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Abstract

Segmented poly(ester-urethanes) (PEUs) based on poly(e-caprolactone) (PCL) as a soft segment and a non-aromatic diisocyanate in the
hard segment were synthesized. The soft segment crystallinity and other physical properties of the PEUs were studied. It was found that the
crystallinity and rate of crystallization of the PCL continuous phase in the PEUs decreases and the glass transition temperature of PEUs
increases in comparison with the PCL prepolymers. The restriction of the crystallization of the PCL soft segment depends on the hard
segment concentration, length of the soft segment, and total molecular weight of the PEUs.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Segmented polyurethanes are composed of alternating
soft (low glass transition) segments and more rigid, polar
urethane (hard) segments. The soft segments are generally
polyethers [1–13] or polyesters [1–3,12,14–22] and the
hard segments are formed from the extension of a diiso-
cyanate terminated prepolymer with a low molecular weight
diol.

Depending on the soft segment or hard segment concentra-
tion the polymer has a continuous hard phase with a dispersed
soft phase, a continuous soft phase with dispersed hard phase,
or a bicontinuous phase [23–25]. The polyurethanes with a
continuous soft phase exhibit elastomeric or thermoplastic
behavior at room temperature depending on the molecular
weight and crystallinity of the soft segment.

The existence of a microphase separation caused by clus-
tering of the hard and soft segments into separate domains is
well established [4,6–8,10,11,13,26–28].

We have recently been involved in a collaborative
program [29] focusing on the synthesis and evaluation of
non-toxic biodegradable polymers which could undergo
environmental degradation. In our previous work it was
shown that the degradation of PCL and its copolymers pro-
ceeds mainly enzymatically and depends on the chemical

structure, molecular weght, composition and morphology of
the polymers [30]. In the context of these results polyur-
ethanes based on PCL and non-aromatic diisocyanate
were synthesized and evaluated.

For this work 1,19-methylene-bis(4-isocyanatocyclohexane)
(hydrogenated diphenylmethane diisocyanate) (HMDI), a
commercially available non-aromatic diisocyanate, was used.

The combination of HMDI as hard segment and PCL as
soft segment in PEUs is limited and only a low molecular
weight soft-segment (varying from 830 to 2000) is used
[3,12,15]. The PEUs with an aliphatic hard segment (HMDI)
have mostly amorphous hard segment domains [15].

Studies concerning the influence of PCL soft segment
molecular weight and hard segment concentration on crys-
tallizability and properties of PEUs based on an aromatic or
aliphatic hard segment have been published previously
[3,12,14,15,17,18,20]. Generally, when the length of the
soft segment increases and the concentration of the hard
segment decreases, the crystallizability of the polyurethanes
increases [15,31].

Our preliminary data on the degradation of PEUs based
on PCL in the presence of fungi and by composting showed
that the length of the PCL segment and also the composition
and morphology of PEUs play an important role on the
biodegradability of the polymers [32].

The investigation of the physical properties of the PEUs
with respect to their composition would be important in the
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further considerations about their enviromental degradation
and proper application as degradable materials.

This work presents our recent results from synthesis and
investigation of the morphology and properties of poly-
(ester-urethanes) based on poly-e-caprolactone with differ-
ent molecular weight (MW ¼ 2000, 4000 and 7300) as a soft
segment and a non-aromatic diisocyanate (HMDI) extended
with butanediol as a hard segment. The combination of
HMDI as a hard segment and PLC soft segment with higher
molecular weight (MW ¼ 4000 and 7300) is explored for the
first time and allows us to study and compare the soft
segment crystallinity and other physical properties of
PEUs with respect to the PCL length and hard segment
concentration.

2. Experimental

2.1. Materials

e-Caprolactone and butanediol (Aldrich Chemical Co.,
Milwaukee, WI) were distilled from calcium hydride prior
to use. Poly(e-caprolactone) diols with molecular weights of
2000 and 4000 were kind gifts from Solvay Co., Belgium.
PCL diol with a molecular weight of 7300 was synthesized
by ring opening polymerization ofe-caprolactone initiated
with 1,6-hexanediol by the procedure described in the
literature [33]. All PCL diols were dried over P2O5 under
vacuum prior to use in the synthesis of PEUs. 1,19-Methy-
lene-bis(4-isocyanatocyclohexane) (Desmodur W, Bayer
A.G.), stannous octoate (Sigma Chemical Co., St Louis,
MO), methylene chloride, and hexane were used as
received.

2.2. Procedure

The synthesis of poly(ester-urethanes) was performed in
bulk under an argon blanket at 658C. A typical experimental
procedure was as follows: PCL diol (1 eq) was heated at
658C during 30 min. 1,19-methylene-bis(4-isocyanatocyclo-
hexane) (2.1 eq) and two drops of stannous octoate were
added to the melt. After stirring for 30 min at 658C, buta-
nediol (1 eq) was added and the reaction mixture was stirred
for another 1 h. The polymers were isolated by dissolving
the reaction mixture in methylene chloride, followed by
precipitation in hexane.

2.3. Methods

Molecular weight and molecular weight distribution of
the polymers were measured by gel permeation chromato-
graphy (GPC) using a mixed gel column (Polymer Labora-
tories), polystyrene standards, and chloroform as eluent.

1H NMR spectra were recorded on a Bruker 360 MHz
spectrometer in CDCl3, at room temperature with
tetramethylsilane as the internal standard. The hydroxyl

functionality of the prepolymers was determined using1H
NMR analysis of the reaction products between diol-
terminated polymers and trichloroacetylisocyanate (TAIC)
[34].

Wide angle X-ray diffraction measurements (WAXS)
were carried out with a Philips PW1050/81 diffractometer
controlled by a PW1710 unit, using a graphite monochro-
matized Cu Ka radiation (l ¼ 0.1542 nm; 40 kV; 40 mA).
The percentage of crystallinity was calculated through
graphical integration of the diffracted intensity data in the
2v range 10–608 and subtraction of the amorphous scatter-
ing band intensity.

Three different instruments were used for DSC measure-
ments: (1) DSC 2920, TA instruments, in the normal mode
for melting and crystallization transition and in modulate
mode (oscillation amplitude 0.58C, oscillation period 40 s)
for glass transition; (2) DuPont 9900 for measurements on
melt quenched samples; and (3) DSC-7, Perkin Elmer, for
isothermal crystallization measurements.

The glass transition temperature (Tg) was taken at the
midpoint (1/2Dcp) of the stepwise increasing of the heat
capacity. The heat capacity calibration was made by running
a standard sapphire (Al2O3) sample. The cell constant was
calibrated using a standard indium sample.

For isothermal experiments the following procedure was
used: the samples were first melted at 808C for 5 min and
then rapidly (608C min¹1) cooled to a selected crystalliza-
tion temperature,Tc, and kept at this temperature to the end
of the exothermic crystallization peak. The heat evolved
during the isothermal crystallization was recorded as a
function of time.

The melting temperature and the enthalpy of fusion of the
samples after their isothermal crystallization were measured
with the same equipment. The melting curves were recorded
after heating of the samples from the crystallization
temperature to a temperature above the melting point at a
heating rate of 108C min¹1 without any previous cooling of
the samples.

A BHSM Olympus polarizing microscope fitted with
THMS 600 Linkam hot stage was used to observe the crys-
tallization behavior of thin layers of PEUs solutions during
the evaporation of the solvent at room temperature or thin
films of PEUs with the same melting–crystallizing cycles as
used in the DSC isothermal crystallization studies.

Dynamic mechanical measurements were performed with
a DMTA, Polymer Laboratories Ltd, operated in the dual
cantilever bending mode, at a frequency of 3 Hz and a heat-
ing rate of 38C min¹1 on samples in the form of injection
molded bars (303 7.5 3 1.5 mm3). DMTA measurements
were carried out at least 8 weeks after injection molding in
order to obtain equilibrium crystallinity.

It can be expected that the different procedures for sample
preparation (precipitation, casting from solution and
injection molding) lead to various structure formation and
properties of PEUs. It is due to the different crystallization
conditions for PEUs: crystallization from solvent–nonsolvent
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liquid systems (precipitation) or crystallization from solu-
tion as result of the solvent evaporation (casting) and melt
crystallization at cooling (second DSC run and injection
molding).

3. Results and discussion

3.1. Synthesis and characterization of the PEUs

Poly(ester-urethanes) are synthesized using poly(e-capro-
lactone diol) as a soft segment and 1,19-methylene-bis(4-
isocyanatocyclohexane) and butanediol as components of
the hard segment (Scheme 1).

Using this procedure, poly(ester-urethanes) with different
length of PCL soft segment (MW ¼ 2000, 4000, 7300) are
synthesized. The molecular weight (MW) and chemical
composition of PEUs is determined by GPC and1H NMR
analyses. The molecular weight of the polymers and the
content of PCL (wt%) are presented in Table 1. PEUs
based on the shortest PCL segment (MW ¼ 2000) contain
about 77 wt% PCL component and PEUs based on the
longer PCL segments (MW ¼ 4000 and 7300) about
85 wt% PCL.

3.2. PEUs crystallized from solution

The thermal properties of PEUs are characterized by
means of differential scanning calorimetry (DSC). The
wide angle X-ray diffraction (WAXS) is used to investigate
the crystalline phase of the PEUs.

All types of PEUs containing PCL as soft segment with
molecular weight 2000, 4000 and 7300 are semicrystalline
materials.

Fig. 1 presents and compares the wide angle X-ray dif-
fractograms of selected PEUs with PCL-2000 (P2-33 and
P2-60) and with PCL-4000 (P4-20 and P4-53). The samples
are cast from solution at room temperature. It is clear that
after 20 days storage at room temperature P4-20, P4-53, and
P2-33 are partially crystallised, while WAXS of P2-60
shows only a broad diffusion scattering (amorphous halo)
with maximum at 2v ¼ 208. The position of the crystal
reflection in the diffractograms of P4-20, P4-53, and
P2-33 agrees well with those reported in the literature for
polycaprolactone [35]. This result suggests that the crystal-
line phase which develops in the PEUs is associated with
crystallization of the PCL soft segment.

Table 1 shows the thermal properties of PEUs, as
obtained in a first DSC heating scan, and also reports the

Scheme 1. Synthesis of the PEUs.
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melting and glass transition parameters of polycaprolactone
with Mn ¼ 2000, 4000, 7300, which were used as soft blocks
in the various PEUs.

The initial crystalline structure of PEUs is formed during
precipitation from CH2Cl2 solution and storage at room
temperature for more than 2 months. DSC data at first heat-
ing [Fig. 2(a) and (b), curve 2 and Table 1] indicate that the
melting temperature,Tm, associated melting enthalpy,DHm,
and crystallinity,ac, of PEUs are lower in comparison with
Tm, DHm andac of the PCL prepolymers [Fig. 2(a) and (b),
curve 1 and Table 1]. The melting enthalpyDHm is
calculated with respect to the PCL content in PEUs. The
crystallinity,ac, of PCL phase is calculated using a value of

DHm for completely crystalline PCL, equal to 142 J g¹1

[36]. Tm of PEUs containing PCL with lower molecular
weight (MW ¼ 2000) shows higher depression (DTm from
118 to 148C)1 thanTm of PEUs with PCL-4000 (DTm from 48
to 78C). The results indicate that the crystals obtained during
crystallization from solution of the PCL soft segments in the
PEU chain are less perfect than those developed in the initial
PCL prepolymer. This is more clearly expressed in PEUs
based on PCL-2000 soft segment due to the higher content
of a hard segment in these polymers (Table 1).

The presence of chemical linkages between the hard and
soft segments restricts the phase separation and ordering
(crystallization) of PEUs. When the soft segment length
increases from 2000 to 4000, the reduction in the degree
of connectivity between the hard and soft segments should
make the phase separation process and crystallization easier.

3.3. PEUs crystallized nonisothermally from melt

After the first heating more significant differences in the
thermal properties of different types PEUs are observed.
The PEUs based on PCL-2000 are completely amorphous
after quenching at¹ 1968C from the molten state or even
after slow cooling (18C min¹1). The second DSC heating
run of these samples shows only aTg transition; no melting
endotherm is observed [Fig. 2(a), curve 4]. When the PCL
soft segment in PEUs has a higher molecular weight (4000
or 7300), crystallization occurs at cooling with rate of
18C min¹1 and even at quenching. The DSC curves of sec-
ond heating show melting endotherms of the PCL crystal-
line phase in PEUs [Fig. 2(b), curve 2, Table 1]. The PCL
prepolymers with different molecular weight give strong
endotherms in the second heating run [Fig. 2(a) and (b),
curve 3].

The melting temperature and enthalpy of second heating
of PEUs based on PCL-4000 decrease in comparison
with Tm andDHm at first heating. Therefore, the crystalliza-
tion of the PCL-segment from melt is less effective than the
crystallization during precipitation from solution at room
temperature (Table 1).

The decrease in crystallinity of the PCL phase in PEUs in
comparison with the PCL homopolymer with the same
molecular weight indicates a restriction of the crystalliza-
tion of the PCL soft segments from the hard segments.

3.4. Glass-transition of PEUs

One of the advantages of the modulated DSC instrument
used in this work is the determination of the glass transition
of the amorphous phase in partially crystalline samples dur-
ing a single DSC run. Table 1 reports the glass transition
temperature (Tg) and change in the heat capacity (Dcp) from
the DSC curves obtained in a modulate heating. DSC results

Fig. 1. WAXS spectra of P4-20(a), P4-53(b), P2-33(c), and P2-60(d).
1 DTm ¼ TPCL homopolymer

m ¹ TPCL segment in PEU
m .
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show that theTg of PEUs is higher than theTg of the respec-
tive PCL prepolymers. This is also due to the contribution of
the hard segment which decreases chain flexibility and con-
sequently increasesTg. Increasing the hard segment content
in PEUs based on PCL-2000 leads to a more pronounced
increase inTg (DTg ¼ 208C)2 in comparison with PEUs
based on PCL-4000 (DTg ¼ 98C).

Clear inverse correlation is observed betweenDcp and the
crystallinity degree of the PEUs: the magnitude of theDcp at
the glass transition of the amorphous phase is highest in the
polymers with the lowest degree of crystallinity (P2-33,
P2-54, and P2-60). When DSC scans are carried out after
quenching from a melt or after continuously cooling with
18C min¹1 P2-33, P2-54, and P2-60 do not crystallize and in
a subsequent scan no melting endotherm is observed
(Table 1). For these PEUsDcp is between 0.43 and
0.67 J g¹1 8C, values that correspond to the specific heat

increment of the totally amorphous polymers (compare with
Dcp of partially crystalline samples obtained by MDSC).

3.5. Crystallinity of PEUs: effect of the MW of PCL segment,
total MW of PEUs and concentration of the hard segment

From the X-ray and DSC results it is clear that the initial
PEUs with the shortest PCL block (Mn ¼ 2000) exhibit the
lowest degree of crystallinity. It is quite reasonable that
crystallization is inhibited by shortening of the crystalliz-
able block, owing to enhanced number of connections
between soft and hard segments (at equal molecular weight
of PEUs). The effect of the PCL block length on crystal-
lizability of the PEUs seems to vanish with increasing
length of the block. As a matter of fact P7-61, whose PCL
block length is almost twice that of P4-53, does not show a
sensibly higher crystallinity. The present results suggest that
block length affects crystallizability only when the block
becomes shorter, i.e. with molecular weight less than 4000.

Apart from the length of the PCL block, crystallizability
of the PEUs seems to be also affected by the total molecular
weight of the polymer, as illustrated by comparison of P4-20
and P4-53 (see Table 1). The two PEUs have the same PCL
block length and PCL content, but P4-20 has a remarkably
lower molecular weight than P4-53 (20 000 vs 52 800).

The data of the degree of crystallinity,xc, from X-ray
analysis in Table 2 and the degree of crystallinity,ac,
DSC determined in Table 1 show that among PEU with
long PCL blocks (PCL-4000) the highest degree of crystal-
linity is reached by the PEU with the lowest molecular
weight (P4-20).The same effect does not clearly show up
in PEUs based on PCL-2000 (compare P2-33 with P2-54)
owing to the intrinsic difficulty of PEUs with short PCL
blocks to crystallize, that has been discussed above.

The degree of crystallinity (xc) of solution-cast PEU sam-
ples, estimated from the X-ray diffractograms (Table 2),
decreases in the order: P4-20. P4-36. P4-53> P7-61
. P2-54> P2-33q P2-60. The higher molecular weight of
PEU and concentration of hard segments leads to restriction
of crystallization of the PCL segments in PEUs. P2-60 crys-
tallizes only after more than two months storage at room
temperature.

Fig. 2. (a) DSC heating curves (108C min¹1) of PCL-2000 (curves 1 and 3)
and P2-33 (curves 2 and 4). Curves 1 and 2 — 1st heating; curves 3 and 4
— 2nd heating after cooling at 18C min¹1. (b) DSC heating curves
(108C min¹1) of PCL-4000 (curves 1 and 3) and P4-36 (curves 2 and 4).
Curves 1 and 2 — 1st heating; curves 3 and 4 — 2nd heating after cooling
at 18C min¹1. 2 DTg ¼ TPCL homopolymer

g ¹ TPEU
g .

Table 2
Crystallinity of various poly(ester-urethanes) determined by WAXS analy-
sis 20 days after casting from solution

Code MW PCL-unit Mn xc (%)

P2-33 2000 32 700 14
P2-54 2000 53 900 16
P2-60 2000 59 500 0
P4-20 4000 20 000 35
P4-36 4000 35 600 31
P4-53 4000 52 800 29
P7-61 7300 61 400 28
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The degree of crystallinity,xc, evaluated by WAXS,
shows lower values than the degree of crystallinity,ac,
determined by DSC. The reason for this difference is that
xc is evaluated as the ratio between the crystalline PCL
phase scattering and the whole X-ray scattering of the

sample (including the crystalline PCL diffraction and the
amorphous diffraction of PCL and hard segments), while
in DSC analysisac represents the crystallinity of the PCL
phase only.

3.6. Isothermal crystallization of the PEUs: equilibrium
melting temperature

In order to obtain more detailed information about the
influence of the PEU molecular weight on the crystallizability
of the soft segment an isothermal crystallization of PEUs
was performed. The isothermal crystallization of PEUs
based on PCL-4000 is carried out in the temperature range
from 158 to 408C. Because of the great difference in crystal-
lizability of PEUs in comparison with the initial PCL, the
common crystallization temperature range is rather narrow
— from 258 to 308C.

Fig. 3(a) and (b) allows comparison of the DSC curves of
isothermal crystallization of P4-20 and P4-36, containing
PCL-4000 as a soft segment.

In general, with increasing temperature of the isothermal
crystallization,Tc, the crystallization rate, corresponding to
the reciprocal of the peak time of the exotherm,tmax,
decreases [Fig. 3(a) and (b), Table 3]. At the same tempera-
ture of isothermal crystallization (25 or 308C), tmax

increases, i.e. the rate of crystallization decreases with
increasing molecular weight of PEUs (Table 3).

Melting temperatures,Tm, of PCL prepolymer (PCL-
4000) and PCL segments in PEUs are measured as a func-
tion of the crystallization temperature,Tc. As expected the
melting temperature,Tm, increases with the crystallization
temperature,Tc. The extrapolation of the observed melting
temperatures to the lineTm ¼ Tc has been frequently used in
order to obtain the equilibrium melting temperature of
many homopolymers and different copolymers [37–45].

Fig. 3. (a) DSC curves for the isothermal crystallization of P4-20. (b) DSC
curves for the isothermal crystallization of P4-36.

Table 3
Isothermal crystallization of poly(ester-urethanes) (MW of PCL segment¼ 4000)

Avrami parameters
Code Mn Tc (8C) tmax

c (s) n z t0.5 (s)

P4-20 20 000 20a 96 — — —
25 198 3.1 3.53 10¹8 222
30 486 3.6 1.13 10¹10 504

P4-36 35 600 20a 132 — — —
25 246 3.6 1.23 10¹9 270
30 540 3.9 8.03 10¹12 570

P4-53 52 800 20a 186 — — —
25 594 4.2 8.13 10¹13 636
30 1740 n.d. n.d. n.d.

PCL 4000 25a 6 — — —
30a 12 — — —
40 132 2.5 1.43 10¹6 186
45 1626 3.1 8.53 10¹11 1578

n.d.¼ not determined.
aPartial crystallization begins during cooling toTc.
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However, there are a few recent studies on crystallization
kinetics of linear polyethylene and random copolymers of
polyethylene which show that the conventional extrapola-
tive method failed for the random copolymers at low levels
of crystallinity, or extrapolation to a reasonable equilibrium
melting temperature can be carried out only with data
obtained at intermediate crystallization temperature
[40,41]. Unfortunately, in these papers which present inter-
esting and non-expected results, the conditions for cooling
from the molten state to the crystallization temperature
are not exactly specified. It is known that this is a very

important step in an isothermal crystallization experiment
to prevent or minimize the nonisothermal crystallization
during cooling to certain crystallization temperature. In
this paper we investigate the PEUs composition dependence
of the apparent equilibrium melting temperature for higher
levels of crystallinity.

The equilibrium melting temperature,To
m, is obtained by

Hoffman–Weeks extrapolation method, [37] i.e. by extra-
polation of the least-square fit ofTm data to the reference
line Tm ¼ Tc [Fig. 4(a)–(d)].

It was noticed that the crystallization of PCL prepolymer

Fig. 4. Dependence of melting temperature (Tm) of isothermally crystallised PCL-4000(a), P4-20(b), P4-53 (c) and P4-36(d) on crystallization temperature (Tc).
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and PCL segments in PEU is sufficiently rapid at high
undercooling, to begin before reachingTc at the cooling
rate employed. This occurs with PCL-4000 prepolymer
below 408C and with PCL segments in PEUs below 258C.
This is one of the reasons why theTm–Tc dependence in the
Hoffman–Weeks plots shows a slope change below these
temperatures [Fig. 4(a)–(d)]. The observed dependence also
arises from annealing during the heating scan which causes
an improvement in crystal quality and hence aTm increase,
particularly evident in samples crystallized at lowTc.

The equilibrium melting temperature,To
m, obtained from

the plots of Fig. 4(a) for pure PCL-4000 is 64.28, in agree-
ment with literature results on PCL with similar molecular
weight [46].

The apparent equilibrium melting temperatures,T8m, for
the PCL segments in PEUs containing PCL-4000 lay in the
range 63.3–63.68C, which is slightly lower than that of pure
PCL. This is reasonable to expect and can be explained by
the chemical bonding between PCL soft segment and hard
segments that decreases the length of PCL segment which is
capable to crystallize. It is known that the equilibrium melt-
ing temperature decreases with decreasing of the molecular
weight of the polymers [46,47].

3.7. Crystallization kinetics of PEUs

The isothermal crystallization kinetics of PEUs is inter-
preted in terms of the Avrami equation [48,49].

a(t) ¼ 1¹ exp( ¹ z·tn) (1)

wherea(t) is a mass fraction of polymer crystallized at time
t, n is an exponent which contains contributions related to
the crystal growth geometry and the nucleation type,z is an
overall crystallization rate constant involving contributions
from crystal growth and nucleation.

The half time of crystallization,t0.5, rate constant of crys-
tallization,z, and Avrami parameter,n, are determined and

presented in Table 3. The half crystallization timet0.5 is
related to the rate constant and can be determined from
the Avrami expression as:

t0:5 ¼ (ln2=z)1=n (2)

The crystallization of PCL-4000 prepolymer is very fast at
high undercoolings (25 and 308C) and — at the cooling rate
employed — partially occurs before reaching the crystal-
lization temperature. The same happens — though to a
lower extent — in the PEUs atTc ¼ 208C. At higherTc,
the crystallization of PEUs occurs extremely slowly in com-
parison with the PCL prepolymer. For example, at 258C the
half crystallization time,t0.5, is more than 220 s (Table 3).
As can be seen in Table 3 the PCL-4000 prepolymer has a
similar value for the half crystallization time,t0.5, (186 s) at
a significantly higher temperature of crystallization,Tc ¼

408C. The data of Table 3 show that, at the same crystal-
lization temperature, there is a measurable increase oft0.5

and a corresponding decrease of the rate constant,z, with
increasing total molecular weight of the PEUs.

These results confirm that the rate of crystallization of
PCL soft segments in PEUs is much lower than the rate
of crystallization of the initial PCL and depends on the
total molecular weight of PEUs.

The crystallization of PEUs is described by the Avrami
equation with an exponentn ranging from 3 to 4, which
indicates spherulitic growth.

The different crystallizability of PEUs is confirmed by
light microscopy as well. The initial PCL-2000 and
PCL-4000 form spherulite structures from solution after
evaporation of the solvent and from melt at cooling to cer-
tain Tc. PEUs based on PCL-4000 crystallize very fast with
the evaporation of the solvent. P4-20 forms relatively large
spherulite structure (20–30mm) (Fig. 5, micrograph 1),
while P4-53 gives fine spherulite structure with an average
spherulite size of about 2–4mm (Fig. 5, micrograph 2). At
the same time the PEU P2-33 (based on PCL-2000) forms

Fig. 5. Optical microscope photographs (crossed polaroids) of solution-cast P4-20 (micrograph 1) and P4-53 (micrograph 2), taken 1.5 h after solvent
evaporation at room temperature.
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crystals over 3 days after evaporation of the solvent, P2-54
after 5 days, and P2-60 does not crystallize even after 20
days storage at room temperature.

PEUs crystallize more slowly at cooling from melt to
room temperature than from a solution. P4-20 forms spher-
ulites which grow to 2–3mm after 20 hrs of isothermal
crystallization at 408C. After 65 days storage (annealing)
at room temperature, all PEUs show spherulite structure
with different sizes, which are smaller for PEUs based on
PCL-2000 than for PEUs based on PCL-4000.

3.8. Dynamic mechanical thermal analysis of PEUs

The viscoelastic properties of PEUs based on both PCL-
2000 and PCL-4000 were characterized by means of
dynamic mechanical thermal analysis (DMTA). DMTA
allows different types of transitions and relaxations to be
detected and related to the structure and morphology of the
segmented PEUs studied. The DMTA can be used to study
the influence of dissolved water in segmented PEUs as
well [50].

Fig. 6 shows the dynamic mechanical spectra from
¹ 1508C to room temperature of P2-54 and P4-53. In cor-
respondence with the glass transition at about¹408C, the
dynamic storage modulus,E9, drops and the loss modulus,

E0, shows a maximum. The foregoing differences of crystal-
line phase content of the PEUs are also reflected by the
DMTA spectra. Since the curves of Fig. 6 refer to partially
crystalline PEUs, the elastic modulus at the glass transition
shows a relatively modest drop as a result of the rigidity
imparted by the crystals aboveTg. As expected, this effect is
stronger in P4-53, which has a higher degree of crystallinity.

In addition to the glass transition, the viscoelastic spectra
of P2-54 and P4-53 show an evident low temperature
relaxation at about¹1358C, which is also present in PCL
and was attributed early on [51] to local motions of the
methylene sequences. Between the low temperature relaxa-
tion and the glass transition another mechanical dispersion
region is found in the ‘room conditioned’ samples at about
¹908C. A similar relaxation phenomenon was observed in
various poly(ester-urethanes) by Jacobs and Jenckel [52],
who also reported its water dependence [53]. This transition
can be attributed tob-relaxation [53] of the PEUs caused by
the rotation of the short segments in the main chain of the
amorphous domains. A number of polyesters [54,55],
including PCL (M. Scandola, unpublished results), also
show a water-dependent relaxation in a comparable tem-
perature range. In the PEUs presently investigated it was
found that the relaxation at about¹908C is closely related
with the presence of small amounts (0.2–0.3 wt%) of
absorbed water; the relaxation disappeares from the
spectrum upon extensive drying, and reappeares upon
re-exposure to normal room humidity conditions. As an
example, Fig. 6 compares the spectra obtained with P4-53
after room humidity conditioning and after drying under
vacuum over P2O5. The main changes observed upon drying
are the disappearance of the intermediate relaxation at
¹ 908C and the shift to higher temperature of the glass
transition. The latter effect is clearly related to loss of the
ubiquitous plasticizer, water, which lowers the glass transition
of the PEUs exposed to normal room humidity conditions.

4. Conclusions

The morphology and physical properties of segmented
poly (ester-urethanes) are studied in connection with the
soft segment length, content of the hard segment and total
molecular weight. It is established that all PEUs containing
a PCL soft segment with different molecular weight are
crystallizable polymers. They present a heterogeneous
structure consisting of a continuous PCL matrix with a
hard segment dispersed rigid phase. WAXS results show
that the crystalline phase which develops in PEUs is asso-
ciated with PCL soft segment crystallization.

DSC data, obtained at first heating run, indicate that all
PCL soft segments with different length form a crystalline
structure during precipitation from solution. A less perfect
crystallization of PCL soft segment than the crystallization
of initial PCL prepolymers is observed. That is more clearly
expressed in PEUs based on PCL with the lowest length

Fig. 6. DMTA curves of PEUs: P2-54 (– · –) and P4-53 (——) in ‘room
humidity’ conditions; P4-53 (- - -) after drying under vacuum over P2O5.
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(MW ¼ 2000). The chemical linkage (connectivity) between
the hard and soft segments restricts the phase separation and
crystallization of the PCL soft segment.

A more significant difference in the morphology and ther-
mal properties of different types PEUs is observed for the
samples which are cast from a solution or cooled after the
first melting. The PEUs based on the shortest PCL soft seg-
ment (MW ¼ 2000) are completely amorphous immediately
after solvent evaporation, or after quenching from molten
state, or even after slow cooling from a melt. When the
PCL soft segment has a higher molecular weight (MW ¼

4000 or 7300) crystallization occurs rapidly during evapora-
tion of the solvent or at cooling from melt and even at
quenching.

It is established that the crystallizability of the segmented
PEUs is also affected by the total molecular weight of the
polymers. The data from WAXS and DSC analysis show
that PEUs with a lower total molecular weight reach a
higher crystallinity. Therefore, the higher molecular weight
of the PEU and higher concentration of the hard segment
lead to restriction of the PCL soft segment crystallization.

The results from isothermal crystallization kinetics and
light microscopy analysis confirm the different crystalliz-
ability of segmented PEUs depending on their composition
and molecular weight.

The results from modulated DSC indicate an increase of
glass transition temperature,Tg, of segmented PEUs in
comparison with Tg of PCL prepolymers, due to the
decrease of chain flexibility imparted by the hard segments.

Dynamic mechanical spectroscopy of selected samples of
segmented PEUs shows, in addition to the glass transition,
an evident low temperature relaxation at¹1358C which is
attributed to local motions of the methylene sequences in
the PCL soft segments and a water-dependent relaxation at
¹908C.

The results obtained show that the structure formation
and properties of PEUs depend on the different procedures
for sample preparation (precipitation, casting from solution and
melt crystallization), due to the different crystallization condi-
tions for the PCL soft segments. It is anticipated that the dif-
ferent morphology of PEUs will affect their enviromental
degradation. The biodegradibility of PEUs is under investiga-
tion and it will be described and discussed in the next paper.
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