592

POLIMERY 2014,59, nr7—8

The effect of catalyst and segmental composition
on the crystallization of multiblock polyesters
for biomedical applications (Rapid Communication)

Zygmunt Staniszewski”, Agnieszka Piegat?, Marta Piatek-Hnat”, Miroslawa El Fray"”

DOI: dx.doi.org/10.14314/polimery.2014.592

Abstract: In the present work, segmented thermoplastic elastomers (TPE) containing hard segments of
poly(ethylene terephthalate) (PET) and soft segments comprising amorphous fatty acid ester sequences
based on dilinoleic acid (DLA) were synthesized. The aim was to obtain transparent materials with high
strength and flexibility. Thermal properties of the obtained PET/DLA copolymers were examined using
differential scanning calorimetry (DSC). It was found that segmental composition and new type of cata-
lyst used for the synthesis of PET/DLA copolymers has influence on materials transparency.

Keywords: thermoplastic elastomers, crystallization, biomedical applications, poly(ethylene terephtha-
late).

Wplyw typu katalizatora oraz udzialu segmentow sztywnych i gietkich na
krystalizacje multiblokowych poliestrow przeznaczonych do zastosowan
medycznych

Streszczenie: W ramach pracy zsyntezowano multiblokowe poliestrowe elastomery termoplastyczne
(TPE), zawierajace segmenty sztywne, takie jak w poli(tereftalanie etylenu) (PET), i segmenty gietkie za-
wierajace amorficzne kwasy ttuszczowe na bazie kwasu dilinoleinowego (DLA). Celem bylo uzyskanie
przezroczystych materiatéw o duzej wytrzymatosci i elastycznosci. Wiasciwosci termiczne otrzymanych
kopolimerow PET/DLA zbadano za pomoca réznicowej kalorymetrii skaningowej (DSC). Stwierdzono,
ze wielko$¢ udziatu segmentéw sztywnych i gietkich oraz zastosowanie nowego typu katalizatora do
syntezy kopolimeréw PET/DLA ma istotny wplyw na przezroczystos¢ materiatow, a tym samym na ich
wilasciwosci uzytkowe.

Stowa kluczowe: elastomery termoplastyczne, krystalizacja, zastosowania medyczne, poli(tereftalan

etylenu).

It was clearly stated that the human body reaction on
foreign body e.g. an implant is usually acute or/and chro-
nic inflammatory response. Therefore, each biomaterial
should be tested to evaluate the influence of human body
environment on its certain properties [1, 2]. In the presen-
ce of physical and chemical conditions biomaterials can
be unstable and lose their primary characteristics and
may corrode or degrade [3]. Nowadays, new compounds
and systems based on biopolymers have taken an advan-
tage in the development of medical materials. Therefore,
significant advances have been made in the preparation
of implants, blood contacting devices, sensors or artificial
organs. Because of the unique physicochemical and me-
chanical properties, multiblock thermoplastic elastomers
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(TPE) are used in a wide range of medical applications
[4]. Poly(aliphatic/aromatic-ester)s (PED) which have re-
cently attracted attention are composed of poly(ethylene
terephthalate) (PET) and dimerized fatty acid (DFA). The
short-chain aromatic ester units of PET form hard seg-
ments, while the soft segments are derived from the ali-
phatic and amorphous DFA. These particular systems
exhibit rubber elasticity and can be processed as thermo-
plastic resins by injection molding or extrusion [5, 6].
Their mechanical properties can be tailored by soft to
hard segments ratio, from soft and elastic to rigid and
tough materials. They show a very good solvent resistan-
ce at high content of hard segments and more important-
ly they exhibit excellent biocompatibility, thus they can
have various possible biomedical applications such as
flexor tendon prosthesis, heart patch for cell delivery and
artificial heart assisting devices [7, 8]. A very important
biofunctional property of the obtained materials is the
transparency if they are applied in blood contacting devi-
ces (for visual inspection of blood clot formation). This
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feature can be found in thermoplastic polyurethanes
known from decades [9, 10]. For that reason, it is a big
challenge to produce transparent polyester-based ther-
moplastic elastomers since they are known to have high
tendency to crystallize.

In the present work, segmented TPE containing hard
segments of PET and soft segments comprising amor-
phous fatty acid ester sequences based on dilinoleic acid
(DLA) were synthesized. We investigated the influence of
DLA on the thermal properties of obtained polymers in a
presence of a new catalyst. Previously, antimony trioxide
was used as a catalyst in the synthesis of the described
materials [11]. However, Sb,0O; has a high refractive in-
dex of 2.09 and is also used as an effective opacifier [12].
Therefore, to overcome the loss of transparency, we deci-
ded to use germanium dioxide as a catalyst. GeO, was
already found to yield polymer products with better
transparency than antimony catalysts which are accept-
able for many uses where transparency is not of great
importance [13].

The series of polymers was obtained with different
hard to soft segment ratio (from 50 to 90 wt % of hard seg-
ments). The present paper reports on the differences in
thermal properties of synthesized polymers. Total con-
tent of crystalline phase in polymer and content of crys-
talline phase in the hard segment phase was determined.

EXPERIMENTAL PART
Materials and synthesis

Series of multiblock elastomers with 50, 55, 60, 65, 70,
75, 80 and 90 wt % of hard segment content (W,) were
prepared and these percentage values are related to the
names of materials in the following text. The synthesis of
PET/DLA copolymers is a standard two stage melt poly-
merization. The first step is transesterification of dime-
thyl terephthalate (DMT, provided by Elana, Poland) and
ethylene glycol (GE, provided by Sigma-Aldrich, Germa-
ny) carried out under normal pressure at the temperature
about 200 °C and in the presence of zinc acetate as a cata-
lyst. After the removal of methanol (95 % from stoichio-
metry), dimerized linoleic acid (DLA, Pripol 1009, provi-
ded by Croda, The Netherlands) was added. Polyconden-
sation step was carried out under lower pressure at the
temperature about 265 °C until the power consumption
of stirrer motor has reached the highest value. The cata-
lyst which has been used for the polycondensation step
was germanium dioxide (provided by Sigma Aldrich,
Germany). Chemical structure of synthesized PED is gi-
ven by formula (I).

—[C gty CO— (CHy)y- Olpp-DLA-O— (CHy)y— O] — "

hard segments soft segments

Methods of testing

Thermal properties were determined using differen-
tial scanning calorimetry (DSC) method with Q100, TA
Instruments apparatus. The samples, whose weight va-
ried between 10 and 20 mg, were dried in vacuum at 60 °C
for 24 h. The measurements were carried out in a triple
cycle “heating/cooling/heating” in the temperature range
from -90 to 300 °C. Heating/cooling rate was 10 °C/min.
DSC was applied to determine the heat capacity (AC,),
glass transition temperature (T,), melting temperature
(T,,), crystallization temperature (T,), melting enthalpy of
hard segments (AH,,) and crystallization enthalpy (AH,).
T, was determined from the temperature diagrams as the
temperature corresponding to the midpoint on the ther-
mogram inflection. T,, and T, were determined as values
corresponding to the maximum of the endothermic and
the minimum of the exothermic curve, respectively.

The transparency was examined using the UV-Vis
JASCO 630 spectrometer on injection molded samples
(4 mm thick).

RESULTS AND DISCUSSION

In the present work, segmented PET/DLA materials
were synthesized. The aim was to obtain transparent pro-
ducts with high strength and flexibility, designed for bio-
medical applications and to characterize their thermal
properties. Series of multiblock elastomers with 50, 55,
60, 65, 70, 75, 80 and 90 wt % of hard segment content
(W,,) were prepared.

Thermal properties were studied to characterize obta-
ined PET/DLA copolymers. The values of thermal pro-
perties, total content of the crystalline phase (W,) and
content of crystallites in the hard phase of PET (W)
determined using DSC are listed in Table 1.

Table 1. Thermal properties of PET/DLA copolymers with va-
rious content of hard segments (W,)

W, | AC, | Ty | Ty | AH, | T. | AH, | W, | W,
wt% |J/(g°C)| °C | °C | Jig | °C | Vg | % | %
50 | 047 |-14.0199.0 | 19.1 | 828 | 175 | 14 | 27
55 | 043 | -70 2080 | 227 | 888 | 17.9 | 16 | 29
60 | 042 | -78 |197.0| 263 1361|251 | 19 | 31
65 | 036 | -19 |222.7| 338 1366|321 | 24 | 37
70 | 029 | 9.0 |2233| 392 |178.0 | 364 | 28 | 40
75 | 022 | 140 | 2367 | 343 | 147.8 | 32.8 | 25 | 35
80 | 033 | 240 2374 422 | 149.0 | 400 | 30 | 38
90 | 024 | 450 2442 | 445 | 1605 | 420 | 32 | 35

DSC measurements showed the increase of AH,, with
the increase of W,. On the basis of AH,, and the melting
enthalpy of the crystalline PET phase AH; (140 J/g [14]),
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the W, value for the polymer was calculated from equa-
tion:

AH

W, ==".100 % 1)
H

The W, ;, content for PET was calculated from:

W, =2 009 @)
"AH, W,

Thermal properties of multiblock copolymers strong-
ly depend on hard/soft segments ratio. Fig. 1 shows the
DSC cooling thermograms of PET/DLA copolymers with
different soft/hard segments ratio. For materials contai-
ning 50 and 55 wt % of PET sequences, the crystallization
peaks were not observed. Above 60 wt % of hard seg-
ments content the crystallization temperature of copoly-
mers shifts towards higher values. The presence of relati-
vely high content of amorphous DLA disrupted the chain
regularity due to aliphatic and randomly branched
chains of DLA, thus the resulting copolyesters exhibited
lower crystallinity and T,, [similar influence of DLA on
crystallization temperature was observed for copolyes-
ters with poly(butylene terephthalate) as hard segments]
[15—17].

As presented in Fig. 2, T,, as well as AH,, of PET do-
mains increase with the increasing content of hard seg-
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Fig. 1. Thermograms from cooling scans of PET/DLA copolymers
with different content of hard segments (W,)
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Fig. 2. Thermograms from scans for the second heating of PET/DLA copolymers with different content of hard segments (W,)
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ments. For copolymers with 50 and 55 wt % of hard seg-
ments content (degree of polycondensation of hard seg-
ments were 2.95 and 3.6, respectively) during the second
heating step, also cold crystallization exotherms were ob-
served. This transition occurs when the crystallization is
too slow during the cooling step or is interfered by diffe-
rent factors. In PET/DLA systems with the lowest amount
of hard segments, the crystallization process is hindered
by a high amount of amorphous soft segments.

45 50 55 60 65 70 75 80 8 90 95

Wy, wt %
Fig. 3. Total content of crystalline phase in polymer (¢) (W,) and

content of crystalline phase in the hard segment phase (®) (W_,)
as a function of hard segment content (W)

Fig. 3 shows W, and W, correlated with W,. The
changes in W, and W, crystallinity increase almost li-
nearly up to 70 wt % of PET, and when W, is still slightly
increasing, the W, , shows a plateau with further increase
of the hard segments content. Probably, the PET oligo-
mers have sufficiently high molar mass, therefore, no fur-
ther and significant growth of hard segments is observed.

InFig. 4 T,, as a function of W_are shown. It should be
noted that T,, increases almost proportionally with the
increasing W, in the polymer.

The properties of soft amorphous phase were correla-
ted with T, values and the corresponding plot was shown
in Fig. 5. An increase of W, in the polymer causes an
increase of T, values in the range from -55 °C (T, of DLA)
to 75 °C (T, of PET). Moreover, there is no second glass

250
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Fig. 4. Melting temperature (T,,) as a function of crystalline phase

content in the polymer (W)

_20 T T T T T T T T
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Fig. 5. The effect of hard segments content (W,) on the glass tran-
sition temperature (Tg)

transition on DSC thermograms (see Fig. 2). This suggests
the existence of a homogeneous mixture of non-crystalli-
ne sequences of PET and aliphatic residues of dimerized
fatty acid in the soft amorphous phase.

The observed structural changes due to the changing
soft/hard segments ratio are associated mainly with the
crystallization. Polyester-based thermoplastic elastomers
are known to have high tendency to crystallize. There-
fore, our major challenge was to produce transparent ma-
terials. In order to determine the transparency of samples
the series of injection molding samples was prepared.
Parameters of PET/DLA processing are shown in Table 2.

T ab1le 2. Parameters of PET/DLA copolymers injection mol-
ding process

Parameters Value

Zone 1 temperature, °C 215—260
Zone 2 temperature, °C 215—260
Zone 3 temperature, °C 215—260
Zone 4 temperature, °C 170—200
Injection speed, mm/s 90
Clamping pressure, bar 400
Clamping time, s 8
Clamping pressure, bar 320
Molding temperature, °C 11
Cooling time, s 50

The changes of transparency with the increasing con-
tent of hard segments were observed macroscopically as
shown in Fig. 6. The opacity of materials has decreased
with the increasing W,,. A significant loss of transparency
was noticed for materials with W), = 50, 55 and 60 wt %.
Transparent materials were obtained at higher W,, name-
ly from 65 to 90 wt %. This is probably due to the condi-
tions of injection molding process. It is well known that
PET is fully transparent when injected into a cold mold
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Fig. 6. The effect of hard segment content (W,) on transparency of
PET/DLA materials

(below T,) [18]. In our case, materials with W, =75, 80 and
90 wt % have T, higher than the mold temperature (Table
2). However, despite the fact that materials having W), =
65 and 70 wt % seem to be transparent macroscopically,
these polymers are slightly less transparent (Fig. 6) than
materials with higher W,.

The observed changes were verified by calculating the
opacity index of prepared materials based on spectro-
photometric measurements using the equation of Han
and Floros [19]:

0= —10g T;OO 4)
x
where: O — the opacity, T4,y — the fractional transmittan-
ce at 600 nm, x — the thickness of sample (mm).

The higher O value corresponds to the lower transpa-
rency of the material.

Fig. 7 shows O index of obtained materials calculated
from eq. (4). The transparency of materials may be affec-
ted by various factors, including the thickness of samples,
crystallinity or addition of nanoparticles e.g. SiO,. The

Opacity, 1/mm

0.104

0.00-
Sb,0; 50 55 60 65 70
60

111

75 80 90

W, wt %

Fig. 7. The effect of hard segment content (W,) on the opacity of
materials synthesized with GeO, catalyst (gray) and with Sb,0,
catalyst (Sb,0,, W, = 60 %, black)

results showed that materials with W, = 70, 75, 80 and
90 wt % of hard segments exhibited higher transparency
than materials with W), <65 wt %. Moreover, we have pre-
pared an additional material with W), = 60 wt % synthesi-
zed by using Sb,0j; as a catalyst in order to underline bet-
ter performance of GeO, catalyst in terms of obtaining
transparent polymers. It can be seen from Fig. 7 that
Sb,0; has caused higher opaqueness in comparison with
materials synthesized by using GeO, as a catalyst.

CONCLUSIONS

In the present work, segmented TPE containing hard
segments of PET and soft segments comprising amor-
phous fatty acid ester sequences based on DLA were syn-
thesized with the use of germanium oxide as a catalyst
for polycondensation stage.

Thermal properties of the obtained PET/DLA copoly-
mers were examined using DSC. It was found that T, as
well as AH,, of PET domains increases with the increasing
concentration of hard segments. In PET/DLA systems
with the lowest amount of hard segments crystallization
the process was hindered by high amount of amorphous
soft segments. It was also shown that the T, AH,, and AH,
increased gradually with the increasing W, above
60 wt %.

Transparency of the materials depends on the soft seg-
ments content. In our studies, transparent PET/DLA ma-
terials with W), from 65 to 90 wt % were obtained. These
are promising results, thus indicating the composition
window, where transparent polyester materials for bio-
medical devices can be synthesized.

The financial support was provided by the National Centre for
Research and Development PBS1/A5/2/2012.
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