and 23.4° respectively.
PEBSA 95/05 and 90/10 copolyesters have diffrac-
tion peaks of the PES o form, but their intensity
from the (120), (200) and (121) planes decreases as
the moiety of the BS units increases, indicating less
crystalline order in these copolymers. The unit cell
of the crystalline PBS o form is monoclinic,***' and
the diffraction peaks from the (020) and (110) planes
are observed at 20 ~ 19.6° and 22.7°, respectively.
The diffraction diagram of PEBSA 50/50 has the
characteristic peaks of the PBS o form, but with very
low intensity. All PES dominated blends have more
pronounced diffraction peak from the (121) plane of
PES crystals [may be part from the (110) plane of
PBS crystals] than that of copolymer, indicating
improvement of crystalline order in the blends.

Isothermal crystallization kinetics

Detailed studies of isothermal crystallization kinetics
of PEBSA co 015ymers were reported in our most
recent works.”*** For brevity, only the kinetic analy-
sis of PES/PBS 90/10 blend is presented here. Figure
5 displays DSC exothermic traces for the specimens
that were isothermally crystallized at temperatures
from 30 to 72°C. DSC traces are not presented for T,
above 72°C, because the exothermic heat flow
becomes too slow and small to be accurately defined
for the ending time of the crystallization process.
The second column in Table III shows isothermal
crystallization times (t.) at temperatures from 30 to
88°C. The required t. decreased from 55 min at 30°C
to 35 min at temperatures between 40 and 55°C, and
then increased gradually to 300 min at 75°C, reach-
ing 1200 min at 88°C. The exothermic heat flow was

Journal of Applied Polymer Science DOI 10.1002/app

integrated to yield the heat of crystallization (AHcxo,
third column). The relative degree of crystallinity at
time t [X.(t)] was calculated for each T.. The half-
time of crystallization (t;,, — defined as the time
required for half of the final crystallinity to develop)
was evaluated. The value of t;,, falls from 5.88 min
at 30°C to 3.17 min at 45°C, and then increases grad-
ually to 22.19 min at 72°C, as listed in column 6 of
Table III. Figure 6 plots the overall crystallization
rate (tI/[D versus temperature (T,) as solid right
triangles.

It is well known that the Avrami equation can
be applied to describe the initial or the primary
stage of isothermal crystallization of polymers, as
followed:

36,37

1 — X (t) = exp(—kit"™) (1)
log[—In(1 — X (t))] = log ki + 11 log t (2)

PES

PEBSA 95/05
PEBSA 20/10
PES/PBS 98/(12
PES/PBS 95/05
PES/PBS 90/10

P
1
vAPpPOR

(t )" (min™)

112

v T T . T .
20 30 40 50 60 70 80

Temperature (°C)

Figure 6 Temperature dependencies (T,) of the overall
crystallization rate (t1,, ).
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Figure 7 Temperature dependencies (T,) of the rate con-
stant (k).

where ki denotes the crystallization rate constant
and n, is the Avrami exponent describing the crystal
geometry and nucleation mechanism. According to
eq. (2), the plot of log[—In(1 — X.(t))] versus log t
yields the slope n; and the intercept log k;. The last
two columns in Table III tabulate the data of n; and
k, at different T. values for PES/PBS 90/10 blend.
As T. increases, n; falls initially from 2.88 at 30°C to
2.76 at 40°C, and then increases to 3.03, as presented
in column 7 in Table III. The k; value increases first
from 4.21 x 1072 min™ at 30°C to 2.82 x 10> min™
at 45°C, and then declines to 1.23 x 10™* min™; the
results are listed in the last column of Table III and
also plotted as solid right triangles in Fig. 7.

; 30°C
\_ Y A
— ~/ 40 °C

~/ 45°C

o r,oTJ 50°C

T, IV 55°C

T 60 °C

Heat flow, Endo «—

T 1 N 1 T 1 T 1 T 1 N 1
20 40 60 80 100 120 140
Temperature ("C)

Figure 8 DSC thermograms (at a heating rate of 10 °C/
min) for PES/PBS 90/10 blend isothermally melt-crystal-
lized at the indicated temperatures.
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For the isothermal crystallization experiments of
PES/PBS 98/02 and 95/05 blends, a similar f. value as
that of PES/PBS 90/10 blend was selected for each T,
ranging from 30 to 88°C. The kinetic analysis based on
the Avrami equation gives 1, values between 2.57 and
2.99. The n, values of these blends are larger than those
of the corresponding copolymers. These 1, values are
less than 4.0, because, first, the thickness of the samples
for the DSC studies was about 0.2 mm. At higher T, val-
ues, the nucleation density was low, and the diameter
of the spherulite was around 0.1 mm.******> Hence, the
growth of the spherulites was restricted to two dimen-
sions during the latter stage of isothermal crystalliza-
tion. Next, the spherulitic growth rate of these PES
dominated blends is low.* The primary and secondary
crystallizations are suggested to proceed simultane-
ously before the impingement of the crystals.*® Third,
the homogeneous nucleation rate increases at lower T,
representing an athermal nucleation process that is fol-
lowed by three-dimensional crystal growth in the initial
stage of isothermal crystallization. Finally, the cooling
rate of the refrigerating system is not high enough to
prevent the crystallization of PBS (and a little of PES)
before it is cooled to a low T,. Similar results were
observed in the earlier studies for PES-rich copolyest-
ers. >4 Figures 6 and 7 display the temperature
dependencies of the overall crystallization rate (t;, "
and the rate constant (k;), respectively, for PES,*?
PEBSA copolymers**® and PES/PBS blends. Both plots
present a maximum value at ~45°C for all of these
specimens. It is reasonable that the overall crystalliza-
tion rate (f;,, ') is maximal at a temperature between
the temperatures of the maximum nucleation rate and
the maximum growth rate in PES-rich copolymers*>*
and PES dominated blends. Figures 6 and 7 also indi-
cate that PEBSA 90/10 copolymer has the lowest overall
crystallization rate and the lowest rate constant.

Elucidating the melting behavior and the
degree of crystallinity

The melting behavior of PEBSA c:01:>olymer534’35 fol-
lowing isothermal crystallization was investigated

TABLE IV
Degree of Crystallinity Obtained from DSC
Endothermic Heating Curves®*>®

PEBSA PEBSA PES/PBS PES/PBS PES/PBS

T.(°C) PES 95/05 90/10 98/02 95/05 90/10
30 314 323 29.0 324 34.1 32.6
40 318 297 30.0 33.2 349 32.8
50 338 307 30.2 33.8 35.1 33.8
60 340 313 30.8 34.0 35.3 34.3
70 3527 329 31.6 35.4 355 35.3
80 375 332 - 36.7 37.4 372

? Isothermal crystallization at 71°C.
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Figure 9 X-ray diffraction patterns of PES/PBS 90/10
blend isothermally crystallized at various temperatures.

using DSC by varying the T, the heating rate and
the crystallization time. DSC curves showed triple
melting peaks. The peak temperatures of the melting
peaks are denoted Ty, Tm2 and T3 in order of
increasing temperature (as in Fig. 8). The lower
temperature part of the peak at Th,; is related to the
melting of the recrystallized c1?ystals.42 As T, in-
creases, the contribution of the melting-recrystalliza-
tion—remelting process to the peak at Ty,; gradually
falls and finally disappears.’*** The peak at Ty is
associated with the secondary crystals.”® Figure 8
displays the results of DSC heating scans at a heat-
ing rate of 10°C/min for PES/PBS 90/10 blend. The
heating curves show one additional melting peak
(Tmma for PBS) along with triple endothermic peaks.
The peak at T, is attributed to the fusion of the
crystals that are grown during the primary crystalli-
zation.>**>** A Hoffman—Weeks® linear plot gives
an equilibrium melting temperature (T%) of 113.2°C,
as listed in the last column of Table II. The T9, val-
ues of PES,*® PBS, PEBSA copolymers®**® and PES/
PBS blends are also tabulated in the same column.
These three blends have almost the same T, value,
but copolymer has a lower T? value as the moiety
of the BS units increases.

DSC traces in Figure 8 are integrated to yield the
net enthalpies of melting (AHcnqo) Which are tabu-
lated in the fourth column of Table III. Its value
increases from 54.8 to 64.9 ]J/g as T, increases from
30 to 85°C. The degree of crystallinity (X exo) is
determined by dividing the net enthalpy of melting
(AHendo) by 163 J/ g,33 the theoretical value for fully
(100%) crystalline PES evaluated from the Flory
equation.44 Xcexo Increases from 32.6 to 38.7%, as
shown in the fifth column of Table III. The degrees
of crystallinity evaluated from the net enthalpies of
melting are listed in Table IV at various T. values
for the comparison among PES,** PEBSA copoly-

Journal of Applied Polymer Science DOI 10.1002/app

LU ET AL.

mers®** and PES/PBS blends. It can be found
clearly that PEBSA 90/10 copolymer displays the
lowest degree of crystallinity.

Figure 9 shows the diffraction diagrams of PES/
PBS 90/10 blend following crystallization at various
isothermal temperatures (T.). All the samples show
the same PES diffraction peaks over the entire range
of temperatures, revealing only one crystalline form
(o) in the samples that were crystallized isothermally
between 30 and 80°C. As the T. increases, the dif-
fraction peak from the (120) plane becomes sharper
and the width at half-maximum peak decreases
gradually. The mean crystal sizes Ly, perpendicular
to the (hkl) plane, can be estimated with the familiar
Scherrer equation, as follows:*

Kx
L =
= B cos 3)

where By is the breath at half-maximum peak cor-
rected for instrumental broadening and K denotes
the Scherrer factor. L, was strongly dependent on
the peak broadening (B). However, the numerical
values obtained from eq. (3) are not accurate because
of the prevalence of lattice distortions. Figure 9
reveals that the sizes or the lamellar thickness of the
crystals increase with increasing T.. Additionally,
the diffraction peak from the (200) plane also
becomes sharper and the diffraction peak of the
(121) plane turns out to be more pronounced, indi-
cating improvement of crystalline order. The crystal-
linity of this blend increased from 29.4 to 34.2% (see
the last column in Table V), as determined from the
relative areas under the crystalline peaks and the
amorphous background using the Jade software. The
crystallinity of PEBSA copolymers**** and PES/PBS
blends at various T. values are also tabulated in Ta-
ble V for the comparison. It also indicates that
PEBSA 90/10 copolymer has the lowest crystallinity.

CONCLUSIONS
The results of intrinsic viscosity measurements and
thermal stability —experiments indicate high-

TABLE V
Crystallinity Evaluated from WAXD Patterns Using the
Jade Software

PEBSA PEBSA PES/PBS PES/PBS PES/PBS

T.(°C) 95/05 90/10 98/02 95/05 90/10
30 27.5 26.5 29.0 31.2 29.4
40 27.7 26.8 30.2 31.9 30.3
50 28.2 27.7 31.2 324 31.2
60 28.6 28.1 31.9 32.7 321
70 29.0 29.1 32.6 33.3 33.0
80 30.7 - 34.1 34.6 342




BIODEGRADABLE PES BLENDS AND COPOLYMERS OF PES AND PBS

molecular weight PES, PBS, and PEBSA copolymers
can be synthesized using an effective catalyst, TTP,
without the addition of any heat stabilizer in this
study. NMR spectra show that the compositions of
the copolymers or the blends are in good agreement
with those expected from the feed ratio of diols or
the weight ratio of homopolymers. There is a single
T, detected in the blends, and a small variation of
the T, values with the blend composition. The misci-
bility of these PES/PBS blends will be discussed in
the next manuscript. The kinetic analysis of the iso-
thermal crystallization data of these polyesters and
blends presents a maximum temperature at around
45°C from both the plots of the temperature depend-
encies of the overall crystallization rate and the rate
constant. PEBSA 90/10 copolyester has the lowest
rate and the lowest rate constant. After isothermal
crystallization of these samples, the degree of crys-
tallinity evaluated from DSC melting traces or
WAXD patterns also shows that PEBSA 90/10 copo-
lyester has the lowest value. However, PES/PBS 98/
2,95/5 and 90/10 blends keep the melting tempera-
ture and the crystallinity of PES homopolymer.
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