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ABSTRACT: A series of copolyesters were prepared by
the direct melt transesterification of poly(trimethylene ter-
ephthalate) (PTT) and poly(butylene succinate) (PBS). The
sequential structure of the copolyesters was analyzed with
proton nuclear magnetic resonance spectroscopy, and the
randomness of the copolyesters was calculated to be
approximately 0.8. The cocrystallization, thermal behavior,
and spherulitic morphology were investigated. The melt-
ing points of the copolyesters showed a pseudo-eutectic
behavior exhibiting isodimorphic cocrystallization. Wide-
angle X-ray diffraction indicated that the copolyesters
crystallized in PTT crystals when the butylene succinate

(BS) unit content was less than 60% and in the PBS crys-
tals when the BS unit content was greater than 70%. The
mechanical properties of the copolyesters were greatly
influenced by the sequence lengths of the aromatic and ali-
phatic units. The incorporation of BS units into the
PTT structure led to a faster rate of degradation of the
copolyesters because of the decrease in the aromatic
sequence length and the increase in the aliphatic sequence
length. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 120:
1297–1306, 2011
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INTRODUCTION

Aromatic–aliphatic copolyesters have been commer-
cialized for many years and are known for their
higher thermal stability and mechanical strength as
well as lower cost in contrast to aliphatic biodegrad-
able polyesters.1 The well-known Ecoflex product
produced by BASF Co. is a random copolyester of
poly(butylene adipate-co-terephthalate) with an
approximately 1:1 molar ratio of aliphatic units to
aromatic units.2 Extensive studies focusing on the
synthesis, structure analysis, crystallization behavior,

crystal structure, and physical properties of such
aromatic–aliphatic copolyesters have been per-
formed.3–7

Generally, a variety of random copolymers are
synthesized by melt polycondensation through the
mixing of terephthalic acid or terephthalate and sev-
eral aliphatic diacids with different diols.8,9 Further-
more, the reactive blending of already existing
homopolymers has been proven to be a successful
and inexpensive tool for producing new aromatic–
aliphatic copolyesters with intermediate proper-
ties.10,11 The copolyesters prepared by this technique
include poly(1,4-butylene succinate)/poly(1,4-butyl-
ene terephthalate), poly(1,4-butylene adipate-co-suc-
cinate)/poly(1,4-butylene terephthalate), poly(1,4-bu-
tylene succinate)/poly(ethylene terephthalate), and
poly(butylene terephthalate/succinate/adipate)
copolyesters.12–15

Poly(trimethylene terephthalate) (PTT) is a new
commercial engineering plastic exhibiting good ten-
sile behavior, resilience, outstanding elastic recovery,
and an ability to be colored with different dies.16,17

These characteristics make PTT highly suitable for
use in engineering thermoplastic applications as
fibers and films.18 Poly(butylene succinate) (PBS) is
one of the most promising biodegradable polyesters
because it has mechanical properties similar to those
of polyethylene. This polymer shows sufficient
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tensile properties and stability against thermal deg-
radation; however, the high cost and relatively slow
biodegradation rate due to the high degree of crys-
tallinity limit its further application.19,20 To solve
these problems, Papageorgiou and Bikiaris21 copoly-
merized a propylene succinate unit with a butylene
succinate (BS) unit to prepare copolyesters with a
high degradation rate. They also copolymerized tri-
methylene terephthalate (TT) units with propylene
succinate units to afford thermally stable copolyest-
ers with a high enzymatic degradation rate.22

For copolyesters, higher degradation rates can be
achieved with respect to those of the homopolymers,
and this is attributable to the limited crystallinity.23

In most copolymers in which both components are
able to crystallize, the degree of crystallinity tends to
decrease as the minor component content increases
because of the incompatibility between the two com-
ponents.24 If two crystallizable components of the
copolymers can coexist in their crystal lattices, the
thermal and mechanical properties of the copoly-
mers can be controlled without a significant loss of
crystalline properties.25 Thus, cocrystallization,
including isomorphism and isodimorphism, takes
place. The former may occur if the two components
have similar chemical structures, whereas the latter
usually occurs if the two components have dissimi-
lar chemical structures.26,27 For example, isomor-
phism is rarely observed except for poly(hexamethy-
lene naphthalate-co-1,4-cyclohexylene naphthalate)9

and poly(propylene terephthalate-co-succinate)
copolymers.22 Isodimorphism is observed in most
cases, such as poly(octamethylene terephthalate-co-
2,6-naphthalate)28 and poly(butylene-co-propylene
succinate) copolymers.21 Various models such as the
Flory, Sanchez–Eby, Baur, and Wendling–Suter mod-
els have been proposed to describe the thermody-
namic cocrystallization of these copolymers.29–32

In our previous study,33 we successfully synthe-
sized poly(ethylene terephthalate-co-ethylene glycol-
co-lactide) copolyesters via the melt reaction method.
They showed excellent thermal stability, controllable
degradation rates, high mechanical properties, and
good biocompatibility. Furthermore, the copolyesters
were found to exhibit reflection peaks similar to
those of pristine poly(ethylene terephthalate) in
wide-angle X-ray diffraction (WAXD) diffracto-
grams. However, the synthetic process for the copo-
lyesters was long and included the preparation of
oligo lactic acid, a reaction in vacuo, and purification
of the copolyesters. Furthermore, the processing of
the copolyesters with a mold press was difficult and
led to the formation of imperfect films. The relation-
ship between the sequential structure and the crys-
tallization of the copolyesters still needs further ex-
ploration. In this study, to develop an easier method
for preparing the aromatic–aliphatic copolyesters by

direct melt transesterification and to investigate the
cocrystallization behavior of these copolyesters, the
thermoplastics PTT and PBS were reactively blended
to afford poly(trimethylene terephthalate-co-butylene
succinate) (PTTBS) copolyesters. The cocrystalliza-
tion behavior of the resulting copolyesters induced
by transesterification was studied to determine the
relationship between the structure and properties of
the copolyesters.

EXPERIMENTAL

Materials

PTT with a number-average molecular weight of
35,000 g/mol was purchased from Shell Chemical
Co. (Texas, USA). PBS with a number-average mo-
lecular weight of 100,000 g/mol was purchased from
Hexing Chemical Co. (Anhui, China). The solvents
phenol and 1,1,2,2-tetrachloroethane were purchased
from Tianjin Damao Chemical Reagent Factory
(Tianjin, China) and were used directly as received.

Synthesis of the copolyesters

For reactive blending, PTT/PBS mixtures with dif-
ferent molar ratios (90/10, 80/20, 70/30, 60/40, 50/
50, 40/60, 30/70, 20/80, and 10/90) were mixed in a
250-mL, three-necked glass flask equipped with a
nitrogen inlet and outlet and a central mechanical
stirrer. The reactor was slowly heated to 270�C
under nitrogen protection and then stirred in vacuo
for 2.5 h at the rate of 300 rpm. Then, the reaction
mixture was cooled to room temperature and
removed from the flask.

Nuclear magnetic resonance (NMR)

1H-NMR spectra of the polyesters were obtained
with a Bruker ARX 400 spectrometer (Ettlingen,
Germany) operating at a frequency of 400 MHz for
protons. Deuterated trifluoroacetic acid (DTFA) was
used as the solvent, and tetramethylsilane (d ¼ 0)
was used as the internal standard.

Differential scanning calorimetry (DSC)

The melting and crystallization behaviors of the
samples were determined on a Shimadzu DSC60
(Suzhou, China) calibrated with indium and zinc
standards. The samples (ca. 5 mg) were annealed at
250�C for 3 min to erase the thermal history. Then,
the samples were cooled to �50�C at a rate of 10�C/
min and subsequently heated to 250�C at a rate of
10�C/min. The corresponding cooling and heating
curves were then recorded. For the isothermal crys-
tallization, the samples were quickly cooled to
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different temperatures at a rate of 100�C/min and
crystallized for 2 h after melting at 250�C for 3 min.
Then, the samples were heated to 250�C at a rate of
10�C/min. The corresponding glass-transition tem-
perature (Tg), crystallization temperature (Tc), melt-
ing temperature (Tm), crystallization enthalpy (DHc),
and melting enthalpy (DHm) were recorded.

WAXD

The WAXD study of the samples was carried out on
a Bruker D8 Focus X-ray diffractometer operated at 40
kV and 40 mA with a copper target (wavelength ¼
1.54 Å). The scanning angles (2y) ranged from 3 to 40�

with a step scanning rate of 2�/min. The samples
were heated at temperatures 10�C above Tm (deter-
mined by DSC) for 3 min and cooled to temperatures
50�C below Tm to isothermally crystallize for 2 h.

Polarized optical microscopy (POM)

The samples, dissolved in a phenol/1,1,2,2-tetra-
chloroethane solution, were dropped onto a glass
plate, and the solvent was evaporated at 80�C in
vacuo. The specimens were then heated to different
temperatures 10�C above Tm (determined by DSC)
for 3 min, cooled rapidly to different temperatures
50�C below Tm at 100�C/min, and crystallized for 2
h. Then, the specimens were rapidly cooled to room
temperature so that the morphology could be
observed with a Nikon E600 POL polarized optical
microscope (Tokyo, Japan) equipped with a camera.

Mechanical properties

The tensile strength, elongation at break, and
Young’s modulus were measured with a Sans
CMT8502 machine (Shenzhen, China) according to
GD203A at a crosshead speed of 20 mm/min. Meas-
urements were carried out at room temperature.
Thin films sandwiched between two polyamide
films were prepared with a Kangsente MY-8200-10
hot press (Beijing, China). The samples were heated
to the desired temperatures (10�C above Tm deter-
mined by DSC) for 3 min to erase the thermal his-
tory. Subsequently, the amorphous films were
obtained via quenching in liquid nitrogen. The films
were cut into sheets (22 mm � 5 mm) with a thick-
ness of approximately 0.5 mm and used for the me-
chanical testing. At least five specimens were tested
for each sample, and the average values are
reported.

Hydrolysis degradation

The amorphous films (22 mm � 5 mm � 0.5 mm)
used for mechanical testing were placed in a solu-

tion of NaOH (pH 10) to accelerate the degradation
process. Each specimen was kept at 37 6 1�C in an
oven, and the medium was replaced every 3 days.
At predetermined degradation time intervals, the
specimens were removed from the medium, rinsed
with distilled water, dried in vacuo at room tempera-
ture for 1 week, and weighed. The weight-loss per-
centages of the copolyesters were obtained according
to the following relationship:

Weight loss ð%Þ ¼ ½ðW0 �WrÞ=W0� � 100% (1)

where W0 is the initial weight and Wr is the remain-
ing weight of the specimen after degradation and
drying.

RESULTS AND DISCUSSION

Structural analysis of the copolyesters

The PTTBS copolyesters were synthesized by direct
melt transesterification of PTT and PBS with differ-
ent molar ratios. After the mixture reacted at 270�C
in vacuo for 2.5 h, it was taken out and used for fur-
ther characterization. PTT is composed of terephtha-
late and propylene units, and PBS is composed of
succinate and butylene units. Transesterification may
eventually lead to the formation of terephthalate–
propylene–terephthalate (TPT), terephthalate–butyl-
ene–terephthalate (TBT), terephthalate–propylene–
succinate (TPS), terephthalate–butylene–succinate
(TBS), succinate–propylene–succinate (SPS), and suc-
cinate–butylene–succinate (SBS) units. The protons
in these units will probably exhibit different signals
in 1H-NMR spectra because of the different chemical
environments.
Figure 1 shows the signals for protons of aromatic

rings (a), protons of methylene groups of the suc-
cinic units (d), protons of methylene groups linked
to the terephthalate (b), and protons of the middle
methylene group (c). Additionally, some protons (e
and f) are ascribed to the methylene groups linked
to succinic units. Furthermore, there are several new
signals between 4.0 and 5.0 ppm, and these confirm
the formation of new units due to the transesterifica-
tion between PTT and PBS. The assignment of the
TPT, TBT, TPS, TBS, SPS, and SBS units is illustrated
in Figure 1 and is based on previous studies.21,22

The fraction of each unit could be calculated on the
basis of the integrated areas of the reflection signals
according to the following equations:

fTPT ¼ ATPT

A
; fTBT ¼ ATBT

A
; fTPS ¼ ATPS

A
;

fTBS ¼ ATBS

A
; fSBS ¼ ASBS

A
; fSPS ¼ ASPS

A
ð2Þ

A ¼ ATPT þATBT þATPS þATBS þASPS þASBS (3)

TRANSESTERIFICATION-INDUCED COCRYSTALLIZATION 1299

Journal of Applied Polymer Science DOI 10.1002/app



where A is the peak area of the signals calculated
from the 1H-NMR analysis and f represents the frac-
tion of the area of each unit in the total area of the
signals.

The molar fraction of aliphatic units (PPS þ PBS)
and the molar fraction of aromatic units (PTT) could
be calculated according to the following equations:

PPS þ PBS ¼ fTPS þ fTBS
2

þ fSPS þ fSBS (4)

PTT ¼ fTBS þ fTPS
2

þ fTBT þ fTPT (5)

The actual molar composition in all cases was
quite close to the corresponding feed composition,
as shown in Table I. The minor differences may
have originated from the decomposition during the
reaction process and the transesterification between
PTT and PBS.

According to Yamadera and Murano,34 the num-
ber-average sequence lengths for aromatic units
(LnTT) and aliphatic units (L

nPS þ L
nBS) as well as the

degree of randomness (R) could be obtained with
the following equations:

LnTT ¼ 2PTT

fTBS þ fTPS
(6)

LnPS þ LnBS ¼
2ðPPS þ PBSÞ
fTBS þ fTPS

(7)

R ¼ 1

LnTT

þ 1

LnBS þ LnPS

(8)

The results for LnTT and L
nPS þ L

nBS are illustrated
in Table I. As the PBS content increased, the aro-
matic sequence length decreased, and the aliphatic
sequence length increased.
It is generally accepted that upon the blending of

two condensation homopolymers, the occurrence of
transesterification leads to the formation of block
copolymers, with the block length gradually decreas-
ing during the blending process.10,11 In the case of
random copolymers, R takes a value equal to 1,

Figure 1 1H-NMR spectrum of the 50/50 PTTBS copolyester.

TABLE I
BS Contents of the Copolyesters, R Values, and LnTT

and LnPS þ LnBS Values

PTT/
PBS

BS (mol %)

LnTT
a

L
nPS þ
L
nBS

a
R

Feed
composition

Composition
by 1H-NMR

90/10 10 9.0 10.72 1.41 0.81
80/20 20 20.0 6.25 1.72 0.74
70/30 30 28.8 3.34 2.23 0.75
60/40 40 42.6 2.56 2.59 0.83
50/50 50 51.0 2.11 2.90 0.83
40/60 60 56.4 1.89 3.55 0.80
30/70 70 62.1 1.77 3.65 0.84
20/80 80 74.8 1.50 5.62 0.84
10/90 90 90.2 1.26 8.00 0.92

a Calculated from 1H-NMR spectra.
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whereas for alternating copolymers, R is equal to 2,
and for block copolymers, it is close to 0. In all cases,
as illustrated in Table I, R was equal to 0.8 after 2.5
h of reaction, and this showed that the copolyesters
were almost random.

Melting point depression

The equilibrium melting temperature (Tm
0) is

defined as the melting temperature of lamellar crys-
tals with an infinite thickness. The Hoffman–Weeks
method was used to estimate Tm

0 of the copolyesters
with BS contents less than 40%, and the correspond-
ing results are illustrated in Figure 2. Tm

0 of the
copolyesters decreased as the BS unit content
increased, and this showed that the incorporation of
BS segments interrupted the crystallization of the
lamellae. The lamellae of the copolyesters containing
more BS units were supposed to be thinner because
of the lower Tm values.

The melting point depression of the PTTBS co-
polyesters was further analyzed with the Flory,29

Sanchez–Eby,30 and Baur31 equations and the Wen-
dling–Suter model32 for the cocrystallization of
copolymers of TT and BS comonomers, and the
results are shown in Figure 3.

In the case of comonomer exclusion, the Flory
equation can be presented as follows:

1

T0
m

� 1

TmðXBÞ ¼
R

DH0
m

lnð1� XBÞ (9)

where XB is the concentration of minor BS units in
the polymer and ln(1 � XB) equals the collective
activities of TT sequences in the limit of the upper

Figure 2 Hoffman–Weeks plots for the determination of
the Tm

0 values of PTT and its copolyesters. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 3 (A) Excess Gibbs energy/RT from experimenta-
tion and from the Flory, Baur, Sanchez–Eby, and Wen-
dling–Suter models, (B) comparison of the theoretical Tm

values and experimental values, and (C) equilibrium con-
centrations of BS units incorporated into the PTT crystal as
a function of the copolyester composition. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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bound of Tm. Tm
0 and DHm

0 represent the homopoly-
mer PTT equilibrium melting temperature and heat
of fusion, respectively, and R is the gas constant.

According to the Sanchez–Eby model, the BS units
can be included in the crystals of TT, in which they
act as defects. The model is defined as the inclusion
model, and the equation is

1

T0
m

� 1

TmðXBÞ ¼
R

DH0
m

lnð1� XB þ XBe
�e=RTÞ (10)

where XBe
�e/RT is the equilibrium fraction of BS

units, T is the temperature, and e is the excess free
energy of a defect created by the incorporation of
one BS unit into the crystal.

Baur31 suggested that the copolyester crystals
could be treated as a pseudo-eutectic system, and
the equation can be presented as follows:

1

T0
m

� 1

TmðXBÞ ¼
R

DH0
m

lnð1� XBÞ � nh i�1
h i

(11)

where hni ¼ [2XB(1 � XB)]
�1 is the average length of

the homopolymer sequence in the melt. The homo-
polymer sequences of length n may be included in
crystals with a lamellar thickness corresponding to
that length.

Apart from these models, the Wendling–Suter
equation, combining both the exclusion and inclu-
sion models, could also be applied to depict the
melting point depression of the copolyesters:

1

T0
m

� 1

TmðXBÞ ¼
R

DH0
m

�
eXCB

RT
þ ð1� XCBÞ

� ln
1� XCB

1� XB
þ XCB ln

XCB

XB
� hni�1

�
ð12Þ

where XCB is the concentration of BS units in the
crystal. hni is determined as follows:

hni�1 ¼ 2ðXB � XBe
�e=RTÞð1� XB þ XBe

�e=RTÞ

If the comonomers are completely included in the
crystals, the concentration of BS units will be calcu-
lated with the following equation:

X
eq
CB ¼ XBe

�e=RT

1� XB þ XBe�e=RT
(13)

where X
eq
CB is equilibrium concentration of BS units

incorporated into the PTT crystal.
In Figure 3(A), the experimental excess crystalliza-

tion Gibbs energy {[DHm
0/(RTm)] � (1 � Tm/Tm

0)} is
plotted together with the theoretical values calcu-
lated as a function of the copolyester composition.
For the Flory, Baur, Sanchez, and Wendling–Suter
models, the excess free energy is calculated as

ln(1 � XB), ln(1 � XB) � (n)�1, ln(1 � XB þ XBe
�e/RT),

and XCB/RT þ (1 � XCB)ln(1 � XCB)/(1 � XB) þ XCB

ln(XCB/XB) � (n)�1, respectively. The Wendling–Suter
model fit the experiment better than the other mod-
els, and this showed that the comonomer BS units
were incorporated into the TT crystals by the exclu-
sion and inclusion methods. Additionally, the Flory
model also seemed to be able to predict the excess
free energy of the copolyesters. In Figure 3(B), the
Tm

0 values calculated with the Flory, Baur, Sanchez,
and Wendling–Suter models are shown in compari-
son with the experimental values. The Wendling–
Suter model was more realistic and provided values
lower than the experimental data. This indicated that
the inclusion and exclusion of the comonomers in the
homopolymer crystals existed in the cocrystallization
of the copolyesters.
To further estimate the percentage of BS units

incorporated into the crystals, the results from the
Wendling–Suter model were further analyzed
according to eq. (13). The plot of the equilibrium
concentration of BS units in the PTT crystal (XCB)
versus the concentration of BS units in the copolyest-
ers (XB) is shown in Figure 3(C). It is revealed that
XCB increased as XB increased. Although XCB was
not low, it was lower than XB.

Crystallization and melting behaviors of the
copolyesters

The results for the melting point depression indi-
cated the cocrystallization of the copolyesters. There-
fore, the crystallization and melting behaviors of the
copolyesters were further analyzed with DSC, as
shown in Figure 4; the corresponding data are illus-
trated in Table II. Tc and Tm of the polymer first
decreased and then increased as the BS unit content
increased. The 40/60 and 30/70 copolyesters showed
no crystallization or melting peaks because of the
short sequence lengths of both the TT and BS units,
as shown in Table I. Magnifying the DSC curves, we
found only one Tg in Figure 4, and this indicated
that no phase separation occurred in the copolyest-
ers. The 50/50, 40/60, 30/70, 20/80, and 10/90 copo-
lyesters showed one clear Tg; however, the other
copolyesters showed an obscure glass transition dur-
ing the heating process. It is known that the glass
transition is dependent on the degree of the amor-
phous region in semicrystalline polymers. A high
degree of crystallinity after cooling from the melting
state probably leads to no obvious Tg values.
Except for the 40/60 and 30/70 copolyesters, the

other copolyesters exhibited almost only one crystal-
lization and melting peak during the cooling and
heating process. This supports the idea that the copo-
lyesters exhibited cocrystallization behavior because
of the compatibility of the TT and BS units in their
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crystal lattices. When the Tm values of the copolyest-
ers were compared as a function of the actual copo-
lyester composition determined by 1H-NMR analysis,

as illustrated in Figure 5, a minimum Tm value was
observed at the BS unit content of approximately 70%
via the fitting of the curves of the obtained Tm values
according to the Wendling–Suter equation. This indi-
cated that the crystal structure transition of the copo-
lyesters might appear at the BS unit content of 70%.
Cocrystallization is generally classified into two
types: isomorphism and isodimorphism. This
depends on the existence of a eutectic point at which
the crystalline structures change from one type to the
other type.28 Consequently, the PTTBS copolyesters
exhibited isodimorphic cocrystallization according to
the aforementioned results.

WAXD analysis and cocrystallization behavior

Figure 6 shows the X-ray spectra of the copolyesters
isothermally crystallized at temperatures 50�C
below the Tm values of the copolyesters, and the

Figure 4 (A) DSC cooling curves, (B) DSC heating curves,
and (C) expanded DSC heating curves for copolyesters with
different compositions. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE II
DSC Data for the PTTBS Copolyesters

PTT/
PBS

Tm

(�C)
Tc

(�C)
Tg

(�C)
DHm

(J/g)
DHc

(J/g)

100/0 226.2 181.1 46.5 58.4 50.3
90/10 214.6 160.2 26.3 52.4 42.4
80/20 203.0 144.8 15.1 31.3 32.8
70/30 193.8 131.4 8.8 27.5 31.0
60/40 166.2 88.7 �3.3 20.6 15.9
50/50 136.7 —a �14.2 0.4 —
40/60 117.3 — �20.6 — —
30/70 — — �21.8 — —
20/80 73.2 37.9 �27.0 24.6 5.2
10/90 96.2 47.4 �27.8 44.9 48.5
0/100 108.0 63.2 �32.3 78.0 67.6

a The data could not be determined by DSC analysis.

Figure 5 Tm and Tg for the PTTBS copolyesters. The
Kwei prediction for the Tg values of the copolyesters is
also plotted. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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corresponding Miller index is also presented. All the
copolyesters exhibited clear diffraction peaks, and the
diffraction peaks of the 50/50, 40/60, and 30/70 copo-
lyesters were weaker than those of the other copolyest-
ers. For the copolyesters with BS unit contents less
than 60%, the copolyesters showed reflection peaks
similar to those of PTT, and this indicated that the
copolyesters formed a triclinic crystal structure. In
addition, the positions of the reflection peaks showed
no significant change in comparison with those of pris-
tine PTT. For the copolyesters with BS unit contents
greater than 70%, the copolyesters exhibited reflection
peaks similar to those of PBS, and this showed that the
copolyesters formed crystal structures similar to that of
PBS. We further noticed that the position of the reflec-
tion peaks slightly shifted to higher angles as the BS
unit content increased. The crystal structure seemed to
change at the BS unit molar fraction of 70%, and this
was consistent with the analysis of the Tm values of the
copolyesters by DSC.

In copolyesters such as poly(butylene-co-propylene
succinate) and poly(propylene terephthalate-co-succi-
nate), the positions of the reflection peaks change
almost linearly as the content of the second compo-
nent increases.21,22,24–28 The aforementioned results
are different from those of previous studies of the
cocrystallization behavior of copolyesters. First, the
positions of the diffraction peaks remained
unchanged at BS unit contents below 60%. Second,
the positions of the diffraction peaks for the copo-
lyesters changed slightly when the BS unit contents
were greater than 70%, and this showed that the TT
units might have been incorporated into the crystal
structure of PBS. Therefore, it could be concluded
that the copolyesters exhibited isodimorphic cocrys-
tallization behaviors according to the X-ray spectra.

Spherulitic morphology

The spherulitic morphologies of the PTTBS copo-
lyesters are shown in Figure 7. The samples were
isothermally crystallized at temperatures 50�C below
the Tm values. However, the 40/60 and 30/70 PTTBS
copolyesters showed no spherulites or crystals
according to POM, and this showed that it was diffi-
cult for these copolyesters to form spherulites with
large scales because of the randomness of the molec-
ular chains; this was consistent with the results of
the DSC analysis.
As shown in Figure 7(a), the pristine PTT exhibited

ring-banded spherulites similar to the results reported
in the literature.16,17 The 90/10 copolyester exhibited
light yellow spherulites with clear boundaries
between the spherulites. The 80/20 and 70/30 copo-
lyesters showed ring-banded spherulites, whereas the
60/40 copolyester showed spherulites much smaller
in diameter. For the 50/50 copolyester, no significant
spherulites were observed except for some bright
dots, and this indicated that the copolyester was diffi-
cult to crystallize under these conditions. For the 20/
80 copolyester, the spherulites that were dispersed in
the POM graphs were not fully grown. For the 10/90
copolyester, the spherulites showed clear boundaries
similar to those of pristine PBS. On the basis of these
results, the spherulitic diameters of the copolyesters
first decreased and then increased with the PBS con-
tent increasing at the same undercooling. This phe-
nomenon was similar to the change in Tm with the BS
content, which was originally determined by the aro-
matic and aliphatic sequence length. The sequential
structure significantly affected the crystallization
behaviors of the copolyesters, which eventually influ-
enced the morphology of the copolyester spherulites.

Mechanical properties

Tensile properties, such as the tensile strength, elon-
gation at break, and elastic modulus, were deter-
mined for samples prepared from the melt and
quenched in liquid nitrogen. The results are illus-
trated in Table III. The tensile strength as well as the
elastic modulus decreased and then increased as the
BS unit content increased. Furthermore, the 70/30
and 60/40 copolyesters exhibited much higher elon-
gation at break than the pristine PTT. The 20/80 and
10/90 copolyesters also exhibited higher elongation
at break than PBS. The 50/50, 40/60, and 30/70
copolyesters showed weak mechanical properties.
On the basis of the 1H-NMR analysis, the 50/50,

40/60, and 30/70 copolyesters had shorter aromatic
sequence lengths and longer aliphatic sequence
lengths in comparison with the 70/30 and 60/40
copolyesters. In addition, they had shorter aliphatic
sequence lengths than the 20/80 and 10/90

Figure 6 WAXD patterns of the PTTBS copolyesters.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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copolyesters. The appropriate sequence length of the
aromatic and aliphatic units was supposed to deter-
mine the mechanical properties of the copolyesters.
The longer aromatic and aliphatic sequence lengths
facilitated the improvement of the mechanical prop-
erties of the copolyesters. However, too long or too
short sequence lengths of both the aromatic and ali-
phatic units might have degraded the mechanical
properties of the copolyesters. It is suggested that
the sequential structure of the copolyesters deter-
mined the mechanical properties of the copolyesters.
It is generally accepted that the mechanical proper-
ties of polymers are also dependent on their aggre-
gation structure. On the basis of the DSC, WAXD,
and POM results, the copolyesters showed different
crystallization and melting behaviors. The crystal
structure and spherulitic morphology of the copo-
lyesters were also influenced by the BS unit content.
Factors such as the degree of crystallinity, the diam-
eter of the spherulites, and the crystal form greatly
affected the mechanical properties of the copolyest-
ers. The higher degree of crystallinity and the PTT
crystal structure facilitated the improvement of the
tensile strength and elastic modulus. The spherulites,
relatively large in diameter, made the copolyesters
brittle because of the weak interactions between the

interfaces of the spherulites. However, because of
the differences in the chemical structures of the
copolyesters, the relationship between the aggrega-
tion structure and the mechanical properties of the
copolyesters was somewhat complex.

Hydrolytic degradation

It is well known that the hydrolytic degradation
rates of polyesters depend on many factors, such as

TABLE III
Mechanical Properties of the Copolyesters

PTT/
PBS

Tensile
strength
(MPa)

Elongation
at break

(%)

Elastic
modulus
(MPa)

100/0 49.9 6 2.2 350 6 20 1774 6 190
90/10 42.0 6 1.8 310 6 30 2041 6 210
80/20 38.3 6 2.2 432 6 40 956 6 112
70/30 24.5 6 2.4 661 6 45 120 6 21
60/40 38.1 6 3.2 527 6 40 318 6 32
50/50 1.9 6 1.8 264 6 60 24 6 16
40/60 8.8 6 1.2 392 6 30 20 6 12
30/70 1.7 6 1.4 172 6 55 10 6 8
20/80 17.6 6 2.1 450 6 40 142 6 18
10/90 26.2 6 2.3 626 6 50 419 6 52
0/100 32.6 6 2.4 100 6 20 722 6 48

Figure 7 POM images of the PTTBS copolyesters isothermally crystallized at temperatures 50�C below their Tm values.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the chemical structure, the degree of crystallinity,
the crystal form, and the molecular mobility of the
amorphous phase. Figure 8 shows the degradation
behavior of the PTTBS copolyester films prepared
from the melt and quenched in liquid nitrogen. As
expected, the degradation rate of the copolyesters
increased as the BS unit content increased. This indi-
cated that the relatively short aromatic sequence
length and long aliphatic sequence length facilitated
hydrolysis in a solution of NaOH.

CONCLUSIONS

Copolyesters based on PTT and PBS were success-
fully prepared by direct melt transesterification. The
1H-NMR results indicated that the copolyesters were
almost random with a composition similar to the
feed molar ratio. The aromatic sequence length
decreased, whereas the aliphatic sequence length
increased, as the BS unit content increased. The
melting point depression predicted by the models
indicated that the Wendling–Suter and Flory models
could be used to describe the cocrystallization
behavior of the copolyesters. Both DSC and WAXD
results showed that the copolyesters exhibited isodi-
morphic cocrystallization, and the transformation for
both Tm and the crystal form happened at a BS con-
tent of approximately 70%. The sequence lengths of
aromatic and aliphatic units influenced the morphol-
ogy of the spherulites, mechanical properties, and
hydrolytic degradation of the copolyesters. The rela-
tively long aromatic and aliphatic sequence lengths
of the copolyesters indicated strong mechanical
properties. The relatively short aromatic sequence
length and long aliphatic sequence length of the
copolyesters facilitated hydrolysis in a solution of
NaOH. This article demonstrates an easy method for

the preparation of degradable aromatic–aliphatic
copolyesters that can be applied to other systems.
The cocrystallization phenomenon will exist in
almost all copolyesters composed of crystallizable
components. An investigation of cocrystallization
may help us to design copolyesters with desired
crystal forms, Tm values, and mechanical and degra-
dation properties.
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