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ABSTRACT: The compatibilizing effect of poly(hexamethylene oxide) (PHMO) on the syn-
thesis of polyurethanes based on a,v-bis(6-hydroxyethoxypropyl) poly(dimethylsiloxane)
(PDMS) was investigated. The hard segments of the polyurethanes were based on 4,49-
methylenediphenyl diisocyanate (MDI) and 1,4-butanediol. The effects of the PDMS/
PHMO composition, method of polyurethane synthesis, hard segment weight percentage,
catalyst, and molecular weight of the PDMS on polyurethane synthesis, properties, and
morphology were investigated using size exclusion chromatography, tensile testing, and
differential scanning calorimetry (DSC). The large difference in the solubility parameters
between PDMS and conventional reagents used in polyurethane synthesis was found to be
the main problem associated with preparing PDMS-based polyurethanes with good me-
chanical properties. Incorporation of a polyether macrodiol such as PHMO improved the
compatibility and yielded polyurethanes with significantly improved mechanical properties
and processability. The optimum PDMS/PHMO composition was 80 : 20 (w/w), which
yielded a polyurethane with properties comparable to those of the commercial material
Pellethane™ 2363-80A. The one-step polymerization was sensitive to the hard segment
weight percentage of the polyurethane and was limited to materials with about a 40 wt %
hard segment; higher concentrations yielded materials with poor mechanical properties. A
catalyst was essential for the one-step process and tetracoordinated tin catalysts (e.g.,
dibutyltin dilaurate) were the most effective. Two-step bulk polymerization overcame most
of the problems associated with reactant immiscibility by the end capping of the macrodiol
and required no catalysts. The DSC results demonstrated that in cases where poor prop-
erties were observed, the corresponding polyurethanes were highly phase separated and
the hard segments formed were generally longer than the average expected length based on
the reactant stoichiometry. Based on these results, we postulated that at low levels (; 20
wt %) the soft segment component derived from PHMO macrodiol was concentrated mainly
in the interfacial regions, strengthening the adhesion between hard and soft domains of
PDMS-based polyurethanes. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 76: 2026–2040,
2000
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INTRODUCTION

Polyurethane elastomers represent an important
class of segmented copolymers with excellent me-
chanical properties including high tensile
strength, good tear and abrasion resistance, and
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relatively good stability in biological environ-
ments. Accordingly, polyurethanes have been pro-
posed for use in medical implants such as cardiac
pacemakers, catheters, implantable prostheses,
cardiac assist devices, heart valves, and vascular
grafts. The excellent mechanical properties of
segmented polyurethanes are attributed to their
two-phase morphology resulting from microphase
separation of soft and hard segments. In polyure-
thanes used for long-term implants the soft seg-
ments are typically formed from a polyether
macrodiol such as poly(tetramethylene oxide)
(PTMO) whereas the hard segments are derived
from a diisocyanate such as 4,49-methylenediphe-
nyl diisocyanate (MDI) and a diol chain extender
such as 1,4-butanediol (BDO).1

Although for many years, PTMO-based poly-
urethanes were the materials of choice for certain
types of medical implants, in some cases the poly-
urethane degraded and caused malfunction or the
failure of the implant. This degradation led to
surface or deep cracking, stiffening, erosion, or
the deterioration of mechanical properties such as
flexural strength.2–5 In PTMO-based polyure-
thanes it is generally accepted4,5 that the soft
segment ether linkages are the most vulnerable
sites for degradation. Furthermore, polyure-
thanes with a high level of soft segments (softer
grades) tend to degrade significantly more than
the harder grades. For example, Pellethane™
80A degrades very severely while Pellethane™
55D shows no signs of degradation as shown by
animal implant experiments.6,7

During the past few years we focused our re-
search on developing degradation resistant poly-
urethanes for applications in medical implants.
We were particularly interested in developing
polyurethanes with low durometer hardness
(Shore 85 A and lower), high flexibility, good pro-
cessability, and resistance to degradation. Poly-
urethanes with such a combination of properties
are not currently available. We previously re-
ported8 the synthesis of a series of polyurethanes
based on novel polyether macrodiols, poly(hex-
amethylene oxide) (PHMO), poly(octamethylene
oxide) (POMO), and poly(decamethylene oxide)
(PDMO). These polyurethanes showed improved
resistance to stress cracking over that based on
PTMO. However, the new polyurethanes exhib-
ited higher hardness and modulus than those of
PTMO-based polyurethanes with a comparable
weight percentage of the soft segment.8 The
present article describes the development of a
range of polyurethanes containing a,v-bis(6-hy-

droxyethoxypropyl) poly(dimethylsiloxane) (PDMS)
with improved mechanical properties and biosta-
bility.

Incorporation of a nonpolar macrodiol such as
PDMS into the polyurethane backbone is gener-
ally difficult because of its poor compatibility with
conventional compounds used in polyurethane
synthesis. This was demonstrated by recent stud-
ies on the synthesis of polyurethane elastomers
based on nonpolar macrodiols such as polyisobu-
tylene,9–11 PDMS,12–14 and polybutadiene.15–17

Because of the incompatibility with the polar
hard segment, which largely results from the lack
of hydrogen bonding, these materials generally
exhibit a high degree of phase separation. Al-
though increased phase separation generally im-
proves mechanical properties, it was reported
that the tensile strength and toughness of PDMS-
based polyurethanes were inferior to those of con-
ventional polyurethanes. Typically, the tensile
strength and elongation at break of PDMS-based
polyurethanes are about 7 MPa and 200%, respec-
tively.17 These poor mechanical properties are at-
tributed to a low glass transition temperature
(Tg), the lack of soft segment crystallinity under
strain, and compositional heterogeneity resulting
from the poor segmental compatibility.

The interest in PDMS-based elastomers is due
to their unique properties that include an ex-
tremely low Tg (2120°C), good oxidative stability,
good blood contacting properties, and excellent
insulating properties. However, previous at-
tempts to incorporate PDMS into polyurethanes
have not been very successful, particularly with
respect to achieving materials with good clarity
and mechanical properties. Speckhard and Coo-
per17 indicated that as a result of the large differ-
ences in solubility parameters between the PDMS
and the hard segments, phase separation occurs
during synthesis leading to compositional heter-
ogeneity and a low molecular weight, which re-
sults in poor mechanical properties. Several
techniques were reported in the literature to
synthesize PDMS-based polyurethanes with
improved mechanical properties, which primarily
focused on increasing interfacial adhesion between
the PDMS phase and the hard domains. These tech-
niques include mixing with conventional polyether
[PTMO, poly(propylene oxide)] or polyester macro-
diols,13,14,18 the introduction of polar functionality
to PDMS,19–21 the use of copolymers of PDMS
and polyether or polyester,12,22,23 and hard seg-
ment modifications.24 However, such attempts
achieved only limited success.
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The main objective of this study was to develop
PDMS macrodiol-based polyurethanes with me-
chanical properties comparable to those of con-
ventional polyurethanes. We investigated the use
of PHMO to improve interfacial adhesion by pro-
moting the compatibility of the hard and soft seg-
ments.25 It is envisaged that the incorporation of
a low level of a polyether macrodiol PHMO would
promote segmental compatibility. We studied the
effect of PDMS/PHMO composition, the method of
polyurethane synthesis, and the PDMS molecular
weight in preparing polyurethanes with good me-
chanical properties, clarity, and processability.
Differential scanning calorimetry (DSC) was used
as the main tool to examine morphological differ-
ences resulting from different polymerization con-
ditions.

EXPERIMENTAL

Materials

The PDMS (X22-160AS, Shin Etsu), was dried at
105°C under a vacuum (0.1 torr) for 15 h to re-
move any volatile impurities. The MDI (Suprasec
MPR, ICI), and BDO (GAF Chemicals) were used
as received. The PHMO and PDMO were synthe-
sized by acid-catalyzed condensation polymeriza-
tion as reported previously.26 The PHMO and
PDMO were dried at 130°C under a vacuum (0.01
torr) for 4 h to remove any volatile impurities.

Hydroxyl Number Determination

The hydroxyl numbers of the purified and dried
macrodiols were determined by the phthalic an-
hydride reflux procedure in accordance with
ASTM D 2849.27

Two-Step Bulk Polymerization

A series of polyurethanes containing various pro-
portions of PDMS/PHMO was prepared by a two-
step bulk polymerization procedure. In all poly-
urethanes the weight percentage of the hard seg-
ment was kept constant at 40 and the [NCO] :
[OH] ratio was 1.00.

The following general procedure (PDMS/
PHMO 80/20 ratio) describes the two-step method
of synthesis used in this study. PDMS (1280 g,
MW 940.3) and PHMO (320.0 g, MW 696.1) were
placed in a 2-L round-bottom flask and degassed
for 2 h at 80°C under a vacuum (0.1 torr). Molten
MDI (877.75 g) was placed in a 3-L three-necked

round-bottom flask fitted with a mechanical stir-
rer, nitrogen inlet, and an addition funnel. The
flask was then placed in an oil bath at 70°C.
Degased macrodiol mixture (1540 g) was added
from the addition funnel to the MDI while stirring
over a period of 30 min. After completing the
addition, the mixture was heated at 80°C for 90
min with stirring under nitrogen. The prepolymer
after degassing under a vacuum (0.1 torr) was
weighed (800.0 g) into a 2-L polypropylene bea-
ker. The BDO (46.27 g) was added quickly to the
prepolymer and stirred thoroughly for 1 min. The
viscous polymer was then poured onto a Teflon-
coated metal pan and cured at 100°C for 4 h in a
nitrogen-circulating oven. Other polyurethanes
with different ratios of PDMS/PHMO in the series
were similarly prepared.

Synthesis of PDMS/PHMO Series of Polyurethanes
by One-Step Bulk Polymerization

A series of polyurethanes containing various pro-
portions of PDMS/PHMO was prepared by a one-
step bulk polymerization procedure. The weight
percentage of the hard segment was kept con-
stant at 40, and the [NCO] : [OH] ratio was 1.00.
The following procedure for the preparation of a
PDMS/PHMO (80/20 w/w) polyurethane illus-
trates the general procedure for the one-step bulk
polymerization. Other polyurethanes based on
different PDMS/PHMO ratios were prepared in a
similar manner.

A mixture of predried PDMS (MW 969.6, 120.0
g), PHMO (MW 851.0, 30.00 g), BDO (15.94 g),
and dibutyltin dilaurate (DBTD, 0.025 g, 0.01% of
total solids) was placed into a 500-mL polypro-
pylene beaker. The mixture was then degassed by
placing the beaker in an oven at 80°C for 1.5 h
under a vacuum (2 torr). Molten MDI (84.06 g)
was quickly added to the macrodiol mixture at
70°C while stirring rapidly with a stainless steel
spatula. After stirring for about 15 s the contents
were poured onto a Teflon-coated metal tray and
cured in a nitrogen-circulating oven at 100°C for
4 h.

One-Step Bulk Polymerization: Synthesis of
Polyurethanes to Study Effect of Catalyst

Eight polyurethanes were prepared using a range
of common catalysts used in polyurethane synthe-
sis to investigate the catalytic effect in a one-step
bulk polymerization procedure. The catalysts in-
vestigated included stannous octoate (SO), DBTD,
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1,8-diazabicyclo[5,4,0] undec-7-ene (DABU), 1,3-di-
acetoxy-1,1,3,3,-tetrabutyldistannoxane (DTDS), 1,4-
diaza-(2,2,2)-bicyclooctane, (DABCO), N,N,N9,N9-tet-
ramethylbutanediamine (TMBD), and dimethyltin di-
laurate (DMTD).

The PDMS (360.0 g, MW 940.3), PHMO (90.0 g,
MW 696.1), and BDO (45.49 g) were degassed in a
1-L round-bottom flask for 1.5 h at 80°C under a
vacuum (2 torr). Each catalyst (0.005 g, 0.008 wt
% of total weight) was weighed separately into
200-mL polypropylene beakers with 40.0 g of the
macrodiol mixture and placed in an oven at 70°C
under nitrogen. Molten MDI (20.55 g) at 70°C was
weighed into a wet-tarred beaker, added to the
macrodiol mixture, and stirred rapidly. The tem-
perature rise in the reaction mixture was moni-
tored by a thermocouple placed in the beaker. The
thermocouple was connected to a chart recorder
for continuous monitoring. The effectiveness of
the catalyst was assessed by measuring the reac-
tion gel time, the rate of initial temperature rise,
and the polymer molecular weight, and by the
clarity of the final product. The results are sum-
marized in Table I.

Synthesis of Polyurethanes with Varying Hard
Segment Percentage by One-Step Polymerization

A polyurethane with a hard segment content of 45
wt % was prepared using the following procedure:
PDMS (100.00 g), PHMO (25.00 g), DBTD (0.011
g), and BDO (17.15 g) were degassed in a 500-mL
polypropylene beaker by placing the beaker in an
oven at 80°C for 60 min under a vacuum (2 torr).
Molten MDI (85.12 g) at 60°C was quickly added
to the macrodiol mixture in the beaker while stir-
ring with a stainless steel spatula. After about
20 s of mixing, the viscous polymer was poured
onto a Teflon-coated tray and cured at 100°C for
4 h in an oven under nitrogen. The cured polymer
was opaque. Using a similar procedure but with
appropriate quantities, three other polyurethanes
with hard segment contents of 50, 55, and 60 wt %
were prepared. In all cases the resulting polyure-
thanes were opaque and materials with a hard
segment of 55 wt % and higher were brittle; ac-
cordingly, no tensile testing was performed. Table
II shows the molecular weights of the prepared
polyurethanes.

Table I Effect of Catalyst Type on Reaction Gel Time, Initial Temperature Rise, Sample Clarity, and
Molecular Weight in One-Step Polymerization

Expt
No. Catalyst

Reaction Temp.
after 12 s (°C)

Reaction Gel
Time (s) Sample Clarity

Number Average
Molecular Weight

1 Control (no catalyst) 80 81 Opaque 37,670
2 SO 80 64 Opaque 55,520
3 DBTD 180 7 Transparent 74,850
4 DABU 80 34 Opaque 59,810
5 DTDS 160 6 Transparent 90,730
6 DABCO 85 43 Opaque 37,950
7 TMBD 80 63 Opaque 39,500
8 DMTD 172 6 Transparent 84,860

Table II Molecular Weight and DSC Results of As-Synthesized Polyurethanes with Different Hard
Segment Contents Prepared by One-Step Polymerization

Hard
Segment
(wt %) M# n M# w/M# n

Soft Segment
(PDMS) Tg

(Onset) (°C)

Major Hard
Segment Melting
Endotherm (°C)

Heat Capacity
(J/g)

40 86320 1.9 2110.8 134.5 and 179.0 10.7
45 83950 1.6 2112.9 204.2 10.8
50 63350 1.4 2113.0 212.1 18.7
55 80150 1.5 217.3 23.6
60 73690 1.5 216.0 28.3
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Polyurethanes with Different Hard Segment
Content by Two-Step Polymerization

The following procedure illustrates the prepara-
tion of a polyurethane with a hard segment
weight percentage of 45. A mixture of PDMS (MW
940.3, 80.00 g) and PHMO (MW 696.1, 20.00 g)
was degassed at 80°C for 60 min under a vacuum
(0.1 torr). MDI (68.09 g) was placed in a 500-mL
three-necked round-bottom flask fitted with a me-
chanical stirrer, a nitrogen inlet, and an addition
funnel. The macrodiol mixture (100.00 g) was
added to the MDI through the addition funnel
over a period of 30 min at 70°C under a slow
stream of nitrogen. After the addition was com-
plete, the reaction was continued for 2 h at 80°C
with stirring. The prepolymer was then degassed
for 15 min at 80°C under a vacuum (0.1 torr). The
prepolymer (160.00 g) was weighed into a 500-mL
polypropylene beaker and chain extended with
BDO (13.06 g), and the polyurethane was cured in
a Teflon-coated metal pan at 100°C in a nitrogen-
circulating oven for 4 h.

Using a similar procedure, three other polyure-
thanes were prepared with hard segment con-
tents of 50, 55, and 60 wt %. The molecular
weights of the resulting polyurethanes are shown
in Table III.

Size-Exclusion Chromatography

The size-exclusion chromatography of the poly-
urethanes was carried out at 80°C with 0.05M
lithium bromide in N,N-dimethylformamide
(DMF) as the eluent on a Waters Associates chro-
matograph with three Ultrastyragel HT columns
(105, 103, and 500 Å). The system was equipped
with a refractive index detector and calibrated
with narrow distribution polystyrene standards.
The results are therefore expressed as polysty-
rene-equivalent molecular weights.

Mechanical Properties

After drying for 15 h at 65°C in vacuo (0.1 torr),
polyurethane samples were compression molded
into flat sheets at temperatures between 190 and
200°C under a nominal load of 8 tons. The sheets
had dimensions of 60 3 100 mm and were 1 mm
thick. They were cut into dumbbell-shaped spec-
imens of 3-cm length and 1-cm width; the narrow
section was 1.2 cm in length and 0.4 cm in width.
The dumbbells were stored under ambient condi-
tions for 4 weeks before tensile tests and hardness
measurements were carried out.

Tensile testing was carried out with an Instron
model 4032 Universal Testing Machine. A 1-kN
load cell was used and the crosshead speed was
500 mm/min. The results reported are the mean
values for six replicates. Hardness measurements
were carried out using a Shore A Durometer. The
flexural modulus measurements were performed

Table IV Calculated Solubility Parameters

Compound

Calcd Solubility
Parameter, d

(cal/mL)1/2

BDO 13.98 6 0.05
MDI 9.94 6 0.08
PTMO, MW 1000 9.55 6 0.09
PHMO, MW 700 9.34 6 0.07
PDMO, MW 800 9.03 6 0.13
PDMS

MW 1000 6.66 6 0.20
MW 2180 6.19 6 0.14

Prepolymer of MDI and
PDMS (1000) 7.52 6 0.17

(MDI-BDO)1 hard segment 12.2–12.7a

The parameters were calculated using the MSI Amorphous
Cell package with the PCFF2 force field.

a From Tonelli et al.30

Table III Molecular Weights and Tensile Properties of Polyurethanes with Different Hard Segment
Contents Prepared by Two-Step Polymerization

Hard
Segment
(wt %) M# n (M# w/M# n)

Ultimate Tensile
Strength (MPa)

Elongation
at Break

(%)

Young’s
Modulus

(MPa)

Stress at 100%
Elongation

(MPa)
Shore

Hardness

40 76500 (1.61) 24 415 38 10 83A
45 59810 (1.41) 15 285 58 12 41D
50 52870 (1.43) 24 300 131 18 50D
55 48000 (1.41) 22 175 193 22 57D
60 47070 (1.37) 30 200 220 27 65D
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using a three-point bend configuration with
52.8-mm spacing. A 1-kN load cell was used with
crosshead speed of 14 mm/min, and the results
reported are mean values for three replicates.

DSC

The samples were dried at 45°C for 48 h under a
vacuum (0.1 torr) to remove moisture prior to
recording the thermograms. The DSC thermo-
grams were recorded over a temperature range of
2150 to 250°C on a Mettler DSC 30 heat flux
calorimeter that was calibrated for heat flow and
temperature. The experiments were carried out
at a heating rate of 10°C/min under a nitro-
gen purge of 20 mL/min. Sample weights were
15–25 mg.

RESULTS AND DISCUSSION

Solubility Parameters of Reactants

The synthesis of polyurethanes based on PDMS
macrodiols is generally difficult because of the
incompatibility of PDMS with the conventional
hard segment forming compounds such as MDI
and BDO. Often one needs compatibilizing sol-
vents such as DMF or THF to carry out the poly-
merization.13,28 In a typical one-step bulk poly-
merization process the polyurethane obtained is
usually opaque, compositionally heterogeneous,
and low in molecular weight, which is due to
premature phase separation. This behavior could
be rationalized by considering the calculated sol-
ubility parameters of PDMS, BDO, and MDI as
shown in Table IV.30 The solubility parameter of
the PDMS macrodiol is significantly lower than
those of MDI, PTMO, and BDO, which are the
components used for preparing conventional poly-
(ether urethanes). Accordingly, the use of a sec-
ond macrodiol as a compatibilizer and the poly-
merization conditions would have a significant
effect on the properties and morphology of such
polyurethanes.

The miscibility of PDMS with PTMO, PHMO,
and PDMO, was examined at 80°C. Mixtures of
PDMS with 20, 40, 60, and 80 wt % PHMO were
miscible at 80°C whereas PTMO was immiscible.
These mixtures stayed cloudy and separated into
two layers upon cooling to room temperature. On
the other hand, PDMO, which is less polar than
PTMO, was miscible with PDMS at 80°C as dem-
onstrated by the clarity of the solution. Although

the calculated solubility parameters (see Table
IV) of the three macrodiols do not differ greatly,
the trend reflected an increasing hydrophobicity
toward PDMO, as expected. The results of misci-
bility tests with PDMS confirmed this. Based on
the solubility differences, we expect PHMO and
PDMO to be better compatibilizing macrodiols
than PTMO.

Effect of Soft Segment Composition on Properties
of PDMS-Based Polyurethanes

A series of polyurethanes was prepared by using
different ratios of PDMS/PHMO to establish the
optimum macrodiol ratio required for preparing
polyurethanes with good mechanical properties
and processability. The synthesis was carried out
by a two-step bulk polymerization procedure with
DBTD as the catalyst.

As the amount of PHMO content was in-
creased, the clarity of the as-synthesized material
decreased. Materials with 0, 20, and 100% PHMO
were clear and transparent. Figure 1 shows the
effect of the PHMO content on the ultimate ten-
sile strength and fail strain. The results clearly
demonstrated that the tensile strength signifi-
cantly increased as the polyether content of the
soft segment was increased. The polyurethane
with 20% PDMS showed the highest ultimate ten-
sile strength. Generally, all materials were elas-
tomeric with an elongation at break of over 300%,
which increased as the polyether content was in-
creased.

The incorporation of only 20% of the PHMO
increased the tensile strength by nearly 50%.

Similar trends in tensile properties were ob-
served when the polyurethanes were prepared by
a one step-bulk polymerization procedure. Figure
2 shows the change in flexural modulus of the
polyurethanes in the series. With only 20% of the
PHMO macrodiol, the flexural modulus decreased
by 36%. For the intermediate ratios the flexural
modulus decreased with increasing PHMO con-
tent, but the decrease was only marginal. The
decrease in flexural modulus could be attributed
to the compatibilizing effect of PHMO. As shown
in Figure 2, annealing of the polyurethanes
caused the flexural modulus to increase as ex-
pected and the increase was more prominent in
compositions high in PDMS. This is not surpris-
ing because annealing increases phase separation
in polyurethanes, and the change is more signif-
icant in polyurethanes with high siloxane con-
tent.
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The thermal processability of each of the poly-
urethanes prepared by the one-step method was
evaluated by extrusion into thin films (0.2 mm
thick) using a single screw Brabender extruder.
The extrudability of the polyurethanes was as-
sessed by observing the clarity of the film, melt
strength, postextrusion tackiness, appearance
(surface roughness), and sensitivity to variation
in processing temperature.

The polyurethane prepared from a macrodiol
mixture containing PDMS/PHMO (80/20) was the
best in terms of overall processability in that it
produced a film with no observable surface de-
fects and it had the best film clarity. The polyure-
thane based on pure PDMS, although extruded
well, showed a high level of surface imperfections
and felt rough to the touch. The other polyure-
thanes based on 20, 40, and 60% PDMS also ex-
truded well but had inferior film clarity.

Thermal Analysis of PDMS/PHMO Series of
Materials

DSC was used to understand the morphological
effects when varying the soft segment composi-
tion in the series of polyurethanes. Figure 3
shows the DSC thermograms of annealed (100°C)
polyurethanes.

Polyurethane elastomers typically exhibit mul-
tiple DSC endotherms due to short-range order of
the hard phase resulting from storage or anneal-
ing effects and those associated with long-range
order of crystalline hard segments. The interpre-
tation of this multiple endothermic behavior in
polyurethanes was thoroughly investigated. The
assignment of thermal transitions observed for
various materials in this study was made with
reference to a system previously reported.29,31,32

Primarily based on model compound studies and
annealing experiments, melting endotherms are as-
signed to disordering of structures resulting pre-
dominantly from single MDI-derived sequences and
MDI2BDO-, MDI3BDO2-, and MDI4BDO3-derived
hard segments and are labeled as T1 (50–70°C),
T2 (100–180°C), T3 (195–210°C), and T4 (211–
217°C), respectively. The extent of the use of this
approach in our study is limited to polyurethanes
with well-resolved high temperature transitions.

In the series all polyurethanes showed a com-
mon melting endotherm at around 55°C (see Fig.
3), which was attributed to the order resulting

Figure 2 The effect of PDMS/PHMO composition on
the flexural modulus of polyurethanes prepared by one-
step polymerization.

Figure 1 The effect of PHMO content on (a) ultimate
tensile strength and (b) fail strain of the PDMS/PHMO
series of polyurethanes prepared by a two-step poly-
merization.
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from single MDI units (T1 transition). Material
based on pure PDMS exhibited the most phase-
separated morphology. This was evidenced by the
presence of melting endotherms at 117.5, 184.1,
and 219.2°C (Table V), which were respectively
assigned to melting of hard segment regions de-
rived predominantly from T2 (MDI-BDO-MDI),
T3 (MDI-BDO-MDI-BDO), and T4 (MDI-BDO-
MDI-BDO-MDI) type structural units, T3 being
the most predominant. Incorporation of 20%
PHMO caused the T3 to move lower to 179°C and
showed only two major endotherms. This trend
continued with increasing PHMO content, and
the material based on pure PHMO showed a rel-
atively broad hard segment melting endotherm.
It was interesting to note that as the PHMO con-
tent was increased the average hard segment size
distribution changed more toward T2. The inten-
sity of T2 increased while that of T3 decreased
and the peaks moved to lower temperatures,
which is indicative of increased phase mixing as
the PHMO content was increased. As expected,
the soft segment glass transition temperatures of
the PDMS and PHMO phases were clearly iden-
tifiable only in polyurethanes where the respec-
tive macrodiol content was high. The Tg onset
temperature of the PHMO phase was highest in
the composition with 80% PDMS, indicating that

the PHMO is present in a more phase mixed state
than in the other materials. It was interesting to
note that this material was the most transparent
and produced the clearest film in the processing
by extrusion. In polyurethanes with 50 and 20%
PDMS the Tg onset was closer to that of the pure
PHMO, which is indicative of relatively more
phase separated morphology, and these materials
produced films with low clarity in extrusion. In all
compositions the Tg onset of the PDMS phase
remains unchanged, appearing very close to the
Tg of the pure PDMS. This result may indicate
that the PDMS remains largely immiscible with
either PHMO or the hard segment. At low levels
of PHMO (about 20%) in the composition, PHMO
may be more associated with the hard segment
and is probably concentrated more in the interfa-
cial regions. As the PHMO content was increased,
it may have formed its own soft segment phases,
which may be responsible for the observed opaque
appearance. Further work such as SAXS would be
required to clearly understand the morphology of
these polyurethanes.

These results indicated that siloxane-based
polyurethanes with good mechanical properties
and processability could be prepared by incorpo-
rating a low level of PHMO macrodiol. The opti-
mum level is around 20 wt %, and the DSC results
indicated that at this level the PHMO phase is
largely associated with the interfacial regions.

Effect of Polymerization Conditions and PDMS
Molecular Weight on Properties and Morphology

As discussed previously, the solubility differences
of the components (Table IV) can have a signifi-
cant effect on the morphology of PDMS-based
polyurethanes. The more compatible components
may react first (e.g., MDI and BDO), particularly
in a one-step polymerization, leading to hard do-

Table V DSC Results of PDMS/PHMO Series of
Polyurethanes Prepared by One-Step
Polymerization

PHMO
Macrodiol

Content (%)

Tg (Onset)

Peak Temp. (°C)PDMS PHMO

0 2112.5 117.5, 184.1, 219.2
20 2112.0 231.8 124.1, 179.0
50 2116.3 245.8 130.6, 172.3
80 246.3 120.9, 162.6

100 240.6 113.9, 162.2

Figure 3 DSC thermograms of annealed polyure-
thanes based on different PDMS/PHMO compositions:
(a) 0, (b) 20, (c) 50, (d) 80, and (e) 100 wt % PHMO in
PDMS.
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mains rich in segments longer than the expected
average length based on reactant stoichiometry.
This may eventually lead to materials that are
compositionally heterogeneous and/or highly
phase separated with poor mechanical properties
and clarity. It is also expected that one may
achieve materials with significantly different
morphologies, depending on the polymerization
conditions. We investigated the effect of the
method of synthesis, catalyst type, relative
amount of the hard segment, and the molecular
weight of PDMS macrodiol on the polymerization
reaction and the morphology of the resulting poly-
urethanes. DSC was used to assess the morpho-
logical differences of synthesized polyurethanes
prepared under different polymerization condi-
tions. Because processing or other thermal treat-
ments (i.e., thermal history) could change the
polyurethane morphology, DSC analysis was car-
ried out on as-synthesized polyurethanes, primar-
ily to understand the morphological differences
resulting from the method of synthesis and other
reaction variables.

One-Step Polymerization: Effect of Type of
Catalyst

A polyurethane formulation based on PDMS/
PHMO (80/20), MDI, and BDO with a 40 wt %
hard segment was used to investigate the catalyst
effect. The 80/20 ratio was chosen because this
combination, as shown previously, gave polyure-
thanes that were clear and transparent with good
mechanical properties. The effectiveness of vari-
ous catalysts in the polymerization was assessed
by measuring reaction gel time, initial tempera-
ture rise during polymerization, and number av-
erage molecular weight (Mn) of the cured poly-
mer. The details of the procedure are given in the
Experimental section. Table I shows the results
observed for the seven different catalysts investi-
gated. The uncatalyzed polymerization yielded an
opaque polymer with a low molecular weight, and
the gel time was relatively long. Further, the ini-
tial rise in reaction temperature was only 10°C.
On the other hand, when an effective catalyst
such as DBTD (expt 3 in Table I) was used, the
reaction was very fast with a gel time of only 7 s,
the polymer was transparent and had a molecular
weight of 75,000, and the reaction temperature
rose to 180°C in 12 s. These results showed that
the most effective catalysts for the polymerization
were DBTD, DTDS, and DMTD.

It was interesting to note that amines as a
class of compounds were ineffective in catalyzing

the polymerization. Further, we noted that in all
of the effective tin catalysts, tin was present in
the tetracoordinated form (Sn41) while those in
the dicoordinated state were less effective. This
selectivity could be attributed to the difference in
miscibility of the catalysts with the reactants,
particularly PDMS. Perhaps the presence of four
alkyl groups on the Sn may have improved the
miscibility of the catalyst with PDMS, enabling
its bringing of necessary functional groups to the
reaction site and leading to a more homogeneous
polymer. Likewise, amines, which are more polar
than PDMS, may have poor miscibility with
PDMS.

The DSC results confirmed that the uncata-
lyzed polymerization produced a polyurethane
that is highly phase separated. Figure 4 shows
the DSC thermograms of as-synthesized polyure-
thanes obtained in uncatalyzed, and catalyzed
polymerizations by SO, DBTD, and DMTD. All
polyurethanes showed multiple hard segment
melting endotherms. In cases where the catalysts
were efficient (expts 3 and 8 in Table I), the re-
sulting polyurethane exhibited a relatively phase

Figure 4 DSC thermograms of as-synthesized
PDMS/PHMO (80/20) based polyurethanes (one step):
(a) uncatalyzed, (b) stannous octoate, (c) dibutyltin di-
laurate, and (d) dimethyltin dilaurate.
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mixed morphology as demonstrated by the pres-
ence of broad melting endotherms for the hard
segment. The main melting endotherms for these
polymers were spread over the 100–200°C tem-
perature range. On the other hand, the material
in the uncatalyzed polymerization showed sharp
and well-resolved hard segment melting endo-
therms. This is primarily because of the sensitiv-
ity of T1 and T2 type endotherms to annealing
and the possible association of disordering of
folded, longer hard segments in T2 type endo-
therms. Accordingly, the material produced in the
uncatalyzed polymerization exhibited a high level
of order, resulting from predominantly T2 (140°C)
and T3 (205°C) type transitions, while the polyure-
thanes obtained in catalyzed (DBTD or DMTD) po-
lymerizations contained mostly MDI2BDO (T2)
type order (average size based on reactant stoi-
chiometry) along with some mixing of T2 and T3.
Some of the minor peaks observed in these ther-
mograms may be due to annealing and storage
effects.

The DSC thermogram of the material polymer-
ized with SO (see Fig. 4) and those of others based
on less effective catalysts exhibited melting endo-
therms similar to that observed for the polymer in
uncatalyzed polymerization. Their thermograms
also showed soft segment Tg values very close to
those of the pure macrodiols, indicating highly
phase separated morphologies.

Effect of Hard Segment Content on One-Step
Polymerization

A one-step polymerization procedure (with effec-
tive catalyst) was employed to prepare a series of
polyurethanes with hard segment contents in the
45–60 wt % range to explore the range of poly-
urethanes with different properties that one could
synthesize by this method. Unlike the 40 wt %
hard segment composition, in all other cases the
reaction mixture remained cloudy during mixing,
indicating the poor miscibility of the reactants;
accordingly, the resulting polyurethanes were not
transparent. The polyurethane with a 40% hard
segment was easily compression molded and had
good mechanical properties. Further, with the ex-
ception of the material with the 45% hard seg-
ment, the others were all brittle and very weak
mechanically and could not be molded into flat
sheets for tensile testing. The composition based
on the 45% hard segment showed a 12-MPa ulti-
mate tensile strength and 70% elongation at
break. The SEC results of the polyurethanes (Ta-

ble II) indicated that the molecular weights were
generally high with a unimodal distribution, in-
dicating that the polyurethanes produced were
compositionally homogeneous. The poor mechan-
ical properties therefore appeared to be due to the
very high level of phase separation in these ma-
terials, as shown by the DSC results.

The DSC thermograms shown in Figure 5 in-
dicate that all four materials were very highly
phase separated, and the consequent lack of in-
terfacial adhesion may have resulted in materials
with poor mechanical strength. A sharp hard seg-
ment melting endotherm with high heat capacity
(Table II) was observed in the 200–220°C temper-
ature range in each of the cases. Further, the Tg
of the PDMS component of the soft segment was
close to that of pure PDMS. The high temperature
melting endotherm could be attributed to the
melting of the long-range crystalline order result-
ing from predominantly T4 type (MDI4BDO3)
structural units. The other minor melting endo-
therms observed were perhaps due to predomi-
nantly T1, T2, and T3 type transitions and/or

Figure 5 DSC thermograms of as-synthesized
PDMS/PHMO (80/20) polyurethanes (one step) based
on (a) 45, (b) 50, (c) 55, and (d) 60 wt % hard segments.
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storage annealing effects. The presence of these
high temperature melting endotherms makes the
materials difficult to process thermally, because
one needs to use temperatures over 200°C, above
which the polyurethanes generally start to de-
grade thermally.

Two-Step Polymerization

Two-step polymerization offers advantages over
one-step polymerization in polymerizing incom-
patible monomers. The end capping of the macro-
diol to form the prepolymer in the first step of a
two-step polymerization changes the solubility
parameter of the macrodiol (see Table IV). This
enables one to prepare a more homogeneous poly-
mer during chain extension in the second step
because all the macrodiol hydroxyls are reacted
with the diisocyanate in the first step. A polyure-
thane based on PDMS/PHMO (80/20) was pre-
pared by a two-step bulk polymerization (with no
catalysts) to investigate the effect of the method
of synthesis on polyurethane morphology.

During the prepolymer synthesis the reaction
mixture stayed cloudy, indicating the poor misci-
bility of PDMS in MDI. However, as the reaction
progressed the solution turned clear and the final
prepolymer was a clear, transparent, and viscous
liquid. The solution turned slightly cloudy during
chain extension, but BDO mixed well with the
prepolymer. Unlike the polymer obtained in the
catalyzed, one-step polymerization, the cured
polymer had a slightly hazy appearance.

Figure 6 shows the DSC thermogram of the
as-synthesized polyurethane. The major melting
endotherm was centered at 148°C. This could be
assigned to a T2 type transition (MDI2BDO), con-
sistent with the reactant stoichiometry (approxi-
mate macrodiol : MDI : BDO molar ratio 5 1 : 2 :
1), and the method of polymerization used. This
confirms that in the two-step polymerization
there is better control over the segment length
distribution even when polymerizing incompati-
ble systems.

It is interesting to compare this thermogram
(Fig. 6) with that observed for the polyurethane
obtained in a one-step uncatalyzed polymeriza-
tion [see Fig. 4(a)]. The results clearly demon-
strated that the two-step method yields materials
that are relatively more phase mixed and ap-
peared to be more homogeneous with respect to
the distribution of the hard segment size. On the
other hand, when compared with the one-step
catalyzed polymerization [see Fig. 6(c,d)], the ma-

jor difference was the presence of an endotherm
due to segments rich in the T3 (or mixed T2 and
T3) type transition (; 180°C). As seen in Figure 6,
there were several other less intense peaks, pre-
sumably due to T3 and T4 transitions and/or
those due to storage and annealing effects.

The results therefore clearly demonstrated
that the two-step method yields polyurethanes
that are compositionally more homogeneous even
if a catalyst is not present.

Polyurethanes with Different Hard Segment
Contents by Two-Step Polymerization

A series of four polyurethanes with hard segment
weight percentages of 45, 50, 55, and 60 was
prepared by two-step bulk polymerization to in-
vestigate whether this method is more suitable to
prepare polyurethanes with hard segments
higher than 40%. The soft segment was again
based on PDMS/PHMO (80/20) while the hard
segment was based on MDI and BDO. Unlike the
materials obtained in the one-step polymeriza-
tion, the polyurethanes obtained were not brittle
and had good mechanical properties as shown by
the tensile properties in Table III.

The DSC results show (Fig. 7) that the poly-
urethanes were more phase mixed than those pre-
pared by the one-step polymerization. The hard
segment melting endotherms were much broader
and spread in a very wide temperature range. As
expected with an increased hard segment content,
these endotherms moved to higher temperature

Figure 6 A DSC thermogram of PDMS/PHMO (80/
20) as-synthesized polyurethane prepared by two-step
polymerization.

2036 GUNATILLAKE ET AL.



ranges and that for the 60% composition ap-
peared in the 130–230°C range.

These results clearly show that the two-step
method is preferred over the one-step method in
preparing PDMS-based polyurethanes covering a
range of hardnessess.

Effect of PDMS Molecular Weight

The hydrophobicity of the PDMS macrodiol is ex-
pected to increase with the increase in macrodiol
molecular weight (low end-group concentration);
in fact, the calculated solubility parameters (see
Table IV) supported this. To investigate the effect
of the PDMS molecular weight on the polymeriza-
tion, two polyurethanes based on PDMS (MW
2181)/PHMO (MW 696) (80/20) were prepared by
using the one-step and two-step polymerization
procedures. The material produced by the one-
step method was very opaque and brittle with
poor mechanical properties. The tensile strength
and elongation at break of this material were only
3.8 MPa and 70%, respectively. In the two-step
method the first step produced a white and very

opaque prepolymer in contrast to that obtained in
the polymerization with the low molecular weight
PDMS. This indicates the greater incompatibility
of the reactants with higher molecular weight
PDMS, because of its low solubility parameter.
The polyurethane produced was again opaque
and broke easily during handling, exhibiting ex-
tremely poor mechanical strength. By decreasing
the hard segment weight percentage to 27 (to
keep the molar ratio of macrodiol : MDI : BDO to
1 : 2 : 1 similar to the PDMS-1000), the resulting
material was again opaque with poor mechanical
properties (tensile strength 2.2 MPa and elonga-
tion at break 65%).

The DSC results (Fig. 8) of the two as-synthe-
sized polyurethanes clearly demonstrated that
the materials were highly phase separated, as
evidenced by the presence of hard segment melt-
ing endotherms with high heat capacity and soft
segment (PDMS) Tg onset close to 2120°C. The
poor mechanical properties could be attributed to
this. The material from the one-step method ex-

Figure 8 DSC thermograms of as-synthesized poly-
urethanes based on PDMS (MW 2181)/PHMO (80/20)
(a) one-step polymerization or (b) two-step polymeriza-
tion.

Figure 7 DSC thermograms of as-synthesized
PDMS/PHMO (80/20) polyurethanes (two step) based
on (a) 45, (b) 50, (c) 55, and (d) 60 wt % hard segments.
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hibited a melting endotherm peaking at 182.4°C
(H 11.8 J/g) and a soft segment Tg onset at
2119.3°C. The material in the two-step polymer-
ization showed a relatively broad (120–220°C
temperature range) hard segment melting endo-
therm with a heat capacity of 16.2 J/g and a soft
segment Tg onset at 2117.3°C, indicating that
this material was more phase mixed than that in
the one step.

In summary, the results clearly demonstrated
that the synthesis of polyurethane elastomers
with good clarity and mechanical properties con-
taining a high level of PDMS-based soft segment
could be achieved by using a one-step bulk poly-
merization procedure only under certain condi-
tions. These conditions included a PDMS molec-
ular weight of about 1000 or lower, a hard seg-
ment weight percent of about 40, and the
presence of a catalyst such as DBTD. On the other
hand, the two step-polymerization has a broader
applicability, polyurethanes with good properties
could be prepared having a range of different
hard segment levels, and the presence of a cata-
lyst is not required.

Comparison of Mechanical Properties of New
Siloxane-Based Polyurethane (Elast-Eon 2™) with
Conventional Polyurethanes

It is preferable, particularly for the fabrication of
medical implants, that the synthesis and process-
ing of polymers be carried out free of catalyst
residues and other additives. Accordingly, a poly-
urethane based on PDMS/PHMO (80/20) was pre-
pared by a two-step bulk polymerization. The syn-
thesized polyurethane was subjected to the con-
ventional polyurethane processing steps such as

granulation and pelletization. The processability
of the new polyurethane (Elast-Eon 2™) was com-
pared to that of Pellethane™ 80A, which is a
commercial material based on PTMO. Despite the
absence of any antioxidants and processing
waxes, Elast-Eon 2™ was processed without deg-
radation. Particularly, the postextrusion han-
dling of the material was relatively easy com-
pared to Pellethane™ 80A, because of the mini-
mal postextrusion tackiness.

The tensile properties of the polyurethane
(Elast-Eon 2™) are presented in Table VI along
with those of Pellethane™ 80A and 55D for com-
parison. The stress–strain curves are shown in
Figure 9. The properties of Elast-Eon 2™ are
comparable to those of the softer grade P80A.

CONCLUSIONS

The results in this study clearly demonstrated
that the problems associated with synthesizing
polyurethanes containing soft segments based on
a high level of nonpolar macrodiols such as PDMS
are due to the incompatibility of PDMS with con-
ventional reactants used in preparing polyure-
thanes. However, with the use of low molecular
weight PDMS (ca. 1000) and a compatible macro-
diol such as PHMO one can prepare polyure-
thanes with good mechanical properties and clar-
ity by the conventional one-step bulk polymeriza-
tion. The presence of a suitable catalyst was
essential for the one-step polymerization, and it
was demonstrated that tetracoordinated tin cat-
alysts (e.g., DBTD) were the most effective. The
one-step bulk polymerization was limited to pre-

Table VI Comparison of Mechanical Properties of Elast-Eon 2™ with Commercial Polyurethanes
Pellethane™ 2363 80A and 55D

Property Elast-Eon 2™
Pellethane™

2363-80A
Pellethane™

2363-55D

Shore hardness 85 A 82 a 55d
Ultimate tensile strength (MPa) 28 6 0.7 33.7 6 1.8 40.3 6 1.8
Elong. at break (%) 580 6 5 430 6 20 (550) 328 6 16 (390)
Young’s modulus (MPa) 33 6 2 13 6 2 (NA) 87 6 10 (NA)
Stress at 100% strain (MPa) 10 6 0.3 8 (60) 20 (17)
Stress at 200% strain (MPa) 13 6 0.4 11 (NA) 29 (NA)
Tear strength (N mm21) 60 6 2 72 (83) (115)
Flexural modulus (MPa) 30 6 1 (NA) 35 6 2
Abrasion resistance (mg/1000 cycles) 40 10 (20) (80)

The results shown in parentheses are those reported by the manufacturer. NA, not available.
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paring polyurethanes with hard segments of
around 40 wt %; higher compositions yielded ma-
terials with poor mechanical properties.

The two-step bulk polymerization overcame
most of the problems associated with reactant
immiscibility by the end capping of the macrodiol
and the consequent changes in solubility, result-
ing in polyurethanes with good mechanical prop-
erties. This method is broader in applicability in
that polyurethanes with a wide range of proper-
ties can be prepared.

The DSC results demonstrated that in cases
where poor properties were observed, the corre-
sponding polyurethanes were highly phase sepa-
rated. It was further demonstrated that in immis-
cible systems the hard segments formed were
generally longer than the average length ex-
pected based on reactant stoichiometry. Except
for the composition with a 40% hard segment
content, the one-step method produced more
phase separated materials than the two-step
method.

The incorporation of a low level PHMO signif-
icantly improved the mechanical properties and
processability of the polyurethanes, and the opti-
mum composition of the PDMS and PHMO mac-
rodiol was 80/20 (w/w). Of particular interest was
the improvement in flexibility (low flexural mod-

ulus) and increased tensile strength with only
20% PHMO in PDMS, indicating its compatibiliz-
ing effect. We postulated that in this composition
the polyether phase is largely concentrated in the
interfacial regions, resulting in improved adhe-
sion between the soft and hard domains. Further,
the polyurethane was easily processable without
the presence of conventional processing additives
such as antioxidants and processing waxes. The
PDMS/PHMO-based polyurethane based on an
optimized formulation (Elast-Eon 2™) exhibited
properties comparable to those of Pellethane™
80A. The comparative biostability results will be
published elsewhere.

The authors thank Dr. Alfred Uhlherr for carrying out
the solubility parameter calculations. The authors also
acknowledge the technical support provided by Nicole
Sherrif for part of the work.
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