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Series of PTT-b-PEO copolymers with different composition of rigid PTT and PEO flexible
segments were synthesized from dimethyl terephthalate (DMT), 1,3-propanediol (PDO),
poly(ethylene glycol) (PEG, Mn = 1000 g/mol) in a two stage process involving transesteri-
fication and polycondensation in the melt. The weight fraction of flexible segments was
varied between 20 and 70 wt%. The molecular structure of synthesized copolymers was
confirmed by 1H NMR and 13C NMR spectroscopy. The superstructure of these polymers
was characterized by DSC, DMTA, WAXS and SAXS measurements. It was observed that
domains of three types can exist in PTT-b-PEOT copolymers: semi-crystalline PTT, amor-
phous PEO rich phase (amorphous PEO/PTT blended phase) and semi-crystalline PEO
phase. Semi-crystalline PEO phase was observed only at temperature below 0 �C for sample
containing the highest concentration of PEO segment. The phase structure, thermal and
mechanical properties are effected by copolymer composition. The copolymers containing
30�70 wt% of PEO segment posses good thermoplastic elastomers properties with high
thermal stability. Hardness and tensile strength rise with increase of PTT content in
copolymers.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(trimethylene terephthalate) (PTT) is an semi-crys-
talline polyester of renewed interest on account of a recent
breakthrough in low-cost production of the monomer 1,3-
propanediol (PDO), which enabled PTT to be produced at
costs appropriate for commercialization. Commercially
available PTT is produced by Shell Chemicals (Corterra�)
and DuPont (Sorona, Biomax� PTT) [1–5]. The production
of PTT by Shell Chemicals is based on the PDO obtained
by process of hydroformylation of ethylene oxide. Sorona
PTT produced by DuPont and Tate & Lyle is based on a
new developed process that uses renewable sources (corn
sugar) to manufacture ‘‘bio”-PDO. The bio route of PDO
production consumes 40% less energy and reduces green-
house gas emissions by 20% versus petroleum-based PDO
[5].
. All rights reserved.
PTT possesses several advantageous properties, includ-
ing good tensile behavior, resilience, outstanding elastic
recovery, and ability to be colored with different dies.
These characteristics make PTT highly suitable for uses in
engineering thermoplastic applications as fibers or films.
Therefore, PTT has recently attracted several investigators
for its characteristics either in pure state [6–9], in copoly-
mer systems [10–12], in blends [13–15] and nanocompos-
ites [16–19].

Multiblock copolymers which show thermoplastic and
elastic behavior are composed of two types of blocks: flex-
ible blocks phase (soft phase) with a low glass transition
temperature and rigid, glassy or crystalline blocks, which
provide physical crosslinking. Due to the two-phase micro-
structure, thermoplastic elastomers possess excellent
mechanical properties, such as low-temperature flexibility,
impact strength, toughness and high modules in the rub-
bery plateau region. At higher temperatures, the dissocia-
tion of the physical bonds occur and copolymers become
soft and flow like a thermoplastic material, enabling them
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to be processed in the melt phase by using conventional
techniques such as injection molding. An industrially
important class of thermoplastic elastomers (TPEs) are
the segmented block copoly(ether-esters). Commercially
available polyester TPEs are composed of poly(butylene
terephthalate) PBT as polyester segment and poly(tetra-
methylene oxide) (PTMO) (Hytrel, DuPont; Arnitel, DSM)
as polyether flexible segments [20].

In this work, the PTT was used as the rigid segment in
multiblock copoly(ether-ester)s, while poly(ethylene gly-
col) (PEG) was used as the flexible segment. PEG is non-
toxic, non-antigenic, non-immunogenic, semi-crystalline
polymer with glass transition temperature below zero
[21–23], which is often applied as the component to im-
part good hydrophilicity as well as biocompatibility of
biomaterials.

This is the first report on this system and it is of general
interest, as thermoplastic copoly(ether-ester)s, especially
with improved elasticity, are currently in the focus of
industrial research. These new system can have potential
applications as biomaterials for example, to fabricate scaf-
fold for bone cartilage, and skin tissue engineering, or as
anti-adhesion barrier etc. [23–26]. Therefore, the com-
bined properties of these two semi-crystalline polymers,
i.e., rigid hydrophobic semi-crystalline PTT segments and
hydrophilic semi-crystalline flexible PEO segments can be
interesting for future applications. Here, denotation PEO
for poly(ethylene oxide) in polymer chain and PEG for
polyether terminated by hydroxyl groups i.e., poly(ethyl-
ene glycol) is used. The influence of PEO flexible segment
content on the resulting PTT-b-PEO copolymers properties,
such phase structure, thermal and mechanical properties is
investigated.
2. Experimental

2.1. Materials

Dimethyl terephthalate (DMT) (Aldrich) and Irganox
1010 (Ciba-Geigy, Switzerland) were used as received,
without further purification. 1,3-propanediol (Shell Chem-
icals Europe B.V., The Netherlands) was distilled before
using. Poly(ethylene glycol) (PEG) with molecular weight
of 1000 g/mol was purchased from Polysciences Inc., and
as catalyst titanium (IV) butoxide (TBT; P97.0%) from
Fluka was used.

2.2. Synthesis of PTT-b-PEO copolymers

PTT-b-PEO copolymers were prepared with several dif-
ferent PTT/PEO weight ratios from DMT, PDO and PEG in
two steps: the first involved the transesterification of
DMT by PDO forming bis-(3-hydroxypropylene) tere-
phthalate (BHPT), the second was melt polycondensation
of BHPT with PEG. Both of steps were carried out in pres-
ence of TBT (0.25 wt% in relation to DMT) as catalyst in a
1 L high pressure reactor (Autoclave Engineers Pennsylva-
nia, USA) equipped with a vacuum pump, condenser, and
cold trap for collecting the by-products. In the first step
the reactor was charged with DMT and PDO with the de-
sired ratios, and catalyst. The molar ratio of the diester
(DMT) and diol (PDO) was 1:1.5. The transesterification
reaction, was carried out under a constant flow of nitrogen
at temperature of 160–165 �C for one and half hour. During
the reaction, methanol was distilled and collected as a by-
product. The conversion of the transesterification reaction
was calculated by monitoring the amount of effluent meth-
anol. When the distillation of methanol ceases, the reaction
was completed and produced BHPT and monohydroxy-
propl terephthalate (MHPT) was gradually heated to
210 �C. Then, the PEG and thermal stabilizer (Irganox
1010, 0.5 wt% in relation to total comonomer mass) were
introduced to the reactor. The reaction temperature was
increased to 250–255 �C for the polycondensation reaction.
Vacuum was applied gradually and the final pressure was
lower than 25 Pa. The stirring torque change was moni-
tored in order to estimate the melt viscosity of the product
at temperature of 255 �C. The reaction was stopped when
the torque no longer increased. The polycondensation
reaction time was 2–3 h dependent form the weight con-
tent of PEO segments. The product was extruded into cold
water through a drain valve. The PTT homopolymer was
synthesized following the same procedure. The produced
copolymer samples were coded as PEE-x, where x describe
the weight content of PEO blocks, respectively.

2.3. Sample preparation

Before molecular, intrinsic viscosity and thermal char-
acterization samples were purified by means using the
following procedure: after dissolution in 1,1,1,3,3,3-hexa-
fluoro-2-propanol and precipitation in methanol, they
were recovered by filtration and again dissolved and repre-
cipitated twice, and then dried under vacuum at tempera-
ture of 50 �C for 48 h. Samples for WAXS, SAXS, DMTA,
hardness and tensile tests were prepared by injection
moulding machine (Boy 15, Germany) at temperature of
approximately 20 �C higher than melting temperature
determined by DSC and at pressure of injection of
50 MPa and a holding down pressure of 20 MPa for 20 s;
the temperature of the mould was set at 30 �C.

2.4. Characterization of polymers

The inherent viscosity [g] of the polymers was deter-
mined at 30 �C using a capillary Ubbelohde type Ic

(K = 0.03294). The polymer solution had a concentration of
0.5 g/dl in mixture (60/40 by weight) phenol/1,1,2,2-tetra-
chloroethane. The Mark–Houwink relationship [g] = 5.36 �
10�4 �M0:69

w [27] was used to calculate molecular weight
and degree of polymerization (where x ¼ Mn=206,
Mw=Mn ¼ 2) of PTT homopolymer.

Hardness measurements were performed according to a
standard DIN 53505 and ISO 868 on a Shore D apparatus
(Karl Frank GmbH, Type 104, Germany).

The melt flow rate (MFR) was measured by using a melt
indexer (CEAST, Italy) as weight of melt flow in grams per
10 min, at temperature above the melting point (listed in
Table 1) at orifice diameter 2.095 mm and under 21.18 N
load, according to ISO 1133 specification.



Table 1
Characteristic of PTT-b-PEO copolymers.

Sample wPEO, wt% x, mol/mol Yield, % [g], dl/g MFR(T), g/10 min H, Sh D

PTT 0 101.9B 94 0.83 20.1 (230 �C) 80
PEE-20 20 21.94 97 1.03; 1.01E 3.4 (220 �C) 72
PEE-30 30 12.80 93 1.16; 1.18E 2.8 (215 �C) 65
PEE-40 40 8.23 96 1.29; 1.27E 10.8 (210 �C) 57
PEE-50 50 5.48 98 1.34; 1.36E 19.4 (200 �C) 52
PEE-60 60 3.65 94 1.43; 1.43E 21.5 (190 �C) 44
PEE-70 70 2.35 92 1.47; 1.45E 21.3 (180 �C) 32

wPEO, weight fraction of PEO segments; x, degree of polymerization of rigid segment with reference of 1 T-PEO unit; B, for PTT estimated from the measured
intrinsic viscosity [27], for PEE calculated form the composition; [g], intrinsic viscosity, E, after extraction; MFR(T), melt flow rate at temperature T (�C); H,
hardness.
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Fig. 1. Structure PTT-b-PEO copolymers.
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2.5. 1H and 13C nuclear magnetic resonance spectroscopy
(NMR)

For 1H NMR and 13C NMR measurements a Bruker
400 MHz spectrometer was used. CF3COOD was used as
solvent and tetramethylsilane (TMS) as internal reference.
The areas (or intensity in the 13C NMR) of characteristic
peaks were used to determine weight and mole fraction
constituent of copolymers before and after extraction.
The weight fraction of flexible segment (PEO) was calcu-
lated from the integral intensities d and b (see Fig. 2) cor-
responding to CH2–O–CH2 and CH2CH2CH2OCO proton
resonances, respectively as following equation:

wPEO;wt% ¼ 44ðd=4Þ
44ðd=4Þ þ 206ðb=4Þ � 100% ð1Þ
ppm 12 10 8 6 4 2 0
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Fig. 2. 1H NMR spectra of PEE-50 copolymer (before extraction) in
CF3COOD.
where 44 and 206 are the molecular weight of the flexible
polyether and rigid polyester chain repeat unites, respec-
tively. The Eq. (1) was used also to calculate the weight
fraction of PEO segments based on 13C NMR spectra, where
d/4 = I1/2 and b/4 = I2/2 and the intensities I1 and I2 (see
Fig. 3) correspond to the carbon signals of CH2–O–CH2

and COO groups, respectively. The mole fraction of the soft
segments was calculated using the following equation:

wPEO;mol% ¼ 44ðd=85:27Þ
44ðd=85:27Þ þ 206ðb=4Þ � 100% ð2Þ

where 85.27 and 4 are numbers of protons in the corre-
sponding repeating units. From 13C NMR spectra, the mole
fraction of the flexible segments was determined by using
the equation:

wPEO;mol% ¼ ðI1=44:46Þ
ðI1=44:46Þ þ ðI2=2Þ � 100% ð3Þ
020406080100
ppm

120140160180
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Fig. 3. 13C NMR spectra of PEE-50 copolymer (before extraction) in
CF3COOD.
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where 44.46 and 2 are the numbers of carbons in the cor-
responding repeating units. The weight (and mole) fraction
of rigid segments was calculated by subtraction of the
weight (mole) content of the flexible segments from 100%.

2.6. Tensile tests

The tensile properties were of the samples were mea-
sured with an Instron 1112 tensile testing machine oper-
ated at a constant crosshead speed of 50 mm/min.
Measurements were performed at room temperature on
dumbbell samples. According to DIN 53455 standards,
the values of Young’s modulus (E), stress and strain at
break were determined from stress–strain curves on an
average of five specimens for each kind of materials.

2.7. Thermal analysis by DSC and TMDSC

Differential scanning calorimetry (DSC) measurements
were carried out with a TA Q-100 Instrument Universal
Analysis 2000 system. The measurements were taken over
a temperature range of �90�250 �C using the so-called tri-
ple cycle, ‘‘heating–cooling–heating”, at a rate of 10 �C/min,
under nitrogen flow. Additionally for PEE-50 sample, the
temperature-modulated (TMDSC) curves were recorded
during heating with a modulated signal at a heating rate
of 3 �C/min and with a modulation of ±0.48 �C every 60 s.
The crystallization and melting temperatures (Tc, Tm) were
measured at the maximum of the endo- and exo-thermic
peaks, respectively, and the glass transition temperatures
(Tg) were taken as the midpoint of the change in heat
capacity (Dcp/2). The degree of crystallinity (xc) of the
copolymers to content of PTT was calculated in terms of
the following expression:

xc ¼ ðDHm=DH0
m �wrÞ � 100%

in which DHm denotes the melt crystallization enthalpy of
the component in the sample, wr refers to the weight frac-
tion of the rigid segment content, and DH0

m is the enthalpy
of fusion of 100% crystalline component based on the liter-
ature data (for PTT, DHm = 146 J/g [6]).

2.8. Thermogravimetric analysis (TGA)

The TGA analyses were carried out on a SETARAM TGA
92-16 apparatus. The TGA (weight loss in % versus temper-
ature) curves and the first derivative of the TGA (DTG)
curves where conducted at 25�700 �C, at heating rate of
10 �C/min under an argon and under dray air (N2:O2 = 80/
20 vol/vol) atmosphere with flux rate of 20 mL/min.

2.9. Dynamical mechanical thermal analysis (DMTA)

The storage modulus (E0), loss modulus (E00) and the loss
tangent (tan d) were measured as a function of tempera-
ture with a Polymer Laboratories MK II dynamic mechani-
cal thermal analyzer working in a bending mode at a
frequency of 1 Hz. The samples were first cooled to
�100 �C and, then subsequently heated at a rate of
3 �C/min. The glass transition temperature was taken as
the temperature at the maximum relaxation peak of the
loss modulus and tan d curves. The softening/flow temper-
ature (Tflow) was defined as the temperature at which the
storage modulus reached 10 MPa.

2.10. X-ray analysis

Wide-angle X-ray scattering (WAXS) measurements of
the samples were carried using a Seifert XDR 3000TT dif-
fractometer equipped with computerized data collection
and analytical tools. The X-ray source (CuKa radiation,
wavelength k = 1.54 Å) was generated using an applied
voltage of 40 kV and a filament current of 35 mA. CuKa
radiation was monocromized with a graphite monocrom-
atizer and a Ni filter. The curves were recorded in the 2h
range 4–60� with a step of 0.01�. The degree of crystallinity
was calculated using a modified Hindeleh & Johnson meth-
od [28] and a computer program WAXSFIT [29]. By means
of the program, a linear background was subtracted and
diffraction curves were resolved into crystalline and amor-
phous components. The resolution was performed using a
multiobjective optimization procedure and a hybrid sys-
tem that combined genetic algorithms and classical opti-
mization method.

A Bruker NanoStar SAXS (small angle X-ray scattering)
system with a pinhole collimation and two-dimensional
detector (HiSTAR) was employed for data collection. The
X-ray radiation employed was generated from a Cu rotat-
ing anode fine-focus X-ray source (Ka = 1.5418 Å with a po-
tential of 40 kV and a current of 35 mA). The SAXS curves
were recorded in the range 0.1 nm�1 < q < 2.6 nm�1. The
position of the scattering maximum (qmax), from the Lor-
entz-corrected SAXS profile, was used for the calculation
of the Bragg’s long period (L),

L ¼ 2p=qmax;

where q ¼ ð4p=kÞ sin h is the scattering vector, and 2h is the
scattering angle. L represents the average periodicity of the
lamellar stack, which corresponds, in that approximation
to the sum of the crystal lamellae and of the interlamellar
amorphous regions.
3. Results and discussion

A series of thermoplastic poly(ether-ester)s based on
rigid PTT and flexible PEO segments, PTT-b-PEO, was syn-
thesized by a catalyzed two-step reaction, involving
transesterification and polycondensation in the bulk. The
syntheses were carried out with a highly effective catalyst,
Ti(OBu)4, with the addition of Irganox 1010 as an antioxi-
dant. The structural formula of the synthesized random
block PTT-b-PEO copolymers is shown in Fig. 1. The PTT–
PEO copolymer can be present as random copolyester (TT
units and T-PEO units). It gives possibility to calculate
the degree of polymerization (polycondensation) rigid seg-
ment (TT)x. The theoretical chemical composition of a ser-
ies of PTT-b-PEO copolymers, yields after precipitation in
methanol, and its basic physical properties as intrinsic
viscosity [g], melt flow rate (MFR) and hardness are sum-
marized in Table 1. The average length x (degree of
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polymerization) of the rigid PTT segment was calculated
according to 1 mol (y = 1 in Fig. 1) of flexible T–PEO
(T for terephthalate unit) segments. The degree of poly-
merization of the rigid segments (Table 1), calculated from
the reaction mixture compositions, is ranged from 21.9
(PEE-20) to 2.4 (PEE-70). All syntheses of homopolymer
PTT and PTT-b-PEO copolymers were finished, when the
reaction mixture rich the same value of melt viscosity,
which was estimated by monitoring of change of the stirring
torque. For almost all the copolymers, the yield after precip-
itation in methanol was above 90%. The values of limiting
viscosity number (Table 1) for copolymers after and before
precipitation in methanol were the same or very close, that
can suggest that almost all the monomers are incorporated
into the polymer chains, both in the rigid and flexible seg-
ments. The limiting viscosity number of polymers is influ-
enced by the molecular chain weight and flexibility of the
macromolecular chain. The [g] of the synthesized copoly-
mers after extraction are between 1.02 dl/g and 1.45 dl/g
for copolymers and 0.83 dl/g for the homopolymer PTT.
The synthesized homopolymer PTT have a number average
molecular weight of 42,000 g/mol, calculated from the mea-
sured intrinsic viscosity using the Mark–Houwink equation
with constants a and k determined previously [27].
The Mark–Houwink constants are not known for new PTT-
b-PEO copolymers, therefore values of [g] are used for
comparison. Hardness and temperature at which the poly-
mers melt and flow (MFR) are depended on the copolymer
composition.

3.1. NMR analysis of structure and composition

The molecular structure of the synthesized PTT-b-PEO
copolymers was confirmed by 1H NMR and 13C NMR spec-
troscopy. A typical 1H NMR and C–13C NMR spectra of PTT–
PEO copolymer (PEE-50 before extraction) are shown in
Figs. 2 and 3. In 1H NMR spectra, the signals at 8.59 ppm
(peak a; 4H, doublet) correspond to the aromatic proton
of the terephthalate units. The chemical shifts at
5.09 ppm (peak b; 4H, CH2–CH2–CH2) and at 2.82 ppm
(peak c; 2H, CH2–CH2–CH2) were for the methylene pro-
tons of the short chain diol (PDO). The signals of the proton
on the carbon atoms connected with oxygen CH2–O–CH2 of
the PEO repeating blocks, appear at 4.32 ppm (peak d).
Small signals at 5.53 ppm (peak e) and at 4.43 ppm (peak
f) are due to the protons of methylene in CH2–OH end
Table 2
The composition of the synthesized PTT–PEO copolymers determined from 1H NM

Sample Flexible segment

mol% wt%

PEE-20 4.30 18.05
PEE-30 6.83; 7.41C 25.95; 26.26C

PEE-40 10.32 36.54
PEE-50BE 14.15; 18.55C 43.09; 46.93C

PEE-50 14.33; 18.40C 46.70; 46.73C

PEE-60 19.79 53.75
PEE-70 27.26; 30.60C 63.38; 67.77C

wPEO, weight fraction of PEO segments; x, degree of polymerization of rigid se
determined from C–13C NMR spectra.
groups of polyester and polyether, respectively. Besides,
the two signals at: 11.08 and 4.79 ppm were from solvent
and from water, respectively. In 13C NMR (Fig. 3) spectra,
the signals from the flexible segment CH2–O carbons ap-
pear at 72.18 ppm (peak I1), and the signals from carbons
in short chain glycol appears at 29.74 ppm (peak I4) and
65.98 ppm (peak I3). The signals at: 171.34 (I2), 136.02
(I5) and 132.41 (I6) ppm correspond to the carbonyl group
(COO) and aromatic carbons of polyester units, respec-
tively. The presented representative spectra for PEE-50
(before extraction) are consistent with the expected struc-
ture, indicating that no side reactions occur during synthe-
sis of the samples under investigations.

The weight and mole fraction of flexible and rigid seg-
ments were calculated from the 1H NMR and 13C NMR
spectra according to Eqs. (1)–(3) and are given in Table 2.
The average length of the rigid PTT segments were also cal-
culated from the ratio (d:a or I1:I2) of the peak intensities,
based on the assumption that the flexible segment length
is equal to the length of the staring PEO. The calculated de-
gree of polymerization of the PTT (x) segments in the
macro-chain from 1H NMR spectra was between 22.25
(PEE-20) and 2.66 (PEE-70). Values of the average degree
of polymerization of the rigid segments calculated from
13C NMR spectra were lower than determined form 1H
NMR spectra. The obtained results show that in all copoly-
mers the content of the flexible segments was lower than
would be expected from the composition of the reaction
mixture. For all the samples with exception of PEE-60
and PEE-70, the difference between the experimental and
theoretical composition was less than 5%. This values were
in the range of the experimental error of the determination
of the composition by NMR spectroscopy. The determined
lower content of the flexible PEO segments than calculated
theoretically from the mixture of starting materials for
PEE-60 and PEE-70 copolymers, can be explained that not
all PEG units (extracted during purification) were built into
macro-chain.

The molecular weight of the repeating units Mru of the
synthesized PTT-b-PEO copolymers, was calculated from
following equation:

Mru ¼ x � 206þ y � 1130; g=mol

where x and y were the mole content of rigid PTT and flex-
ible T-PEO segments, respectively. The predicted from 1H
NMR spectra values of the molecular weight of the
R and 13C NMR spectra.

x Rigid segment

mol/1 mol T-PEO mol% wag%

22.25 95.70 81.95
13.64; 12.49C 93.17; 92.50C 74.05; 73.74C

8.68 89.68 63.46
6.06; 4.39C 85.85; 81.45C 56.91; 53.07C

5.97; 5.32C 85.67; 81.60C 53.30; 53.27C

4.05 80.21 46.25
2.66; 1.28C 72.74; 69.40C 36.62; 32.23C

gment with reference of 1 mol of T-PEO unit; BE, before extraction; C,



Table 3
The average molecular weight of the synthesized PTT–PEO copolymers
determined from 1H NMR spectra.

Sample �Mru, g/mol �MT
ru, g/mol b �Mn , g/mol

PTT – – – 21,000A

PEE-20 5714 5650 4.17 23,977
PEE-30 3939, 3499C 3767 4.39 17,442
PEE-40 2918 2825 4.21 12 435
PEE-50BE 2378; 2034C 2336 4.97 11,969
PEE-50 2360; 2043C 2336 4.90 11,714
PEE-60 1964 1882 5.05 10,068
PEE-70 1678; 1392C 1614 5.88 10,017

A, determined from [g]; BE, before extraction; C, determined from C–13C
NMR spectra, �Mru, �MT

ru – molecular weight of repeating units determined
from 1H and 13C NMR spectra and calculated theoretically, respectively; b,
number of repeating units; �Mn , average molecular weight of polymer
determined from end group.
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repeating units (Table 3) are very near to the calculated
theoretically. The average number of repeating units b
was calculated using the following equation:

b ¼ 103ð4Ia=4 � Ie � x �MDMTÞ

where Ia and Ie were the intensities of proton resonance of
terephthalate residue and end groups (CH2OH), respec-
tively, and MDMT = 194 g/mol. The average molecular weight
of the polymer, �Mn (Table 3), was calculated using the
equation:

�Mn ¼ b � �Mru þ 2ME; g=mol

where b and �Mru were calculated and are given in Table 3; ME

(O–(CH2)3–OH) = 75 g/mol. The synthesized copoly(ether-
ester)s, have number average molecular weights estimated
from 10,000 to 23,000 g/mol.

3.2. Phase structure and morphology

In PTT-b-PEO copolymers, the PTT and PEO segments
may segregate into separate phases in the solid state as
other segmented copolymers do due to the thermody-
namic immiscibility of the rigid and flexible segments.
The existence of a hetero-phase structure in these copoly-
mers, which is the result of semi-crystalline and amor-
-50 0 50 100 150 200
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Fig. 4. Temperature modulated DSC curves for PEE/50 copolymer; (A)
total, (B) reversible and (C) non-reversible heat flow.
phous domains, was shown and confirmed by thermal
analysis. The DSC thermograms of the samples are shown
in Figs. 4–6 and the results are summarized in Table 4.
Temperature-modulated DSC for PEE-50 sample (Fig. 4)
showed that in these copolymers are present three phases;
two amorphous phases (Tg1, Tg2) and one crystalline phase
(Tm). The actual phase structure depended on the chemical
composition. The first glass transition (Tg1) in low-temper-
ature region corresponded to the amorphous PEO-rich
phase (or amorphous PEO/PTT blended phase) and the sec-
ond glass transition (Tg2) was attributed to amorphous
rigid polyester sequences in the semi-crystalline hard
phase. The melting point derived from the crystallized
rigid segments (Tm) can be observed in the DSC curves of
most samples. Besides, as can be seen in Fig. 4, in the
non-reversible heat flow curve (C) in temperature range
above 65 �C, there was an exotherm (cold crystallization)
followed by an endotherm, since the non reversible
component is kinetic in nature and can be attributed to
non-reversible melting and crystallization on heating.
The existence of two processes of recrystallization and
melting on heating was confirmed. This endothermic peak
in non-reversible heat flow curve (C) is corresponding to
the endothermic peak in the in the reversible peak (curve
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Fig. 6. DSC thermograms of PTT-b-PEO copolymers with different wt%
contents of PTT segments in the polymer at cooling rate 10 �C/min.



Table 4
Thermal properties of PTT-b-PEO copolymers.

Sample Tg1, �C Dcp1, J/g �C Tg2, �C Tm, �C DHm, J/g Tc, �C DHc, J/g xc, % xh
c , %

PTT – – 49.7 229.4 53.3 177.8 53.4 36.5 36.5
PEE-20 �21.6 0.20 49.3 221.9 42.6 157.2 42.9 29.2 36.5
PEE-30 �33.5 0.25 50.6 216.4 38.2 150.5 38.4 26.2 37.4
PEE-40 �40.8 0.32 51.1 208.0 33.4 131.6 33.6 22.8 38.0
PEE-50 �44.8 0.41 49.0 195.4 27.4 125.2 27.4 18.8 37.6
PEE-60 �46.7 0.51 44.3 176.5 20.5 93.0 20.4 14.0 35.0
PEE-70 �48.1 0.52 47.2 148.7 13.5 57.8 14.0 9.2 30.7

Tg1, glass transition temperature of soft phase; Dcp1, change of heat capacity of flexible segments; Tg2, glass transition of amorphous part in semi-crystalline
hard phase; Tm, DHm, melting and crystallization temperature; Tc, DHc, temperature and enthalpy of crystallization of hard phase; xc, degree of crystallinity
of the sample; xh

c = xc/wh, degree of crystallinity with reference to rigid segments content.
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B), i.e., they represent the non-reversible and reversible
component melting of recrystallized polyester segments,
respectively. The presence of non-reversing endothermic
signal is typically due to complete melting of separate
lamellae or stacks of lamellae and was also found in ther-
mal analysis of several semi-crystalline polymers [30,31].
This is observed if melting temperature of prefect crystals
is not too far from their equilibrium melting point. The
crystals cannot recrystallize fast enough because of a low
degree of under cooling. This slow recrystallization kinetics
lead to high levels of non-reversing melting in heating
scan. Additionally, on non-reversing curve two small endo-
thermic peaks were seen at temperatures Tr1 (�Tg1) and Tr2

(�Tg2) representing the imaginary (energy loss or c00p) part
of complex specific heat c�p. According the to Schawe the-
ory [32] the complex specific heat (c�p) signal on tempera-
ture MDSC is a sum of real c0p (energy storage) and
imaginary c00p (energy loss) parts, i.e., c�p = c0p + ic00p.

For sample containing 70 wt% of PEO, above the Tg1 the
crystallization (Tc1 = �17.7 �C, DHc1 = 8.6 J/g) and melting
(Tm1 = 7 �C, DHm1 = 14.6 J/g) of polyether semi-crystalline
phase were observed. The glass transition temperature,
Tg1, of soft phase was shifted to higher (Figs. 5–7) temper-
atures indicating the blending of the amorphous phase of
non-crystallized PTT rigid segments with the flexible/soft
PEO segments. The decrease of the Dcp1 at Tg1 with the
increasing of the PTT content confirmed that the composi-
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Fig. 7. Dependence of: melting temperature, glass transition tempera-
ture, b-relaxation temperature on weight fraction of the PTT rigid
segments.
tion of soft phase was change. For PTT homopolymer and
copolymers with higher content rigid segments before
melting of PTT crystallites the presence of cold crystalliza-
tion (Tcc = 208 �C for PEE-20 and 198 �C for PEE-30) was ob-
served. The melting temperatures shifted to lower values
and the enthalpy of melting decreased with increasing
content of flexible segments from 222 �C (PEE-20) to
148 �C (PEE-70), which is the expected behaviour of the
copolymers. The temperatures of crystallization (Fig. 6) in-
creased with the increase of the length of rigid segments.
The total degree of crystallinity of the synthesized PTT-b-
PEO copolymers are in the range from 29% to 9% (Table
4). The degree of crystallinity with reference to rigid seg-
ment contents xh

c values varied between 38% and 30%. It
appeared that crystallinity of hard phase copolymer at-
tended to contents of PTT segments is almost indepen-
dently from the composition and from the average PTT
block length, with the exception of sample PEE-70 which
shows a lower crystallinity of 30%. This sample contains
PTT segments with a rather short average block length of
three units.

The dynamic mechanical properties of PTT and PTT-b-
PEO copolymers as a function of temperature are shown
in Fig. 8. The dynamic mechanical data are also summa-
rized in Table 5. The loss modulus (E00) peak relaxation at
�48 to �5 �C, corresponding to the glass relaxation (glass
transition Tg1 on DSC) temperature (Tb,) of the amorphous
soft polyether phase moved to lower temperatures as the
weight content of flexible segments in PTT-b-PEO copoly-
mers increased. The PTT homopolymer have the a-relaxa-
tion at 59 �C corresponding to the glass transition of
amorphous part in semi-crystalline hard phase. The little
peak at about �80 �C on loss modulus and tan d curves
can be attributed to the relaxation processes involving
the local motions of the carboxyl groups and the reorienta-
tion of the carboxyl groups in the amorphous phase [6].
The broad b-relaxation peaks suggests that this region
can consist of a variety of processes probably related to
the flexible and rigid segment length distribution. The de-
crease of Tb of soft phase with increasing of the flexible
segments content was due to the increase of soft–hard
phase separation. Additionally, for copolymers containing
from 30–70 wt% of flexible segments, the typical plateau
region in the storage modulus (E0) plot between Tb of the
soft phase and the softening temperature as usually found
for elastic materials was also observed. For PEE-70, at tem-
perature above the Tb, the storage modulus displayed a
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temperature for PTT-b-PEO copolymers.

Table 5
DMTA and tensile properties of PTT-b-PEO copolymers.

Sample E0 at 25 �C, MPa Tb (E00), �C Tb (tan d), �C Tflow

PTT 2135.5 59a 69a 222
PEE-20 433.7 �5 21 210
PEE-30 178.0 �31 �12 205
PEE-40 103.1 �41 �28 192
PEE-50 76.8 �45 �36 177
PEE-60 56.7 �46 �39 160
PEE-70 47.6 �48 �43 131

E0 , storage modulus at 25 �C; Tb, temperature of b-relaxation corresponding the g
Tflow, temperature of softening; E, Young’s modulus; ry, stress at yield; ey, strain
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shoulder before the start of the rubbery plateau and this
was due to the presence of a crystalline PEO phase. Values
of E0 for PTT-b-PEO copolymers in the rubbery plateau was
lower than the corresponding value for the homopolymer
due to the presence of flexible segments and different de-
gree of crystallinity.

In PTT-b-PEO copolymers depending on the rigid PTT
segments content, a more or less continuous crystalline
superstructure can be formed by single crystal lamellae
tied together by short sequences of rigid segments. The
crystal structure and the apparent degree of crystallinity
for PTT and PTT-b-PEO block copolymers prepared by
injection moulding were observed using WAXS and the re-
sults are shown in Fig. 9 and in Table 6. The peaks and cor-
responding reflections of PTT were observed at the
scattering angles 2h of ca. 15.3�, 16.8�, 19.4�, 21.7�, 23.6�,
24.6� and 27.3�, which correspond to the reflection planes
of ð010Þ, ð0 �12Þ, ð012Þ, ð10 �2Þ, ð102Þ, ð1 �13Þ; and ð10 �4Þ,
respectively [33]. The calculated degree of crystallinity va-
lue (Table 6) for the copolymers was found to decrease
from that of PTT with increasing flexible segments content.
The reduction of the crystallinity degree is a result of
change in the length of the rigid segments.

A well-defined SAXS peak were detected for the whole
composition range (see Fig. 10) of PTT-b-PEO copolymers.
The corresponding long period (L), derived from SAXS
curves is reported in Table 6. The long period is a measure
of the average distance between crystals and, as such, is
the sum of the average thickness of the crystalline layers
and amorphous regions. As well evidenced in Table 6, the
L values increased by decreasing the degree of crystallinity
of the sample, which was the consequence of increasing
the flexible segments content. This results confirmed that
the synthesized copolymers were characterized by a less
favourable perfection of crystals with involvement of
PEO. The amorphous phase domains consisted of sub-do-
mains of polyester and flexible segments. The rise of L
can be attributed to the growth of the amorphous domains
and/or sub-domains. This growth may be caused by smal-
ler and/or imperfect PTT crystallites or by coalescence of
PTT and/or PEO sub-domains. The tendency of the amor-
phous sub-domains to grow is supported by a decrease in
the miscibility of two amorphous sequences (PTT and
PEO) [20].

Based on above results it can be concluded, that the
structure of the presented here copolymers is very similar
to the supermolecular structure of multiblock copolymers
, �C E, MPa ry, MPa ey, % rb, MPa eb, %

2102.8 – – 69.3 4.3
718.3 31.4 17 29.4 291
371.7 24.0 21 26.7 402
208.5 17.9 24 25.2 468
137.8 13.7 30 21.1 487
87.1 10.3 36 17.4 581
49.0 6.8 46 12.7 680

lass transition determined from maximum of loss modulus (E00) and tan d;
at yield; rb, stress at break; eb, strain at break.
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based on PBT or PET as rigid segments and PTMO as flexi-
ble segments. The thermoplastic and elastic behavior of
these polymers arise from their multiphase structure,
which is a consequence of the chemical nature and incom-
patibility of the two types of the two contributing seg-
ments (rigid and flexible) built into polymer chains.
Usually the hydrophilicity and water vapour permeability
of segmented block copolymers can be improved by using
polar PEO segments instead of hydrophobic flexible seg-
ments. The poly(ether-ester)s based on poly(ethylene
oxide) (PEO) [34–36] have been shown to have generally
worse characteristics than those containing PTMO as the
soft segments, but also to have some advantages, the most
important being their hydrophilic character, which makes
them attractive candidates for some biomedical applica-
tions and also in many others application markets like con-
struction, textile, packing. The combination of PEO
segments with PTT, which have better tensile elastic recov-
ery than PET and PBT [37,38] can results in elastomers with
better energy absorption. Most recently, a large range of
polyesters or copolyesters with aliphatic monomeric units
of different sizes has been developed. Nevertheless
mechanical properties of such polyesters are lower than
those of non biodegradable polymers. The PTT-b-PEO elas-
tomers seems be good candidate next to PBT-b-PEO
copolymers already tested [39,40] in tissue engineering
which often makes use of biodegradable scaffolds to guide
and promote controlled cellular growth and differentiation
in order to generate new tissue. Up to now biodegradable
polyesters, such polylactide (PLA), poly(glicolide) (PGA),
poly(glycolide-co-lactide) (PLGA) were commonly used in
tissue engineering. The disadvantage of these biodegrad-
able polyesters is that they undergo plastic deformation
and failure when exposed to long-term cyclic strain, limit-
ing their use in engineering elastomeric tissues [41]. For
Table 6
WAXS and SAXS data.

PTT PEE-20 PEE-30

xc, % 34.2 28.3 23.8
L, nm 7.66 6.28 7.30

L, long period; xc, degree of crystallinity determined from WAXS.
some specific biomedical applications, the PEO was used
as flexible segments in multiblock copolyesters based on
poly(e-caprolactone) (PCL) [42], polylactide (PLA)[43], the
microbial polyester poly((R)-3-hydroxybutyrate) [44],
poly(trimetylene carbonate) (PTMC) [45]. Some of them
were characterized by improved biodegradability proper-
ties, which was depended on the length and content of
PEO. These materials have one disadvantage, the oxidative
instability during exposure to the light under ambient con-
ditions [46,47]. Besides most of these materials are costly,
which is a major hindrance for their wider application. PEO
copolymers based on aromatic polyesters is much chipper
and biodegradable. Owing to this great advantage, it may
have a potential application in mentioned earlier biomed-
ical and also ecological fields. For block copolymers, that
contain crystallisable component the interplay between
crystallization and microphase separation strongly influ-
ences the structural changes, morphology, properties and
applications of such materials [20]. To enhance the
mechanical properties of copolyesters in terms elasticity,
it is preferable to have a strong phase separation between
hard and soft phase. In comparison to the poly(ethylene
oxide)-b-poly(e-caprolactone) copolymers (PEO-b-PCL),
where the PEO and PCL have comparable crystallization
temperatures and glass transition temperatures, the PTT-
b-PEO copolymers should have better mechanical proper-
ties as a result of better phase separation and also higher
thermal and oxidative stability. Unfortunately, they have
one disadvantage, being a biomaterial bearing aromatic
moieties, the degradation time can be rather much longer
than the popular aliphatic polyesters such as poly(glyco-
lide-co-lactide) (PLGA) [42,48], polylactide [43] or
poly(butylene terephthalate-co-succinate) [49,50], and
only can be tailored in a relatively narrow composition
scope [46,51,52].
PEE-40 PEE-50 PEE-60 PEE-70

20.8 17.0 14.4 6.6
7.48 7.66 8.49 8.60
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3.3. Tensile properties

Stress–strain curves of the synthesized segmented
block copolymers are presented in Fig. 11. Each curve rep-
resents the general behavior for several samples tested of a
given designation. Values of Young’s modulus, yield stress,
ultimate strength and elongation of each sample studied
are presented in Table 5. By increasing the flexible segment
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content, the decrease in E modulus and in maximum stress
with improvement in elongation at break was observed, as
a consequence decreasing the number of domains that
contribute to the strength. The E-modulus was reduced
from over 700 MPa for PEE-20 to only 49 MPa for PEE-70
and the maximum stress from 29 to 12 MPa, while the
elongation at break for these samples increased from
290% to 680%.

3.4. Thermal stability

The thermal stability of synthesized polymers is an
important parameter, which could limit their application.
The thermal stability of the synthesized PTT-b-PEO copoly-
mers was studied by thermogravimetry under argon and
oxidative (air) atmosphere. The TG and derivative TG
(DTG) curves in argon and air of the synthesized polymers
with different contents of flexible PEO segments are shown
in Figs. 12 and 13. The characteristic temperatures for
weight losses of 5%, 50%, 25% and 90%, T5%, T25%, T50%,
T90%, respectively, in argon and air are given in Table 7.
The T5% value is considered to represent the beginning of
thermal degradation. From the shape of the TG and DTG
curves, it can be observed that in inert atmosphere (argon)
the thermal behaviours of PTT-b-PEO copolymers is very
similar and practically not dependent on the composition.
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Table 7
TGA data; temperature of 5%, 25%, 50% and 90% weight loss in argon and air.

Sample T5%, �C T25%, �C T50%, �C T90%, �C

Ar Air Ar Air Ar Air Ar Air

PTT 371.3 373.3 393.0 392.6 405.0 404.2 – 486.3
PEE-20 371.3 322.9 393.7 384.4 406.5 403.0 579.6 490.6
PEE-30 370.1 287.3 395.5 376.5 410.0 402.1 547.6 488.7
PEE-40 370.7 275.1 396.8 357.2 412.9 398.5 575.7 484.1
PEE-50 369.8 263.7 397.5 326.8 413.6 391.7 469.2 475.1
PEE-60 365.6 250.7 397.9 320.0 414.6 394.8 547.0 489.9
PEE-70 370.7 274.2 400.0 352.1 415.5 386.8 526.6 477.5
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Analysis of DTG curves (Fig. 12B) shows that the tem-
perature at the maximum decomposition rate of is shifted
to higher temperatures with the increasing the PEO seg-
ments content. The PTT homopolymer in air have two
stages of degradation, which appear at 350–450 and
450–545 �C. For PTT-b-PEO copolymers in air the TG and
DTG curves (Fig. 13) reveal different profile, three
weight-loss stages occur during degradation. The first
and the second stage of the decomposition in air occur in
a temperature ranges of 200–350 and 350–460 �C, respec-
tively. The third stage in the temperature range of 460–
550 �C is attributed to the decomposition of residue. The
first and second stages are attributed to the decomposition
of flexible and rigid segments. It is known, that the oxygen
attack on poly(ether-ester) block copolymers is initiated in
the flexible segment and, in most cases occurs at the a-car-
bon atom to the ether oxygen atom [53] and results in the
formation of volatiles. The values of T5% and T25% (first
stage) in the series increased with the increase in the con-
tent of flexible PEO segments.
4. Conclusions

Series of PTT-b-PEO copolymers with different content
of flexible PEO segment were synthesized by means of a
two-step melt polycondensation process and characterized
by various methods. Irganox 1010, a heat stabilizer, was
used to protect the polymer chains from thermal degrada-
tion during the polycondensation reaction at 255 �C. The
rigid segments as well as the flexible ones were randomly
distributed along the chain. Due to thermodynamic partial
immiscibility of the PTT and the PEO segments, the result-
ing block copolymers were phase separated, consequently,
with domain structure. On the basis of X-ray, DSC and
DMTA results, it can be concluded that domains of four
types existed in PTT-b-PEO copolymers: crystalline PTT,
amorphous PTT, amorphous PEO, and amorphous PEO/
PTT miscible blend. Crystalline PEO was observed only at
temperature below 0 �C for sample containing the highest
concentration of PEO segment. The copolymers containing
30–70 wt% of flexible segments have elastomeric property
characteristics. The basic structure–property relationship
in polyester segmented copolymers states that PTT rigid
segments affected the hardness and strength. With respect
to the rigid segments content, the melting and crystalliza-
tion temperature, and the degree of crystallinity decreased
with increasing flexible PEO segments content.
Further investigations on elastic properties and mor-
phology depending on the composition and the length of
soft segments, with effect of water content and hydrolytic
degradation tests are in progress and will be published
elsewhere.
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