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Abstract A series of copoly(ether-ester-urethane)s have
been synthesized from poly(3-hydroxybutyrate) (PHB) diol
prepolymer, as hard segments, and copoly(e-caprolactone-
ethylene glycol-e-caprolactone) (PCL-PEG-PCL) diols
with different PEG block lengths, as soft segments, with/
without chitin whiskers (ChW) using hexamethylene
diisocyanate, as a coupling agent, in one-step polymeriza-
tion. The PHB content in the resulting copolymers was 0
and 40 %, and the content of ChW was varied from O to
5 %. The chemical structure of the resulting copolymers
was characterized by FTIR, 'H.NMR and "‘C-NMR
spectra. The effect of chemical structure and ChW content
on the thermal properties was studied by differential
scanning calorimetry (DSC) and thermogravimetric anal-
ysis (TG). The DSC data revealed that the AH,, of both
PHB and PCL-PEG-PCL slightly increases with increasing
the ChW content. The cold and melt crystallization of PHB
enhanced with increasing ChW content. The TG data
revealed that the thermal stability of copolymers slightly
enhanced at high content of ChW. The swelling behavior
of the copolymers was also investigated.
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Introduction

In recent years, biodegradable polymers have attracted
attention due to their environmental compatibility and also
diminishing the environmental waste disposal problems,
which caused by the usage of traditional petroleum-derived
plastics. Polyhydroxyalkanoates, of which poly(3-hydroxy-
butyrate) (PHB) is the most common member, are
biodegradable polymers produced by many types of
microorganisms from renewable sources such as sugar and
molasses as intracellular storage material [1, 2]. Biocom-
patibility and biodegradability of PHB have attracted atten-
tion on tissue engineering and biomedical applications [3-7].
PHB is a highly crystalline polymer, has a high melting
temperature and large spherulitic structures with slow poor
mechanical properties [8]. Moreover, PHB is unstable at a
temperature near to its melting temperature, which results in
a drastic reduction in molecular weight during the melt
processing [9, 10]. Many attempts have been done to modify
PHB [11-21]. Block copolymerization can be an effective
way to enhance PHB properties. Several researchers syn-
thesized PHB block copolymers using telechelic hydroxyl-
terminated PHB as hard segments, hydroxyl-terminated
poly(e-caprolactone) [22, 23], hydroxyl-terminated poly
(butylene adipate) [24-26], or poly(ethylene glycol) (PEG)
[27-29] as soft segments and diisocyanate as a coupling
agent. They found that the physical properties and
biodegradability can be adjusted by the proper choice of the
used building hard and soft blocks, in addition to the hard/-
soft segments ratio. These copolymers possess much better
physical properties such as lower melting points and higher
extensibility compared to PHB homopolymer.
Poly(e-caprolactone) (PCL) is one of the most fre-
quently used building blocks for soft segments of degrad-
able polyurethanes [30-35]. The labile aliphatic ester
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linkages of the PCL can be hydrolyzed and its degradation
product, 6-hydroxyhexanoic acid, is a non-toxic metabolic
product [32]. However, the rate of degradation of PCL is
rather slow due to its hydrophobicity and semi-crystalline
structure [36]. To obtain a better degradability and physical
properties balance, the mixing of ester and ether polyol soft
segments may be appropriate route for the preparation of
copolymers [37]. PEG is introduced as comonomer for soft
segment of polyurethane backbone. PEG presents many
attractive properties, such as hydrophilicity, solubility in
water and in organic solvents, nontoxicity and absence of
antigenicity and immunogenicity, which allow it to be used
for many clinical applications [37].

Recently, the introduction of reinforcing nanoparticles
into a continuous polymer phase to form eco-friendly green
nanocomposites has attracted a great deal of attention
[38—44]. It can provide significant improvements in the
mechanical properties, the thermal stability and can slow
the biodegradation rate at very low volume fractions of the
reinforcing phase [45-47]. The use of chitin nanowhisker
(ChW) as a reinforcing nano-filler in the polymer matrix
provides positive environmental benefits with respect to
ultimate disposability, raw material use as well as strong
mechanical properties.

The synthesis of biodegradable polyurethanes based on
PCL and PEG diblock or triblock copolymers has been
reported by many researchers [48-53]. They studied the
relationship between the chemical structure of these poly-
urethanes and their biodegradation rates. They suggested
that PCL usually enhances crystallinity and elastomeric
mechanical properties of the polyurethanes, while PEG
increases hydrophilicity and water absorption. Conse-
quently, copolymerization of PHB-diol, as hard segments,
and PCL-PEG-PCL triblock copolydiol, as soft segments,
can offer the possibility to combine the advantages of these
polymers in one copolymer. Our previous studies revealed
that the synthesized polyurethanes based on PHB and PCL-
PEG-PCL blocks exhibit better thermal and mechanical
properties compared to PHB homopolymer [51]. ChW has
excellent properties including biocompatibility, biodegrad-
ability, lack of toxicity, and advantageous absorption
properties [54]. In this study our objective was to synthesize
and characterize a group of biodegradable, amphiphilic
poly(ether-ester-urethane)s and their ChW nanocomposites
based on PHB, PCL-PEG-PCL triblock copolymer and 1,6-
hexamethylene diisocyanate (HDI). The copolymer
nanocomposites with different content of ChW were syn-
thesized by in situ polymerization, and their thermal prop-
erties, morphology and water uptake were evaluated. It
would be expected that the properties of the bionanocom-
posites can be improved; both in terms of mechanical
properties and biocompatibility, over their pure polymer
counter parts.
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Experimental
Materials

PHB (M, = 58,000 g mol™', M,,/M, = 2.3) was supplied
from Copersucar, Piracicaba (Brazil). For purification,
PHB was dissolved in CHCI;, filtered to remove any
insoluble matter, and precipitated in diethyl ether. PEGyqo
and PEGyoo (M, = 400 and 2000 g mol ™', respectively)
were obtained from Aldrich and was dehydrated at
100-108 °C under vacuum for 48 h before use, g-Capro-
lactone (e-CL) was supplied from Aldrich and distilled
under vacuum over calcium hydride and dried by 4 A
molecular sieves before use. Chitin was obtained from
Funakashi Co. Ltd. (Japan). Dibutyltin dilaurate, 1,6-hex-
amethylene diisocyanate (HDI) and p-toluenesulfonic acid
were supplied from Fluka. 1,3-Propanediol and N,N-
dimethyl formamide (DMF) were purchased from Aldrich
and purified before use.

Hydroxy-terminated PHB-diol (M, = 5000 g mol ™"
with My /M, = 2.4) was prepared by transesterification of
high molecular weight PHB (M, = 58,000 g mol~' and
My, /M, = 2.3) with 1,3-propanediol in CHCI; at 60 °C
using p-toluenesulfonic acid as a catalyst according to the
method described previously [23].

PCL-PEGy4po-PCL and PCL-PEG;y-PCL diols were
prepared by ring opening polymerization of &-CL initiated
by PEGy4y and PEG,yyo using stannous octanoate as a
reaction catalyst [37]. The synthesis is exemplified hereby
for a triblock containing in average 10 e-CL units. A typ-
ical PCL-PEGyy-PCL-diol was synthesized as follows:
10 g (0.025 mol) of PEGy4q, 31.4 g (0.275 mol) of e-CL
and 0.21 g of Sn(Oct), (~0.5 mass% of total reactants)
were charged into a reaction vessel under dry nitrogen
atmosphere, and the reaction proceeded at 130 °C for 24 h,
with stirring. The resulting copolymer was then cooled to
room temperature, dissolved in dichloromethane, and
reprecipitated from the filtrate using excess cold petroleum
ether, filtered and dried under vacuum to constant mass at
room temperature.

ChW suspension was prepared following the procedure
described previously [55]. The purified chitin sample (1 g)
was hydrolyzed in 3 mol L™' HCI (30 mL) under reflux for
1.5 h with stirring. After acid hydrolysis, the suspension
was diluted with distilled water followed by centrifugation
(10,000 rpm) for 5 min. This process was repeated three
times. Next, the suspension was dialyzed for several days
against distilled water until a pH = 6 was achieved and
then was freeze-dried. The mean diameter (d) of the pre-
pared ChW is about 18 nm and the mean length (L) is
216 nm. Therefore, the aspect ratio (L/d) of ChW estimated
from TEM (Fig. 1) is about 12.
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Fig. 1 TEM image of a dilute suspension of ChW

Synthesis of copoly(ether-ester-urethane)s and their
ChW nanocomposites

A concentrated solution of the desired composition of
PHB-diol and PCL-PEG-PCL-diol in freshly distilled DMF
was introduced into a 100 mL round-bottom three-necked
flask, equipped with a mechanical stirrer, a condenser and a
nitrogen purge. A predetermined amount of HDI (NCO:
OH = 1.05:1) and a catalytic amount of dibutyltin dilau-
rate were then added. The relative amounts of reaction
mixture were adjusted so that the resulting copolymers

H{OWV\}SMOEH + "o o

PCL-PEG-PCL diol

/\/\/\/NCO
OCN

HDI

would contain 0 and 40 % PHB. The reaction mixture was
stirred at 120 °C under nitrogen atmosphere for 72 h. After
polymerization was completed, the copolymers were sep-
arated in high yields (>95 %) by precipitation in excess
amount of low boiling point petroleum ether. The isolated
copolymers were purified by the dissolution in dioxane and
reprecipitation in distilled water, filtered and dried under
vacuum at room temperature for at least 48 h.

The copoly(ether-ester-urethane)s/ChW nanocomposites
were prepared by adding the desired amount (2 and 5 %) of
suspended ChW in 5 mL DMF to the same amount of HDI and
the molar input ratios of PHB-diol/PCL-PEG-PCL-diol used in
the preparation of neat samples; other experimental conditions
were kept constant. The polymerization reaction is shown in
Scheme 1, and the chemical compositions calculated from
reactants feed ratios of the prepared samples are listed in Table 1.

Water uptake

Water uptake of the copolymer samples and their
nanocomposites was studied in distilled water at 30 °C. A
known amount of pre-dried sample was placed into a flask
with 25 mL water and kept undisturbed at 30 °C until
equilibrium swelling was reached. After certain time
(24 h), the swollen sample was taken off and its surface
was quickly wiped off by absorbent paper just to remove
the droplets on the surface, and then weighed.

0
O/\/\ ol

E ? ? E
? XO/\/\OQ‘\/E\O}H

"
O
y

PHB-diol

DMF
120°C/ 72 h

O

%ij\)o/\/\o/* i{ow\/\(’)r}f \/\)r? A\/Woh* )OLN/\/\/\/I}‘II

Xty
B 'Sy
i(ovl\)g/\/\ou\/\o);

PHB segment

Scheme 1 Synthetic route of copoly(ether-ester-urethane)s

PCL-PEG-PCL segment

Urethane linkage
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Table 1 Chemical compositions of the prepared copoly(ether-ester-
urethane)s and their ChW nanocomposites

Sample code Composition/%

PEG PCL PHB ChW HDI
A 24.0 65.9 - - 10.1
Azq, 235 64.6 - 2.0 9.0
Asq, 22.8 62.8 - 4.7 9.7
B 14.1 38.7 40.0 - 72
Byq, 13.7 37.9 39.2 2.0 72
Bsq, 13.4 36.9 38.1 4.7 6.9
C 60.5 34.5 - - 5.0
Caa 59.3 33.8 - 2.0 49
Csa 57.6 32.8 - 4.7 4.8
D 354 20.2 40.0 - 4.4
Dyg, 347 19.8 39.3 2.0 42
Dsg, 33.7 19.2 382 4.7 42

(ms —mo)

mg

Water uptake % = x 100
where m, and m, are the masses of swollen and dried
samples, respectively.

Characterization

FTIR spectra were recorded between 400 and 4000 cm™'
using a Perkin-Elmer B 25 spectrophotometer. All mea-
surements were taken with 64 scans at resolution of 2 cm ™"
at room temperature.

'"H-NMR and '*C-NMR spectra were recorded on a
Bruker AC-400 spectrophotometer in CDCl;. Non-deuter-
ated CHCI; was used as an internal reference.

SEM images were obtained using JEOL (JSM-5200)
scanning electron microscope. Samples were prepared by
placing small parts of films on a carbon tape on a stub and
were coated with a thin layer of gold.

TEM image of ChW was obtained with Transmission
Electron Microscope JEOL (JEM-1400 TEM) using an
acceleration voltage of 100 kV. A drop of diluted suspen-
sion of ChW was deposited and dried on a carbon-coated
grid before measuring.

Thermal degradation studies were conducted under
nitrogen with dynamic heating rate of 10 °C min~" using
Shimadzu TGA-50 H Thermal Analyzer. All experiments
were performed from room temperature to 600 °C, and the
reference material was o-alumina. The sample masses in
all experiments were taken in the range of 2-4 mg.

PL-DSC, (Polymer-Laboratories, England) Differential
Scanning Calorimeter was employed to study the glass tran-
sition temperature (7,), melting temperature (7;,), and crys-
tallization behavior of the copolymers. The calorimeter was
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calibrated with ultra-pure indium. Samples (5—6 mg) were first
heated from —30 to 160 °C with a heating rate of 10 °C min ™"
(Run]). After keeping them at 160 °C for 2 min, samples were
rapidly cooled to —60 °C at a rate of 80 °C min~"' to obtain
specimen with low crystallinity, and then heated again with a
heating rate of 10 °C min~" to 160 °C (Run II). The melting
temperature (7,,) and the cold crystallization temperature (7.)
were taken as the peak values of the respective endotherm and
exotherm processes in DSC curves. The apparent melting
enthalpy (AH,) was determined from the area of the
endothermic peaks. The glass transition temperature (7)) was
taken as the midpoint of the specific heat capacity. The cooling
curve run (III) was scanned over the temperature range from
160 to —60 °C at a constant rate of 10 °C min~'. The melt
crystallization temperature (7,,.) was determined from the
exothermic peaks in this run. All measurements were taken
under flow of nitrogen gas (25 mL min_l).

Results and discussion
Synthesis and characterization of the copolymers

Copoly(ether-ester-urethane)s were synthesized from PHB
diol prepolymer (M, = 5000 g mol™"), as hard segments,
and PCL-PEG-PCL diols with different PEG block lengths,
as soft segments, with/without ChW using HDI as a cou-
pling agent, in one-step polymerization as outlined in
Scheme 1. The chemical structure of the synthesized
copolymers was characterized by FTIR, 'H-NMR and "*C-
NMR spectra. Typical FTIR spectra of the obtained
copolymers and their corresponding prepolymers are
shown in Fig. 2. All the characteristic absorptions bands of
the PHB and the PCL-PEG-PCL segments were clearly
recognized. The absorption band appearing at 1728 cm™"
is attributed to free carbonyl groups stretching of the PHB
and PCL repeating units [56, 57]. —CH and ether stretching
vibration bands assigned to the -OCH,CH,— repeating unit
of PEG appear at 2883 and 1116 cm™', respectively.
Comparing the absorption bands of the prepared copoly-
mers with their PHB and PCL-PEG-PCL prepolymers, it
was noticed that the —OH absorption band appearing at
3500 cm_l, which is a characteristic band for diols, is
disappeared, whereas two new characteristic absorption
bands at 3400 and 1500 cm™', belonging to -NH and —-C—
N stretching vibration modes of the urethane linkage,
respectively, were observed. For copoly(ether-ester-ure-
thane)s/ChW nanocomposites, the most important charac-
teristics bands of PHB, PCL-PEG-PCL segments, urethane
linkage and ChW can be seen in Fig. 2b. The increase in
the intensity of the absorption band of the amide (II) of the
nanocomposites relative to the carbonyl groups of PHB and
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Fig. 2 FTIR spectra: a prepolymer-diol, ChW, copolymers and their
ChW nanocomposites; b B and Bsq,

PCL-PEG-PCL repeating units compared with that of pure
sample is taken as evidence of the incorporation of ChW in
copolymer matrix. The chemical structures of the prepared
copolymers were confirmed by NMR spectroscopy. Typi-
cal "H-NMR spectra of the copolymers A and B are shown
in Fig. 3a, in which the signals of the protons of PHB,
PCL-PEG-PCL segments and urethane linkage are
assigned. The signals attributed to the PHB, repeating units
(sample B) were observed at 6 = 1.27 ppm due to the
methyl, -O(CH)CH3CH,CO-, 6 = 2.35-2.71 ppm due to
methylene, -O(CH)CH;CH,CO-, and 6 = 5.21-5.30 ppm
due to methine —O(CH)CH;CH,CO-, protons. The signal
assigned at 6 = 4.06 ppm is due to the methylene group
next to the ester of the caprolactone units (-OCOCH,.
CH,CH,CH,CH,0-) and at 0 = 3.60 is due to the
methylene groups of the PEG repeating units (-CH,CHS,.
0-). Figure 3b shows '*C-NMR spectra of copolymers A
and B with their assignments peaks, the spectrum of A
showed the characteristic signals of the carbons on the PCL

at 6 = 168, 73, 28, 23 and 20 ppm, PEG at 6 = 63 and
signals of carbons on the urethane linkage at 6 = 168, 35,
24 and 22 ppm. For the copolymer B new signals appeared
at 0 = 173, 77, 40 and 19 ppm, which assigned to the
carbons of PHB [20].

Thermal properties of the copolymers

The thermal transition, crystallization, and melting
behaviors of the copolymers with different compositions
were initially studied by DSC. The values of glass transi-
tion temperature (7), melting point (7y,), fusion enthalpy
(AH,) and cold crystallization temperature (7..) were
obtained from heating scans after rapid cooling (Run II),
and melt crystallization temperature (7y,.) was obtained
from cooling scans (Run III). The results are summarized
in Table 2.

Figure 4 shows the first DSC scans (Run I) of pure
copolymer based only on PCLs79-PEGy400-PCL57¢ blocks
(A) and that based on PHB and PCLs;,-PEG4p-PCL57g
blocks (B) and their nanocomposites with ChW. There is
no significant change in the melting temperature of PCL-
PEG-PCL and PHB segments with increasing the ChW
content. Only one melting temperature is detected that
corresponding to PHB, irrespective of PCL-PEG-PCL
block length, for the neat copolymer B and its composite
containing 2 mass% ChW (B,¢,), while two melting tem-
peratures corresponding to PCL-PEG-PCL and PHB com-
ponents appear for composite containing 4.7 mass% ChW
(Bsg,). As seen in Table 2, the AH,, of both PHB and PCL-
PEG-PCL slightly increases with increasing the ChW
content. The reheating DSC curves recorded after rapid
cooling (Run II) of some copolymers and their ChW
composites (Fig. 5), depict only one glass transition tem-
perature, T,, ranges from —54.5 to —53.0 °C (Table 2)
corresponding to PCL-PEG-PCL soft segments. As
expected, the copolymers based on PHB and PCL-PEG-
PCL (B and D) exhibit a higher 7, compared with that
based only on PCL-PEG-PCL (A). This is attributed to the
increase in restriction imposed on the mobility of the soft
segments by incorporation of rigid PHB component. On the
other hand, the incorporation of ChW shows insignificant
change in T,. Beyond T, DSC curves show an exothermic
crystallization peak in the range from —32.8 to —16.6 °C
followed by two endothermic melting peaks, which cor-
responded to the melting of PHB and PCL-PEG-PCL
segments. It is obvious that the cold crystallization tem-
perature (7..) shifts to lower temperature with increasing
the ChW content, suggesting that the ChW acts as nucle-
ating agent and enhances the crystallization rate from
glassy state. No cold crystallization peak was detected for
PHB segments. Therefore, the PHB hard segments in these
materials, compared with neat PHB, are so -easily
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Fig. 3 a 'H-NMR spectra of (a)
the copolymers A and B. b 13-

NMR spectra of the copolymers
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Table 2 Thermal properties of the copolymers and their ChW nanocomposites

Sample code PCL-PEG-PCL segments

PHB segments

T5/°C T%,/°C AHAJT g7 ! 72./°C T8/°C AHJT g7 T5,./°C

A —54.5 424 38.4 —25.8 - - -

Asq, —53.8 433 40.2 —28.0 - - -

Asq, —55.2 43.0 43.0 —32.8 - - -

B —53.6 - - —16.6 115.6 20.3 99.4
134.2

Bas —51.0 - - —-16.8 131.7 224 97.2

Bso, —50.5 40.8 25 —18.4 128.8 24.0 98.1

D —53.0 - - —27.2 134.3 17.2 99.7

Do, —51.0 - - -27.5 130.5 19.8 98.3
139.6

Dsq, —50.8 42.0 1.3 —26.6 134.3 213 98.4

4 T, and AH,, were determined from the first heating scan (Run I)

® Glass transition (T,) and exothermic cold crystallization temperature peak (7..) were determined from reheating scan for rapidly quenched

samples (Run II)

¢ Exothermic melt crystallization temperature (Ty,.) was determined from cooling scan from melt (Run IIT)
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Fig. 4 DSC scans (Run I) of copolymers A, B and their ChW
nanocomposites

crystallized that they even crystallize almost completely
during rapid cooling. This behavior suggests that the flex-
ibility of the PCL-PEG-PCL soft segments, and the
incorporation of ChW may promote the crystallization of
the PHB hard segments. Comparing the DSC curves
recorded from free crystal melt (Fig. 6, Run III), it is
obvious that neat copolymer based only on PCLs7o-
PEG,00-PCL357( blocks (A) and their composites with ChW
exhibit melt crystallization peak at around —5 and —10 °C
for neat sample A and composite containing 4.7 mass%
ChW (Asq,), respectively. This peak appears at around
4 °C for composite containing 2 % ChW (Ajq). This
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Fig. 5 DSC scans (Run Il) of the copolymers A, B, D and their ChW
nanocomposites

suggests that the incorporation of low content of ChW
enhances the rate of crystallization of the PCL-PEG-PCL
component from molten state, while the copolymers con-
taining relatively high content of ChW retards the crys-
tallization rate. For copolymers based on PHB and PCL-
PEG-PCL (B and D), one melt crystallization temperature,
at relatively high temperature (around 98 °C), is observed.
This is attributed to the melt crystallization of PHB hard
segments. The melt crystallization of PCL-PEG-PCL seg-
ments is difficult to detect in this cooling condition. This
may be ascribed to the restriction imposed on the crystal-
lization of the PCL-PEG-PCL soft segments by PHB
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Fig. 6 DSC scans (Run I1I) of copolymers A, B, D and their ChW
nanocomposites

crystalline phase which is easy to crystalize upon cooling
condition. It is interesting to observe that the incorporation
of ChW in the copolymers has no significant change in 7.

Figure 7 illustrates the TG and DTG curves at a heating
rate 10 °C min~"' for copolymers A and B and their ChW
nanocomposites. From these curves, the thermal stability
parameters including, the onset decomposition tempera-
ture, which is defined as the temperature at 5 mass% loss
(Ts4), and the temperatures, at which maximum rate of
mass loss occurs for the first and second degradation
stages, designated as T'max and Tomax, respectively, are
given in Table 3. As can be seen, a copolymer A based on
PCL-PEG-PCL blocks only possesses a single degradation
stage, while copolymer B derived from PHB and PCL-
PEG-PCL blocks, exhibits two main overlapped degrada-
tion steps. The first mass loss is assigned to the degradation

120 0.002
100 4 - 0.000
80 4 + —0.002
& T
@ L @]
8 6o 0.004 s
£ N
T - -0.006 ©
J =
3 40 5
é - —0.008
20 -
- —0.010
04
-0.012

0 100 200 300 400 500 600 700 800
Temperature/°C

Table 3 Thermal characteristic parameters and percent water uptake
of copolymers A, B and their ChW nanocomposites

Sample code  T5¢/°C  Timax/°C  Tomax/°C  Water uptake/%
A 262.0 - 345.0 104.40
Az, 256.9 - 309.8 114.91
Asq, 281.0 - 337.1 136.89
B 244.5 272.1 300.0 254.69
Byg 2339 262.2 290.0 210.75
Bsq, 249.3 270.1 302.0 109.80

of PHB segments as a consequence of its relatively low
thermal stability, whereas the second mass loss is domi-
nated by the thermal degradation of the PCL-PEG-PCL
segments. Considering the temperature at which the ther-
mal degradation starts (T5¢,) as a criterion of the thermal
stability of the prepared copolymers, it is obvious that the
thermal stability of nanocomposites slightly enhanced at
high content of ChW.

Morphology of the copolymers

Figure 8 shows the morphological features of fractured
surfaces of the copolymer B and its nanocomposite con-
taining 4.7 mass% ChW (Bsq). The surface roughness
increases with the incorporation of ChW in the copolymer
matrix.

Water uptake of the copolymers

As shown in Table 3, the copolymer based on PCL-PEG-
PCL blocks only (A) swells much more in the presence of
ChW and the water uptake percentage increases with
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Fig. 7 TG and DTG curves of copolymers A, B and their ChW nanocomposites
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Fig. 8 SEM images of
fractured surfaces of
copolymers: a B and b Bsg,

increasing the ChW percent. While the copolymer derived
from PHB and PCL-PEG-PCL blocks, (B), swells much
more than copolymer based on PCL-PEG-PCL blocks only
(A), and the water uptake percentage decrease with
increasing the ChW content.

Conclusions

Segmented biodegradable copoly(ether-ester-urethane)s
were successfully synthesized through the chain extension
of PHB-diol prepolymer, as hard segments, and PCL-PEG-
PCL-diols with different PEG block lengths, as soft seg-
ments, with/without ChW using HDI, as a coupling agent,
in one-step solution polymerization. The obtained copoly-
mers were confirmed by FTIR, '"H-NMR and '*C-NMR.
DSC analysis showed that the prepared copolymers are
semicrystalline thermoplastics whose crystalline domains
stem from PHB and PCL-PEG-PCL segments. The T}, of
PHB segments in the copolymers is decreased to ~ 130 °C,
about 50 °C less than that of neat PHB; thus, the copoly-
mers are considered to be better processable than neat
PHB. The ChW, acts as nucleating agent, enhances the
crystallization rate of PCL-PEG-PCL soft segments from
glassy state. The incorporation of low content of ChW
enhances the crystallization rate of the PCL-PEG-PCL
component from molten state, while copolymers containing
relatively high content of ChW retard the crystallization
rate. The cold and melt crystallization of PHB enhanced
with increasing ChW content. The TG analysis showed that
the thermal stability of the copolymers slightly enhanced at
high content of ChW.

In conclusion, the investigated copolymers seem to
combine the criteria of biodegradability with improved
thermal stability and wide processability window com-
pared with high molecular weight PHB. In addition, such

DE0Z00

copolymers exhibit fast non isothermal melt crystallization
to be excellent biodegradable polymers.
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