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Abstract: In this study, the synthesis, structure and physical properties of two series of
segmented poly(ester-ether)s based on poly(butylene succinate) and two different types
of polyethers were investigated. The poly(ester-ether)s were synthesized by transesteri-
fication reaction of dimethyl succinate, 1,4-butanediol and poly(ethylene oxide) (PEO,
M, =1000 g/mol) in the first series, and poly(tetramethylene oxide) (PTMO, M, = 1000
g/mol) in the second. The mass fraction of soft segments was varied between 10 and 50
mass. %. The effect of the introduction of two different polyether soft segments on the
structure, thermal and rheological properties were investigated. The composition of the
poly(ester-ether)s, determined from their 'H-NMR spectra, showed that incorporation
of soft polyether segments was successfully performed by the transesterification reac-
tion in bulk. The molecular weight was estimated from solution viscosity measurements
and complex dynamic viscosities. The thermal properties investigated by DSC indi-
cated that the presence of soft segments lowers the melting and crystallization tempera-
ture of the hard phase, as well as the degree of crystallinity. Dynamical mechanical anal-
ysis was used to investigate the influence of composition on the rheological behavior of
the segmented poly(ester-ether)s. The results obtained from an enzymatic degradation
test performed on some of the synthesized polymers showed that the biodegradability is
enhanced with increasing hydrophilicity.

Keywods: poly(ester-ether)s, poly(butylene succinate), poly(ethylene oxide), po-
ly(tetramethylene oxide).

INTRODUCTION

In past decade the interest in the use of biodegradable instead of bioresistant
polymers as one solution to solid waste management has grown. The most promis-
ing polymers for this application are aliphatic polyesters.! Their degradation prod-
ucts, the starting diol and acid, or hydroxy acid are non-toxic and can enter the met-
abolic cycles of bioorganisms. For this reason they can be defined as potentially
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environmentally friendly materials. Aliphatic polyesters derived from hydroxy acids,
such as poly(lactic acid), and different poly([3-hydroxyalkanoates) and poly(w-hydro-
xyalkanoates), have already found application mainly in the field of medicine and are
commercially available.

The difficulties associated with the synthesis of aliphatic polyesters from
diacids and diols (poly(alkylene dicarboxylate)) of high molecular weight were re-
cently overcome by the use of highly effective transesterification catalysts and the
high vacuum technique.3-# The limiting factor for the broader use of aliphatic poly-
esters from diacids and diols is their poor thermal properties, i.e., low melting tem-
peratures. One of the few aliphatic polyesters with a melting temperature above
100 °C is poly(butylene succinate), PBS.3 This polyester as well as its copolyesters
with ethylene glycol and adipic acid are commercially available under the trade-
mark Bionolle. They are highly crystalline polymeric materials with excellent
processability on conventional equipment commonly used for the processing of
polyolefine.6

The biodegradable properties of polyesters can be improved by increasing their
hydrophilicity. One way of increasing the hydrophilicity of polyesters is the intro-
duction of hydrophilic segments, such as polyethers, into the backbone of the poly-
mer chains. At the same time, the introduction of polyether soft segments into
copolyesters leads to the formation of segmented block polymers, the mechanical
properties of which can be easily controlled by the type, the weight percent and
length of the soft segments. The first attempts to increase biodegradability by in-
creasing the hydrophilicity of materials were performed with aromatic polyesters.”-
However, after degradation of the soft segments, there is always the possibility of an
aromatic residue remaining which is very resistant to microbial or fungal attack and
so can not be degraded under environmental conditions.!0-1! In order to overcome
the problem of the low biodegradability of aromatic polyesters, investigations of
segmented aliphatic poly(ether ester amide)s were carried out.!2 There were also at-
tempts to increase the biodegradability of polymers by preparing degradable polyu-
rethanes containing poly(butylene succinate) and poly(ethylene glycol).13

The biodegradable aliphatic poly(ester-ether)s investigated so far had poly(eth-
ylene oxide), PEO, as the soft hydrophilic segments. Poly(butylene succinate)!4 and
poly(ethylene succinate),!5 as well as polyesters based on L-lactic acid!® and L-lac-
tic acid in combination with citric acid!7 were investigated. For some special bio-
medical application, PEO was also used as the soft segment in copolyesters based on
g-caprolactone!8 and the microbial polyester poly((R)-3-hydroxybutyrate).!? In all
cases when poly(ethylene oxide) was used, as expected, the biodegradability proper-
ties were improved and, depending on the length and content of the polyether, con-
trolled degradable materials could be obtained. However there is still concern be-
cause of the oxidative instability of materials containing poly(ethylene oxide) during
exposure of these polymers to light under ambient conditions.”
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Poly(tetramethylene oxide) is more stable than poly(ethylene oxide) and it was
shown that aromatic poly(ester-ether)s containing poly(tetramethylene oxide) have
improved properties as far as their stability is concerned.8 Poly(tetramethylene ox-
ide) is hydrolytically more stable than poly(ethylene oxide). However, poly(te-
tramethylene oxide) possesses hydrophilic groups and can improve the biodegra-
dability properties of hydrophobic aliphatic polyesters. There were investigations on
poly(ester-ether)s containing poly(tetramethylene oxide) based on poly(butylene
succinate) and poly(butylene terephthalate)?0 but, to the best of our knowledge,
there have been no reports on the synthesis and characterization of pure aliphatic
poly(ester-ether)s with poly(tetramethylene oxide) as the soft segments.

In this paper the synthesis and characterization of two series of poly(es-
ter-ether)s with different polyethers as soft segments are presented. Two polyethers
of the same molecular weight (1000 g/mol) were used for the synthesis: PEO and
PTMO. The aim of this study was to investigate the synthesis by transesterification
reaction of poly(ester-ether)s, and to establish the effect of polymer compositon on
the physical properties of the segmented poly(ester-ether)s.

EXPERIMENTAL

Materials

Dimethyl succinate (Aldrich) was used as received. Poly(ethylene oxide), PEO, molecular
weight of 1000 g/mol (from Fluka) and poly(tetramethylene oxide), PTMO, of the same molecular
weight (Merck) were used as obtained. 1,4-Butanediol was purified by vacuum distillation. Tita-
nium-tetrabutoxide, Ti(OBu),, (Aldrich) was used as a solution in dry n-butanol (1:9 vol).

Synthesis of polyesters

The copolysters were synthesized by transesterification in the bulk starting from dimethyl
succinate, 1,4-butanediol and the corresponding polyether (A4, = 1000 g/mol): poly(ethylene ox-
ide)-PEO series and poly(tetramethylene oxide)-PTMO series. 1,4-Butanediol was used in 20 mol% ex-
cess over dimethyl succinate. A typical synthesis procedure for a poly(ether-ester) with 10 mass% of soft
PEOS segments, which was applied for all the other poly(ester-cthers), was as follows: 33.6 g (0.230
mol) of dimethyl succinate, 24.4 g (0.271 mol) of 1,4-butanediol and 4.0 g (4x10-3 mol) of poly(ethylene
oxide) were placed in a three-necked flask equipped with a magnetic stirrer, a nitrogen introduction tube
and a condenser. As the transesterification catalyst, 0.05 g (0.15 mmol) of Ti(OBu), was used. The reac-
tion mixture was purged with nitrogen and heated in the oil bath to 160 °C and then gradually at a rate of
1 °C/min to the final reaction temperature of 220 °C. During this first stage, methanol was distilled off
and collected. For the second phase, i.e. polycondensation, a second portion of Ti(OBu)4 (0.15 mmol)
was added and vacuum was applied. The reaction mixture was kept under these conditions for 6 h. After
completion of the reaction, the resulting product was removed from the reaction flask, dissolved in chlo-
roform and precipitated in a ten-fold amount of cold methanol. The polymer was dried under vacuum at
ambient temperature. All the other poly(ester-ether)s were synthesized following the same procedure.
The amount of the corresponding polyether was varied so as to obtain segmented poly(ester-ether)s with
10, 20, 30, 40 and 50 mass% of soft segments.

Characterization of the polyesters

TH-NMR spectra of the polyesters were recorded in CDCly solution with tetramethylsilane as
the reference standard using a Varian-Gemini-200 instrument. From the ratio of the integrals of the
characteristic peaks in the 'H-NMR spectra, the compositions of the copolyesters were calculated.
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The intrinsic viscosities of the copolysters were determined in chloroform using an Ubelodhe
viscometer. The measurements were carried out at 25 °C.

Melting temperatures and heats of fusion were determined from differential scanning calorimetry
(DSC) measurements that were performed using a Perkin Elmer DSC2 instrument under a nitrogen at-
mosphere. Poly(ester-ether)s samples (5 mg) were heated, cooled and reheated at a rate of 10 °C/min.

Dynamical mechanical testing was performed on the polyester samples between parallel plates
in the rate sweep mode using a Reometrics mechanical spectrometer RMS-605. The measurements
were carried out with controlled heating from 80 °C (or 90 °C depending on the sample melting point)
to 160 °C. At each temperature, the frequency was changed from 0.1 to 100 rad/s. Polyester pellets (di-
ameter 12.5 mm) were molded from the melt. Also, a PBS sample was analyzed under torsion rectan-
gular conditions on moulded polymer bars (63.0 x 12.4 x 1.0 mm?) over the same temperature range.

Enzymatic degradation tests were performed on poly(ester-ether)s films obtained by hot pressing at
20 °C above the melting temperature. Prior to the enzymatic degradation test, the hot-pressed films (10 x
40 mm? and about 200 pm thick) were aged for three weeks in order to reach equilibrium crystallinity. The
poly(ester-ether) films were incubated in a phosphate buffer solution (pH 7.00 £ 0.01) at 37 °C in a pres-
ence of Candida rugosa lipase (Sigma) at a concentration 1.0 mg/cm?. The enzymatic degradation tests
were run in duplicate and simultaneously blank tests without enzyme were carried out. After the predeter-
mined time period (25, 50, 75, 100 and 150 h), the films were removed from the test tubes,washed with dis-
tilled water, and dried under vacuum at room temperature to constant weight (reproducibility 0.1 mg). The
extent of biodegradation was evaluated as the weight loss divided by the initial sample surface area.

RESULTS AND DISCUSSION

In order to investigate the influence of the content of flexible, hydrophilic seg-
ments on the physical properties of biodegradable polyesters, two series of po-
ly(ester-ether)s were synthesized. The poly(ester-ether)s were synthesized by a
two-step transesterification reaction in bulk (Scheme 1):

Starting from dimethyl succinate and 1,4-butanediol and an appropriate amo-
unt of the required o,-hydroxyl terminated polyether, the low molecular weight
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Scheme 1.
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reaction product methanol was removed in the first phase of the transesterification
reaction. After completion of the first phase, vacuum was applied in order to re-
move the excess 1,4-butanediol and produce chain extension. Removal of the
formed methanol is very important in the first phase of the synthesis and so its vol-
ume was measured after completion of this stage of the reaction. In order to pro-
duce poly(ester-ether)s of high molecular weight, efficient removal of the excess
of 1,4-butanediol, which can be achieved with high vacuum, is essential. During
the second phase, the vacuum was measured after every hour. The limiting viscos-
ity number, complex dynamic viscosity and yield were determined for each syn-
thesized poly(ester-ether) and the results are summarized in Table I.

TABLE I. The composition of the reaction mixture, yield, limiting viscosity number and complex
dynamic viscosity of the synthesized poly(ester-ether)s

Polymer OO oS ar PTMOS Vi [yt
PBS 100/0 - 66.9 86.2
PBSEO-10 90/10 82 118.7 129.9
PBSEO-20 80/20 82 60.5 4.2
PBSEO-30 70/30 87 70.7 20.5
PBSEO-40 60/40 84 31.2 0.2
PBSEO-50 50/50 69 36.6 1.3
PBSTMO-10 90/10 75 64.0 25.9
PBSTMO-20 80/20 85 51.0 7.4
PBSTMO-30 70/30 86 49.6 10.9
PBSTMO-40 60/40 86 583 0.2
PBSTMO-50 50/50 82 87.5 4.8

*weight fraction of butylene succinate units — BS, weight fraction of poly(ethylene oxide) (or
poly(tetramethylene oxide)) succinate units — PEOS (or PTMOS)

The weight percent of methanol evolved in the first phase of the reaction was
above 80 % of the theoretical in all syntheses. Ti(OBu), is obviously a good cata-
lyst for the transesterification reaction, as well as for the second phase of the
polycondensation reaction. The yield for almost all the polyesters after precipita-
tion in methanol was 70-87 %. There was a difference in the limiting viscosity
number among the polyesters in both series. For the PEO series, the limiting vis-
cosity numbers were in the range from 31.2 to 118.7 cm3/g, and for the PTMO se-
ries from 49.6 to 87.5 cm3/g. In the PEO series, the higher the soft segments con-
tent was, the lower was the limiting viscosity number. This can be a consequence of
the smaller hydrodynamic volume of the more flexible macromolecules. This be-
havior could not be seen in the second series. The limiting viscosity number is in-
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fluenced not only by the flexibility of the macromolecular chain but also by the
molecular weight and these two effects are superimposed. The low [7] for PBSEO-40
and PBSEO-50 can be a consequence of thermal degradation of the polyether dur-
ing synthesis, because no thermal stabilizer was used. The values of the Newtonian
complex viscosity, #*, at 1 Hz and 130 °C are in the range 0.2 to 129.9 Pas for the
PEO series and from 0.2 to 25.9 for the PTMO series. The Newtonian complex vis-
cosity can be used as an indicator of the molecular weight of the poly(ester-ether)s.
However, the trends in the limiting viscosity numbers and in the complex viscosity
were not the same and the difference in #* were more pronounced within the se-
ries, especially for the PEO series. This can lead to the conclusion that the complex
dynamic viscosity is more influenced by the increase in the flexibility of the
macromolecular chain than the limiting viscosity numbers. High vacuum in the
second phase is very important in order to synthesize polymers of high molecular
weight. A clear connection between the applied vacuum and the value of limiting
viscosity number could not be established. However, the highest [#] obtained for
PBSEO-10 was achieved when the applied vacuum was below 0.3 mmHg. In all the
other syntheses, the applied vacuum was above 0.4 mmHg and [#] did not exceed
100 cm3/g. Filmability of the poly(ester-ether)s from the melt or solution was poor
for those poly(ester-ether)s having [5] below 60 cm3/g. The obtained results suggest
that in order to obtain poly(ester-ether)s with molecular weights high enough to en-
able good filmability, i.e., mechanical properties, either the applied vacuum must be
higher than 0.2 mmHg with a simultaneous shortening of the polycondensation time
or a thermal stabilizer for the unstable polyethers must be used during the synthesis.

! H-NMR analysis of the composition and structure of the poly(ester-ether)s

In order to investigate the molecular structure of the synthesized polyesters,
IH-NMR analysis was performed. Representative spectra with the corresponding
structural formulas are shown in Figs. 1 and 2 for PEO and PTMO based polyes-
ters, respectively.

The composition of poly(ester-ether)s can be calculated comparing the intensities
from the diols in the corresponding segments: 1,4-butanediol in the hard segments and
polyether in the soft segments. The poly(ester-ether)s composition for the PEO series,
content of hard PBS and soft PEOS segments, was determined from the !H-NMR
spectra as the relative intensities of the proton peaks arising from the butylene moiety
(c) and methylene groups attached to the ether oxygen from the polyether moiety (d).
The mole fraction of the soft segments was calculated using the formula:

I4/Nyg

x(PBOS segment), mol % =
Id /Nd +Ic /Nc

where /4 and [ are the intensities of the corresponding peaks and N, =4, and Ny =
85.27 are numbers of protons in the corresponding repeating units.
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Fig. 1. TH-NMR spectrum and structure of the polyester with 30 mass.% of flexible
PEOS segments.

The composition of the PTMO series could not be calculated using a peak
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Fig. 2. TH.NMR spectrum and structure of the polyester with 40 mass. % of flexible
PTMOS segments.

from the butanediol moiety due to the overlapping of the said peak with the signal
from similar protons from the PTMO moiety (Fig. 2). In this case the composition
could be calculated only by comparing one diol content with total amount of acid
moieties. For the PTMO series, the mole fraction of soft PTMOS segments was
calculated as the relative intensities of the proton peaks arising from the succinate
repeating unit (a) and methylene groups attached to the ether oxygen from the flex-
ible segment (d’) using the formula:

Id'/Nd'

x(flexible segment), mol% =
1,/N,
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where /4 and 7, are the intensities of the corresponding peaks and N, =4, and Ny =
50.56 are the numbers of protons in the corresponding units.

The experimentally determined copolyester composition and the theoretical
composition calculated from the composition of the feed are given in Table II.

TABLE II. Composition and average length of the hard segment of the synthesized poly(es-
ter-ether)s

Mole fraction of flexible Mass fraction of flexible
Polymer segm./mol % segm./mass % L,
Theoretical ~ Experimental Theoretical ~ Experimental

PBSEO-10 1.7 1.3 10.0 7.6 77
PBSEO-20 3.8 32 20.0 17.1 31
PBSEO-30 6.4 4.8 30.0 243 21
PBSEO-40 9.6 8.1 40.0 35.6 12
PBSEO-50 13.7 12.9 50.0 48.2 8
PBSTMO-10 1.7 1.4 10.0 8.3 71
PBSTMO-20 3.8 32 20.0 17.4 31
PBSTMO-30 6.4 4.2 30.0 21.6 24
PBSTMO-40 9.6 6.9 40.0 31.9 15
PBSTMO-50 13.7 12.7 50.0 47.8 8

The obtained results show that in all copolyesters the content of the soft seg-
ments was lower than would be expected from the composition of the reaction mix-
ture. However, looking at the mole fractions it can be seen that this difference be-
tween the theoretical and experimental composition is in the range of the experi-
mental error of the determination of the composition by !H-NMR analysis, which
is around 5 %. It may be assumed that the polyether was incorporated to a greater
extent in fractions of lower molecular weight, which are more soluble and are
probably not precipitated by methanol. The efficiency of the incorporation of the
soft segments is between 74 and 94 % for the PEO series and 66 and 93 % for the
PTMO series and so there is no significant difference in the efficiency of incorpo-
ration of the soft segments between these two series of copolyesters. Also, there is
no change in the efficiency of incorporation of soft segments with increasing con-
tent of polyether in the feed. It can be concluded that both chosen polyethers have
the same reactivity and that they can be efficiently incorporated in the polymer
chains. The average sequence length of the hard PBS segments, L,,, was calculated
from the mole fraction of PBS as follows:

1

Ly=——
1 -xpps
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assuming random copolymerization and an average length of the soft segments of
1. These values are also given in Table II. The thermal properties are dependant of
the PBS sequence length, and as both series have similar values of L, (Table II),
similar thermal behavior is expected in both series.

Thermal properties of the poly(ester-ether)s

In order to determine the thermal properties of the synthesized polyesters, differen-
tial scanning calorimetry was performed whereby two heating runs as well as a cooling
run between them were recorded at the same heating/cooling rates. The obtained DSC
thermograms are shown in Fig. 3, A and B, for the PEO and PTMO series, respectively.

__PBSEQ-40 sz
PBSEO-S0

r T
60 80 100 120 60 80 100 120
Temperature, °C Temperature, ‘C

Fig. 3. DSC thermograms of the poly(ester-ether)s with different contents of soft PEOS segments
(A) and with different contents of soft PTMOS segments (B): ( ) first heating, (———-)
second heating.

In the DSC thermogram of the first heating run, only one peak in the high tem-
perature region was observed. The melting can be attributed to only the PBS seg-
ments (hard phase). There were no melting peaks in the low temperature region,
which could be attributed to melting of crystallized polyether segments which
could be expected above room temperature. As has been reported, crystallization
of soft segments is expected with higher content or length of polyether.8: With
higher soft segments content, the melting peak of the PBS segments broadens
(around 24, 33 and 31 °C for PBS, PBSEO-50 and PBSTMO-50, respectively)
suggesting a broader crystallite size distribution due to the formation of polymer
chains with a distribution of PBS sequence lengths. In the thermograms of the sec-
ond heating run, the appearance of multiple endothermic peaks is evident in the
both series. This behavior can be explained by the melt-recrystallization model?!
and was observed earlier for PBS and its copolyesters.22.23

From the DSC thermograms of the copolyesters, the melting temperatures and
heats of fusion, as well as the crystallization temperatures and enthalpy changes
during crystallization were determined. These results are summarized in Table II1.
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TABLE III. Thermal properties and degree of crystallinity of the poly(ester-ether)s

Polymer Tm °C Ahy/Ig’! TJ/°C  AH/Ig! xJ/% Xcpps/%0
I run II run I run II run

PBS 116.3 115.7 89.6 76.2 92.4 80.7 81.1 81.1
PBSEO-10 1123 111.7 62.7 50.2 77.0 72.5 56.7 61.4
PBSEO-20 111.4 111.0 70.4 59.3 70.6 78.9 63.4 76.9
PBSEO-30 108.7 108.7 70.0 49.8 70.9 63.7 63.3 83.7
PBSEO-40 101.2 102.2 62.2 57.0 54.3 66.8 56.3 87.4
PBSEO-50  97.9 96.4 46.4 38.7 429 533 42.0 81.8
PBSTMO-10 114.0 113.1 80.2 57.4 81.3 84.1 72.6 79.1
PBSTMO-20 112.1 111.7 71.5 58.4 66.5 79.9 64.7 78.3
PBSTMO-30 109.7 109.5 72.5 59.5 66.5 74.1 65.6 83.7
PBSTMO-40 106.3 106.7 62.9 414 76.4 52.5 56.9 83.6
PBSTMO-50 100.1 99.4 47.4 35.7 55.8 52.0 42.9 82.2

The melting temperature of the hard crystalline PBS segments in the poly(es-
ter-ether)s was lower compared to the homopolymer. The melting temperature of
the hard segments depends on the average sequence length of the crystallizable
units (Table II). Simultaneously, it can be noticed that the melting temperatures of
the PTMO copolyesters were slightly higher than those of the copolyesters in the
PEO series, as is shown in Fig. 4.

n)
115
a
" [}
-
110 1 o
L}
o |
. .
=
105 4
L ]
100 S|
®  Tm (PEO series) [
O  Tm (PTMO series)
95 I e e e L I A P — Fig. 4. Melting temperature of the
OW ieh ;0 . f20 f 30t ;‘/0 50 poly(ester-ether)s as a function of
eight fraction of soft segments, mass% composition.

It can be assumed that crystallization of the hard segments is easier when
PTMO soft segments are present. The enthalpies of fusion and, thus, the degree of
crystallinity of the poly(ester-ether)s are lower than the degree of crystallinity of
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the homopolyester. The degree of crystallinity of the hard PBS phase is given in
Table I11. The values are normalized to the PBS content, in order to be able to com-
pare the crystallinity with the PBS homopolymer, using the following formula:

xcpBS = AHmI/AH® wpgs

AH,,1 is the observed heat of fusion of the whole sample, AH® is the theoreti-
cally calculated heat of fusion of 100 % crystalline PBS (110.5 J/g calculated on
the basis of group contribution?4) and wpgg is the weight fraction of hard poly(bu-
tylene succinate) segments in the sample.

The degree of crystallinity of the whole sample (x.) was lower than degree of
crystallinity of the homopolymer. However, the degree of crystallinity of the hard
phase (x.pps) was similar for all copolymers and close to the degree of crystallinity
of PBS. For higher contents of soft segment, the degree of crystallinity of the hard
phase (PBS) was even slightly higher than in pure PBS (Fig. 5). The observed ex-
tent of enhancement of the degree of crystallinity of PBS was approximately the
same for both series, i.e., independent of the type of polyether. This behavior was
reported earlier for polyethers of different starting molecular weight.8:20 Incorpo-
ration of the soft flexible polyether segments probably enhances crystallization.

The degree of undercooling (AT}, = T—7¢), an indication of the rate of crys-
tallization was 23.9 °C for PBS and so it can be considered to be a fast crystallizing
polyester. The degree of undercooling was increased with incorporation of the soft
segments, reaching 55 °C for PBSEO-50 and 64 °C for PBSTMO-50, which means
that the rate of crystallization of the poly(ester-ether)s was much lower. This can be
another reason for the slightly higher degree of crystallinity of the PBS in the
copolyesters, when there is no freezing of the polymer chains and consequentially
the hard segments have more time to order in the crystalline structure.
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Dynamical mechanical analysis of the poly(ester-ether)s

Dynamical mechanical testing was performed on polymer pellets in the tem-
perature range from 80 °C (in some cases 90 °C) to 160 °C and with varying fre-
quency. For the thermoplastic PBS torsion tests were also performed on a rectangu-
lar bar below the melting region. The dependencies of the storage modulus G’ on

s T B-—8-u
10 A B
10"y
R
o .. 4 A
10° A 3 pRY 3
10°4 ). PBSTMO-10
« .« PBSEO-30 R PBSTMO-30
A 104 Le®
@) o] PBSEO-40 5
1 pBsEo-s0 -~ 10' 4 PBSTMO-40
10’ —=— PBS 10:'4 ——PBS PBSTMO-50
---@-- PBSEO-10 ---A-- PBSTMO-10
10'q A PBSEO-20 .o 10'4 v PBSTMO-20 A
o3 --%-- PBSEO-30 --4#-- PBSTMO-30 ) oy
1071 ..& - PBSEO-40 4 10"y --4- PBSTMO-40
]« PBSEO-50 » PBSTMO-50 <
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60 80 100 18¢ 60 80 100 120 140 160 180
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Fig. 6. Storage modulus, G', dependence on temperature for poly(ester-ether)s with PEO (A) and
PTMO (B) in the soft segments at 1 Hz.

temperature for a frequency of 1 Hz are shown in Fig. 6. Both series show similar
behavior. A plateau of rubber-like behavior was observed as well as a transition to
the molten state. G' for the poly(ester-ether)s in the rubbery plateau was lower than
the corresponding value for the homopolymer, PBS, by one to two decades due to
the presence of the soft segments and different degree of crystallinity. The transi-
tion from the rubbery to the molten state for both the poly(ether-ester)s and PBS
was very sharp and is in good agreement with data from the DSC measurements.
From the dynamic mechanical measurements, the complex dynamic viscosity
changes with frequency were also recorded (Fig. 7). A similarity between the two

—=— PBS —=&— PBS
A —e— PBSEO-10 B —e— PBSTMO-10
—A— PBSEO-20 o' —A— PBSTMO-20
104 —¥— PBSEO-30 —w— PBSTMO-30
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" 10— -—
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.
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Fig. 7. Complex dynamic viscosity, #", versus frequency for the poly(ester-ether)s with PEO (A) and
PTMO (B) in the soft segments at 130 °C.
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series is also observed in these dependencies. The poly(ester-ether)s of both series
show Newtonian behavior in the melt, i.e., there was no change in " with change
of frequency. The scattering observed for PBSEO-50 and PBSTMO-50 can be a
consequence of the low values of 7" that were on the limit of the sensitivity of the
instrument used.
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wd N PBS ]
o
[ ]
8
10" 5 o
*;_ o
n [m]
a
100":
1 b= Fig. 8. Dependence of the com-
10" lex d ic vi ity, n* (1 H
— 7777 p ynamic viscosity, 7 (1 Hz,
0 2 4 6 8 10 12 14130 °C), on the poly(ester-ether)

Soft segments content, mol% composition.

The change in the complex dynamic viscosity with composition of the po-
ly(ether-ester)s is shown in Fig. 8. It is evident that with increasing soft segment
content, the viscosity was lower as a consequence of the increased mobility of the
polymer chains. In some cases there is disagreement from the observed trend
(PBSEO-10, PBSEO-30, PBSEO-50 and PBSTMO-50) which can be explained
by the different molecular weights of the poly(ester-ether)s which also have an in-
fluence on the value of " but in the opposite direction.

Enzymatic degradation

The biodegradability of the poly(ester-ether)s was investigated by monitoring
the weight loss of polymer films exposed to an enzyme in phosphate buffer solu-
tion with time. As was previously mentioned, only the poly(ester-ether)s with [7]
above 60 cm3/g gave good films, so the enzymatic degradation tests were carried
out only for PBS and the poly(ester-ether)s with 10 mass % of soft segments. The
time changes of the weight losses of the polymer films divided by the total surface
area are shown in Fig. 9.

The results obtained in the blank tests (without addition of the enzyme and
carried out for 150 h) are also shown in Fig. 9. As can be seen from Fig. 9, the
weight losses for the poly(ester-ether)s are higher than those obtained in the tests
performed with PBS. This increase can be explained by the increased hydrophili-
city of the copolymers, as well as by the decrease in the crystallinity of poly(es-
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Fig. 9. Normalized weight losses of the polymer samples in the enzymatic degradation tests with
Candida cylindracea lipase.

ter-ether)s. Introduction of polyether soft segments is good way to tailor the
biodegradability properties of aliphatic polyesters. The obtained results suggest
that poly(ester-ether)s with PEO in the soft segments are more susceptible to hy-
drolysis than those based on PTMO, which is to be expected from the lower hydro-
philicity of PTMO compared with PEO.8 However, this difference is not so pro-
nounced and future tests on poly(ether-ester)s with higher contents of hydrophilic
segments will reveal the true difference between these two types of soft segments.
The weight losses obtained in the blank tests were of the same order of magnitude
as the ones obtained in the presence of the enzyme. In Fig. 9. only the weight losses
after 150 h of incubation for the blank test are shown. The chosen lipase at this con-
centration does not have any catalytic effect on the hydrolysis of polyesters of this

type.
CONCLUSION

By applying a transesterification reaction in the bulk, the successful synthesis
of two series of poly(ester-ether)s was achieved. On the basis of 'H-NMR spec-
troscopy, the compositions of the poly(ester-ether)s were shown to be close to the
composition of the feed. Also no difference in the reactivity of the two employed
polyethers was noticed. The melting temperatures of the poly(ester-ether)s were
lower than that of the homopolymer. The degree of crystallinity of the poly(es-
ter-ether)s was also lower than that of PBS, but the degrees of crystallinity of the
hard phase were close to that of PBS or even slightly higher due to the presence of
flexible segments that enhance crystallization. The thermal properties of the po-
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ly(ester-ether)s at this content of soft segments were not influenced very much by
the type of polyether used. Dynamic mechanical measurements showed that the
storage modulus of the poly(ester-ether)s were lower than the corresponding value
for PBS, and that Newtonian behavior of the melt was observed with all the synthe-
sized polyesters. The increased flexibility of the polymer chains has a pronounced
influence on the complex dynamic viscosity with increasing content of soft seg-
ments. The results obtained in the biodegradation tests showed that the introduc-
tion of the hydrophilic polyether segments increased the biodegradability and is
good way to tailor the biodegradability properties of aliphatic polyesters. Also, the
difference in the hydrophilicity of two types of employed polyethers results in two
series of poly(ester-ether)s having different biodegradation properties.

U3BO[,

CHUHTESA U KAPATEPU3ALNIA BUOIJETPAJABATHUX ATIM® ATUNYHNX
KOITOJIMECTAPA MOINPUNKOBAHNX MEKUM XNJIPOPUTHUM
CETMEHTHMA

JAHMNIEJIA JOBAHOBWHR, MAPUJA C. HUKOJINh nu JACHA BOHJIATUh

Texnoaowko-metwiasypuku paxyaitieii Ynusepauiieiia y beozpaoy, Kaprezujesa 4, 11000 Beozpao

Y okBHpY OBOT pajja UCIIUTAHA je CUHTe3a U (PU3KNIKa CBOjCTBA ABE CEpHje CerMEeHTHpa-
HuX nonu(ecrap-etapa) Ha 6a3u monu(OyTHIICH-CYKIIMHATA) M IBa THNA PA3IXIATHX HOJIH-
erapa. [Tonu(ecrap-eTpu) Cy CHHTETHCAHU PEaKIUjoM TpaHcecTepuduKanuje noiazehn op
ANMeTHI-CyKIWHATa, 1,4-6yTanguona u nomu(etmneH-okcuga) (PEO, M, = 1000 g/mol) y
mpBoOj cepuju, n monu(rerpamermieH-okcuga) (PTMO, M, = 1000 g/mol) y apyroj cepuju.
Macenu ygeo MeKUX cerMeHara y ooe cepuje je Bapupas of 10 go 50 mac. %. V3yuaBaH je
yTulaj yBobema pas3IMuYMTUX MOJUETApPCKUX MEKUX cerMeHaTa Ha CTPYKTypy, Kao u
TepMHYKa M peolsiomika cBojcrBa. Ha ocHOBy cacraBa mousm(ecrap-erapa) ofpebeHux us
TH-NMR cnekTapa je MokasaHo Jia je yBoheme MeKHUX MOJIMeTapcKUX CerMEHATa YCIEIHO
U3BEJEHO peaklujoM TpaHcecTepudukanuje y pacrony. MonapHa Maca je IpOleHheHa Ha
OCHOBY TpaHMYHUX BUCKO3UTETHHUX OpOjeBa U KOMIUIEKCHUX JUHAMHUUYKHUX BHCKO3UTETA.
IudepeHnujaaTHoM cKeHHpajyhoM KallopuMETpPHjoM je YTBpheHO fa ce yBohemeM MeKHxX
cerMeHaTa CHUXKABajy TeMIepaType TOIbema M Kpucranusanuje TBpae (aze. Crenen
KPUCTAJIMHUYHOCTH LIEJOT y30pKa, IPOLEHhEeH HAa OCHOBY IIPOMEHa EHTAJINHUja TOIUbEHA,
cMamyje ce, 0K je CTEeNeH KPUCTATMYHOCTH TBPpAe (ha3e UCTH Kao KO XOMOIIOIUMepPa Uln
HewTo Behu npu BehuMm ypennma Mekux cermeHara. VcnuTuBame yTHIl@ja cacTaBa Ha
peoJomKa cBojcTBa Monm(ecTap-eTapa) je M3BefleHO ANHAMIYKO-MEXaHMYKOM aHaIIM30M.
PesynraTu no61jeHN y TECTOBUMA €H3MMCKE pasrpajmbe IoKa3yjy fia ce 61MoferpagadunHocT
noBehasa ca nosehameM XuAPOMUIHOCTH NONUMEPA.

(ITpumibeno 15. anpuita 2004)
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