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ABSTRACT: The crystallization, melting behavior, and
spherulitic growth kinetics of biodegradable poly(ethylene
succinate-co-6 mol % butylene succinate) [P(ES-co-6 mol %
BS)] were investigated and compared with those of the
homopolymer poly(ethylene succinate) (PES) in this work.
The crystal structure of P(ES-co-6 mol % BS) was the same
as that of neat PES, but the crystallinity decreased slightly
because of the incorporation of the butylene succinate con-
tent. The glass-transition temperature decreased slightly
for P(ES-co-6 mol % BS) compared to that for neat PES.
The melting point of P(ES-co-6 mol % BS) decreased appa-
rently; moreover, the equilibrium melting point was also
reduced. Two melting endotherms were found for P(ES-co-

6 mol % BS) after isothermal crystallization; this was
ascribed to the melting, recrystallization, and remelting
mechanism. The spherulitic growth rate of P(ES-co-6 mol
% BS) was slower than that of neat PES at a given crystal-
lization temperature. Both neat PES and P(ES-co-6 mol %
BS) exhibited a crystallization regime II to III transition;
moreover, the crystallization regime transition temperature
of P(ES-co-6 mol % BS) shifted to a low temperature com-
pared with that of neat PES. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 122: 105–111, 2011
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INTRODUCTION

Biodegradable polymers have attracted more and
more attention from the viewpoints of environmen-
tal protection and resource recycling. Two main
kinds of biodegradable polymers have been investi-
gated, namely, biosynthetic biodegradable polymers
and chemosynthetic biodegradable polymers. On the
one hand, bacterial polyhydroxyalkanoates are
typical biosynthetic biodegradable polymers, and
some examples include poly(3-hydroxybutyrate) and
poly(3-hydroxybutyrate-co-3-hydroxylvalerate). On
the other hand, aliphatic polyesters are usually
chemosynthetic biodegradable polymers, and some
examples include poly(L-lactide) and poly
(e-caprolactone).

Poly(ethylene succinate) (PES) is a linear aliphatic
biodegradable polyester with a chemical structure of
A(OCH2CH2O2CCH2CH2CO)An. It is one of the most
promising chemosynthetic biodegradable polymers
and has already drawn considerable attention in recent
decades. The crystallization behavior, spherulitic mor-
phology and growth kinetics, melting behavior, and
degradation of PES have been investigated exten-
sively.1–12 Many investigations on modification through
physical polymer blending and chemical copolymeriza-
tion have also been reported to extend the practical
application fields of PES. Usually, polymer blending is
a convenient and economical method for designing
new materials with desired properties. PES has been
already blended with many polymers, including poly
(ethylene oxide), poly(L-lactide), poly(e-caprolactone),
poly(vinyl phenol), and poly(3-hydroxybutyrate).13–19

Meanwhile, various properties of PES have also been
modified via chemical copolymerization, namely, the
incorporation of a second comonomer into the back-
bone of neat PES. Superior mechanical properties can
be achieved easily because a much better miscibility
for the two compositions is provided.20–25

Similar to PES, poly(butylene succinate) is also bio-
degradable polyester;7 thus, through the incorporation
of the second comonomer butylene succinate (BS) into
the backbone of PES, some novel completely biode-
gradable copolymers, poly(ethylene succinate-co-
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butylene succinate)s, may be developed. It is clear
that the amount of BS should be small if a relatively
high melting temperature (Tm) is required for the
copolyesters. Therefore, the crystal structure, melting
behavior, and spherulitic morphology and growth
kinetics of biodegradable poly(ethylene succinate-co-6
mol % butylene succinate) [P(ES-co-6 mol % BS)] were
investigated in detail and compared with those of
neat PES in this work. It is expected that the results
reported herein will be of interest and help provide a
better understanding of the relationship between the
structure and properties of biodegradable polymers.

EXPERIMENTAL

PES (weight-average molecular weight ¼ 4.65 � 104)
and P(ES-co-6 mol % BS) (weight-average molecular
weight ¼ 5.33 � 104) used in this study were synthe-
sized by a two-step melt-polycondensation
method.20,21 The chemical structure of P(ES-co-6 mol
% BS) is shown in Scheme 1.

Wide-angle X-ray diffraction (WAXD) experiments
were performed on a Rigaku d/Max2500 VB2þ/PC
X-ray diffractometer (Tokyo, Japan) at 40 kV and 20
mA at 4�/min. The samples for the WAXD experi-
ments were first pressed into films with thicknesses
of around 1 mm on a hot stage at 140�C for 2 min
and then transferred into an oven at 60�C for 24 h.

Thermal analysis was performed with a TA Instru-
ments differential scanning calorimeter (Q100) (New
Castle, Delaware, USA) with Universal Analysis
2000. The glass-transition temperature (Tg) and Tm of
the melt-quenched samples were measured at a
heating rate of 20�C/min. The samples were first
annealed at 140�C for 3 min to erase any thermal
history and were subsequently quenched to �70�C
at a cooling rate of 60�C/min. The isothermal melt
crystallization was also examined with differential
scanning calorimetry (DSC). The samples were first
heated to 140�C for 3 min and then cooled at 60�C/
min to the desired crystallization temperature (Tc)
until the crystallization was complete. After isother-
mal melt crystallization, the samples were heated to
the melt again at 20�C/min to study the subsequent
melting behavior. All operations were performed
under nitrogen purge, and the sample weight varied
between 4 and 5 mg.

The spherulitic morphology and growth kinetics
of neat PES and P(ES-co-6 mol % BS) were investi-

gated with a polarized optical microscope (Olympus
BX51) (Tokyo, Japan) equipped with a temperature
controller (Linkam THMS 600). The samples were
first melted at 140�C for 3 min to erase any thermal
history and then quenched to the desired Tc’s at
60�C/min. The spherulitic growth rate (G) was cal-
culated from the variation of the radius (R) with
time (t), that is, G ¼ dR/dt.

RESULTS AND DISCUSSION

Crystal structure of P(ES-co-6 mol % BS)

It was interesting to study the influence of the BS
composition on the crystal structure of PES. The
crystal structure of P(ES-co-6 mol % BS) was investi-
gated with WAXD and compared with that of neat
PES. Figure 1 shows the WAXD patterns of P(ES-co-
6 mol % BS) and neat PES isothermally crystallized
at 60�C for 24 h. The crystal structure of PES was
orthorhombic,26,27 and the diffraction peaks observed
at 20.2 and 23.4� were from (120) and (200) planes,
respectively. It was apparent that the diffraction
peak at 20.2� moved a little toward a higher degree,
whereas the peak at 23.4� was almost at the same
location; this suggested that the introduction of the
BS content did not change the crystal structure of
PES in the copolyester. It can be explained that the
BS content may have existed in an amorphous state
and was excluded from the crystal region of PES.28

Scheme 1 Chemical structure of P(ES-co-6 mol % BS).

Figure 1 WAXD patterns of neat PES and P(ES-co-6 mol
% BS).
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Even though the locations of the two main diffrac-
tion peaks were almost unchanged, the intensities of
the diffraction peaks decreased obviously because of
the BS content; this indicated that the incorporation
of the BS content reduced the crystallinity (Xc) com-
pared to that of neat PES. From Figure 1, the values
of Xc of neat PES and P(ES-co-6 mol % BS) were 58.4
and 42.3%, respectively, and they are listed in Table
I for comparison.

Basic thermal properties of P(ES-co-6 mol % BS)

As introduced in the Experimental section, Tg and
Tm were detected at a heating rate of 20�C/min for
the melt-quenched P(ES-co-6 mol % BS) and com-
pared with those of neat PES. Figure 2 shows the
DSC heating traces of neat PES and P(ES-co-6 mol %
BS). Neat PES had a Tg of around �11.3�C and a Tm

of 102.5�C with a melting enthalpy (DHm) of 65.9 J/
g, whereas P(ES-co-6 mol % BS) had a Tg around
�12.7�C and a Tm of 95.9�C with a DHm around 55.0
J/g. It was clear that Tg of P(ES-co-6 mol % BS) was
very close to that of neat PES; this indicated that a
small amount of BS exerted little influence on the
mobility of PES. However, it could also be seen that
Tm of P(ES-co-6 mol % BS) was depressed when
compared with that of neat PES; this suggested that
the crystallization behavior of P(ES-co-6 mol % BS)
was hindered because of the copolymerization with
the BS composition. It should be noted that a cold

crystallization peak temperature (Tch) of around
31.3�C with a cold crystallization enthalpy (DHch) of
45.9 J/g was detected for P(ES-co-6 mol % BS).
Moreover, it could be seen that Tch with a DHch

around 50.8 J/g for neat PES was much sharper
than that of P(ES-co-6 mol % BS), regardless of the
almost unchanged Tch. It should also be noted that
there existed an exothermal peak at about 80�C
before the melting peak for both neat PES and P(ES-
co-6 mol %BS); this may have been due to the melt-
ing and recrystallization of the unstable crystals
formed during the cold crystallization.1 All of the
obtained Tg, Tch, DHch, Tm, and DHm values are sum-
marized in Table I for comparison.

Multiple melting behaviors and equilibrium
melting temperature (To

m) of P(ES-co-6 mol % BS)

As described in the Experimental section, the melt-
ing behavior of P(ES-co-6 mol % BS) was studied
with DSC. As displayed in Figure 3, two melting
endothermic peaks, denoted as Tm1 and Tm2 from
low to high temperatures, were observed in a range
of Tc’s for P(ES-co-6 mol % BS). Tm1 shifted from
around 79.3 to 86.6�C with increasing Tc from 55 to
65�C; however, Tm2 was almost unchanged around
95�C. Furthermore, the ratio of the area of Tm1 to
that of Tm2 increased with increasing Tc. For exam-
ple, the values of the two melting enthalpies corre-
sponding to Tm1 and Tm2 were around 4.5 and 43.5
J/g, respectively, at Tc ¼ 55�C; thus, the ratio of the

TABLE I
Summary of the Basic Thermal Properties for Neat PES and P(ES-co-6 mol % BS)

Sample Tg (
�C) Tch (�C) DHch (J/g) Tm (�C) DHm (J/g) Xc (%)

Neat PES �11.3 31.2 50.8 102.5 65.9 58.4
P(ES-co-6 mol % BS) �12.7 31.3 45.9 95.9 55.0 42.3

Figure 2 DSC heating curves of neat PES and P(ES-co-6
mol % BS) at 20�C/min after quenching from the melt at
60�C/min.

Figure 3 Melting behaviors of P(ES-co-6 mol % BS) crys-
tallized at various Tc’s.
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area of Tm1 to that of Tm2 was around 0.103. At Tc ¼
60�C, the values of the two melting enthalpies corre-
sponding to Tm1 and Tm2 were around 9.4 and 40.4
J/g, respectively; thus, the ratio of the area of Tm1 to
that of Tm2 increased to be around 0.232. These facts
may be explained by the mechanism of melting,
recrystallization, and remelting of P(ES-co-6 mol %
BS) crystals.29–31 Tm1 was the melting of the crystals
formed at Tc that were present before the heating
scan in DSC, and Tm2 was the melting of the crystals
formed through the recrystallization and reorganiza-
tion of the crystals corresponding to Tm1.

The scanning rate dependence on the multiple
melting behaviors is often considered as solid evi-
dence to explain the melting, recrystallization, and
remelting model. Figure 4 displays the scanning rate
dependence of the melting behavior of P(ES-co-6 mol
% BS) crystallized completely at 65�C. From Figure
4, two melting endothermic peaks, denoted as Tm1

and Tm2 from low to high temperatures, were
observed in a range of heating rates for P(ES-co-6
mol % BS). With the increase of the heating rate, Tm1

shifted to a high-temperature range, whereas Tm2

was almost unchanged; furthermore, the values of
DHm2/DHm1 decreased with increasing scanning rate
from 10 to 40�C/min. The results relate to the fact
that less time was available for the recrystallization
as a result of the increased heating rate. Briefly, with
increasing scanning rate, the recrystallization of
P(ES-co-6 mol % BS) was inhibited. Similar results
were also found for poly(butylene succinate).7

It is well known that both the thermodynamic fac-
tors and the morphological factors, such as crystalline
lamellar thickness, affect Tm of a semicrystalline poly-
mer. For a better understanding of the effect of the BS
content on the Tm depression of P(ES-co-6 mol % BS),
the To

m should be obtained to separate the morpholog-
ical effects from the thermodynamic effects.

Hoffman and Weeks proposed a relationship
between the apparent Tm and the isothermal Tc as
follows:

Tm ¼ gTc þ ð1� gÞTo
m (1)

where To
m is the equilibrium melting point and g is a

measurement of the stability, that is, the lamellar
thickness, of the crystals undergoing the melting
process.32 To

m can thus be obtained from the intersec-
tion of this line with the Tm ¼ Tc equation.
For the reasons listed previously, Tm1 was used

for the analysis of the Hoffman–Weeks equation.
Figure 5 displays the Hoffman–Weeks plots for neat
PES and P(ES-co-6 mol % BS). From Figure 5, To

m

was determined to be around 117.8�C for neat PES.
In the case of its copolyester P(ES-co-6 mol % BS),
the value of To

m was around 104.8�C. Clearly, the
incorporation of BS led to a significant depression of
To
m of P(ES-co-6 mol % BS).

Spherulitic morphology and growth kinetics of
P(ES-co-6 mol % BS)

The spherulitic morphology and growth kinetics of
P(ES-co-6 mol % BS) were investigated further
because they may have influenced the final physical
properties and biodegradation of P(ES-co-6 mol %
BS). Figure 6 presents the polarized optical micros-
copy (POM) images of neat PES and P(ES-co-6 mol
% BS) isothermally crystallized at 60�C as an exam-
ple. From these images, it was apparent that the
sizes of the spherulites of P(ES-co-6 mol % BS) were
larger than those of neat PES; this suggested that the
nucleation density of the spherulites decreased in
P(ES-co-6 mol % BS) compared to that of neat PES.
Such results indicate that the copolymerization with
BS made the nucleation more difficult for P(ES-co-6
mol % BS) than for neat PES at a given Tc. However,
it should be noted that the supercooling was

Figure 4 Melting behaviors of P(ES-co-6 mol % BS) crys-
tallized at 65�C at different heating rates.

Figure 5 Hoffman–Weeks plots for the determination of
To
m’s of neat PES and P(ES-co-6 mol % BS).
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different for the two samples, despite the same Tc

because of the difference in To
m. Therefore, the afore-

mentioned results were related to the fact that the
degree of supercooling (DT) of P(ES-co-6 mol % BS)
was smaller than that of neat PES as a result of the
depression of To

m of P(ES-co-6 mol % BS).
We calculated the growth rates of the spherulites

by following the development of radius with time at
various Tc’s in this work with POM. Both neat PES
and P(ES-co-6 mol % BS) spherulites showed a linear
growth with crystallization time until contact with
other spherulites during crystallization. Figure 7
shows the temperature dependence of G for neat
PES and P(ES-co-6 mol % BS). From Figure 7, it is
obvious that the curves of both neat PES and P(ES-
co-6 mol % BS) showed a good bell shape. The G
values of both neat PES and P(ES-co-6 mol % BS)
first increased with increasing Tc and then started to
decrease with further increasing Tc after they
reached the maximum; moreover, G of neat PES was
rather faster than that of P(ES-co-6 mol % BS) at a

given Tc. The reduction in the G of P(ES-co-6 mol %
BS) may have been related to the following factors,
that is, the lower thermodynamic driving force
required for the growth of spherulites and the dilu-
ent effect of the BS content in the copolymer.
To further study the spherulitic growth kinetics of

P(ES-co-6 mol % BS), the secondary nucleation
theory, which is usually called the Lauritzen–Hoffman
equation, was applied in this work to analyze the G
values of neat PES and P(ES-co-6 mol % BS). On the
basis of this theory,33 G at a given Tc is expressed by
the following equation:

G ¼ Go exp � U�
RðTc� T1Þ

� �
exp � Kg

TcðDTÞf
� �

(2)

where Go is a preexponential factor, U* is the activa-
tion energy for transporting the polymer chain seg-
ments to the crystallization site, R is the gas
constant, T1 is a temperature below which the poly-
mer chain movement ceases, DT is the degree of
supercooling described as To

m � Tc, f is a correction
factor accounting for the variation in the enthalpy of
fusion given as f ¼ 2Tc/(T

o
m þ Tc), and Kg is the

nucleation constant, given as follows:

Kg ¼ mborreTm
�

Dhfk
(3)

where r and re are the lateral surface free energy
and end-surface free energy, respectively; bo is the
molecular thickness; Dhf is the heat of fusion per unit
volume; and k is the Boltzmann constant, and the
value of m is a constant, which is equal to 2 or 4
depending on crystallization regime. For practical
convenient use, eq. (2) is usually rewritten as follows:

Figure 6 Spherulitic morphology of neat PES and P(ES-
co-6 mol % BS) crystallized at 60�C (same scale bar ¼ 50
lm): (a) neat PES and (b) P(ES-co-6 mol % BS). [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 7 Variation of G with Tc for neat PES and P(ES-co-
6 mol % BS).
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lnGþ U�
RðTc� T1Þ ¼ Go� Kg

TcðDTÞf (4)

To understand how the nucleation process affects
the crystalline morphology, two important processes
and their rates should be considered. Hoffman pre-
dicted the following three crystallization regimes.33

In crystallization regime I, the rate of spreading is
much greater than the rate of secondary nucleation;
therefore, once a nucleus has formed, it will spread
rapidly across a substrate length on the growth
front. In crystallization regime II, the rate of spread-
ing is comparable to the rate of secondary nuclea-
tion; therefore, several nuclei may form and spread
across the substrate together. In crystallization re-
gime III, the rate of secondary nucleation is much
greater than the rate of spreading; therefore, the sep-
aration of nuclei is comparable with the molecular
width so that no spreading occurs. The theoretical m
values were 4, 2, and 4 for K

I=II
g , K

II=III
g , and K

I=III
g ,

respectively. Values of U* ¼ 17246.3 J/mol and T1
¼ Tg � 51.6 K were used in this work.34 Figure 8
displays the Lauritzen–Hoffman plots for neat PES
and P(ES-co-6 mol % BS), respectively. It can be seen
from Figure 8 that the parameters of U* and T1
could be well fitted with two straight lines with dif-
ferent slopes in a wide range of Tc’s. On the basis of
the Lauritzen–Hoffman theory, such discontinuity
should have been attributed to a transition from re-
gime II at high Tc to regime III at low Tc. K

II
g and KIII

g

were obtained from the two slopes of each line for
neat PES and P(ES-co-6 mol % BS). The values of
KIII
g /KII

g were about 1.8 and 2.1 for neat PES and
P(ES-co-6 mol % BS), respectively. From the results
mentioned previously, the regime transition temper-
atures (Ttr) for neat PES and P(ES-co-6 mol % BS)

were around 57 and 52�C, respectively. Ttr decreased
with the introduction of the BS composition. As
shown in the previous section, the difference in Tg

between neat PES and P(ES-co-6 mol % BS) was only
about 1.5�C, whereas the difference in To

m between
the two components was 13�C. Therefore, the shift
of Ttr toward lower temperature with the incorpora-
tion of the BS composition was probably related to
the depression of To

m of P(ES-co-6 mol % BS). Similar
results have also been reported for other
polymers.35,36

CONCLUSIONS

The crystal structure, melting behavior, spherulitic
morphology, and growth kinetics of the biodegrad-
able copolymer P(ES-co-6 mol % BS) were investi-
gated with WAXD, DSC, and POM in detail and
were compared with those of neat PES in this work.
The WAXD results indicate that the incorporation of
BS content did not modify the crystal structure but
decreased Xc of P(ES-co-6 mol % BS) as compared to
that of neat PES. The basic thermal properties and
multiple melting behaviors were studied with DSC.
In the presence of the BS composition, Tg decreased
slightly and Tm decreased apparently for P(ES-co-6
mol % BS). Double melting behavior was found for
P(ES-co-6 mol % BS) after isothermal crystallization,
which may have been due to the melting, recrystalli-
zation, and remelting mechanism. To

m of P(ES-co-6
mol % BS) was reduced obviously because of the
incorporation of the BS composition. The spherulitic
morphologies of neat PES and P(ES-co-6 mol % BS)
were observed with POM in a wide range of Tc’s.
The G values of neat PES and its copolyester were
also measured as a function of Tc. Bell-shaped
curves were found for the growth rate for both neat
PES and P(ES-co-6 mol % BS). At a given Tc, G was
slower in P(ES-co-6 mol % BS) than in neat PES. On
the basis of Lauritzen and Hoffman theory, the G
values of P(ES-co-6 mol % BS) were further analyzed
and compared with that of neat PES. Both neat PES
and P(ES-co-6 mol % BS) exhibited a crystallization
regime II to III transition; furthermore, Ttr shifted to
a low-temperature range with the introduction of
the BS composition.
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