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Abstract Polymeric membranes have been used as
interfaces between implantable devices and biological tis-
sues to operate as a protective barrier from water
exchanging and to enhance biocompatibility. Polyure-
thanes have been used as biocompatible membranes for
decades. In this study, copolymers of polyether urethane
(PEU) with polydimethylsiloxane (PDMS) were synthes-
ised with the goal of creating materials with low water
permeability and high elasticity. PDMS was incorporated
into polymer backbone as a part of the soft segment during
polyurethane synthesis and physical properties as well as
water permeability of resulting copolymer were studied in
regard to PDMS content. Increase in PDMS content led to
increase of microphase separation of the copolymer and
corresponding increase in elastic modulus. Surface energy
of the polymer was decreased by incorporating PDMS
compared to unmodified PEU. PDMS in copolymer formed
a hydrophobic surface which caused reduction in water
permeability and water uptake of the membranes. Thus,
PDMS containing polyurethane with its potent water
resistant properties demonstrated a great promise for use as
an implantable encapsulation material.
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1 Introduction

The development of a new generation of implantable
medical devices for both long-term and short-term use,
requires rigorous application of protective barrier materials
[1, 2]. The key requirement is to allow the device (i.e.
biosensors, microelectronics and etc.) to operate consistent
in the pressure of electrolyte medium of body (potentially
corrosive). The ideal would be hermetic sealing using
biocompatible barrier materials; to prevent any adverse
interaction. Moreover, the material requires to be easily
processed into the complex shape requiring the device to
form a homogenous coating.

The need to protect both the device and biological tis-
sues has restricted the range of useful materials. However,
ceramics, glasses and metals were used in some applica-
tions, polymers are more popular [1-5]. Polymer coatings
such as silicone rubber, PTFE, Parylene and epoxy were
used to encapsulate the implantable devices [6—8]. How-
ever, these materials are biocompatible, they have limited
abilities to protect the device from water ingress [4, 6, 9].

Polyether based polyurethane elastomers are currently
used in a variety of blood and tissue contacting devices in
biomedical application due to their biocompatibility and
stability in biological environment together with their
superior processability [10-12]. Despite their excellent
mechanical properties and biocompatibility, the chemical
structure and morphology of polyurethanes make them
relatively permeable to gases and water [13-16].

Polyether—urethanes are permeable to both liquid water
and water vapour. Surface properties, chain packing and
phase separation are likely to affect permeability properties
of polymeric membranes [14, 17, 18]. The driving force of
water transmission process is the difference in the water
concentration or vapour pressure between the two sides of
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the membrane, which forms a concentration gradient
within the membrane. Solubility of water in the film also
plays an important role in diffusion process. The permeate
water is first absorbed on the surface of the membrane on
the side of highest water concentration. Then it diffuses
across by dissolving in the membrane, which is usually
called as activated diffusion. Upon arriving to the opposite
surface of the membrane, which has a lower water con-
centration, it is desorbed and enters to the surrounding air
space as vapour [19].

It is widely accepted that the slower the rate of water
molecule absorption at the surface of membrane, rate of
water transmission will also be lower through the mem-
brane [16]. Thus, the rate of water transmission through a
membrane can vary due to changes in surface hydrophi-
licity [15, 19]. The conventional approach, therefore to
increasing water resistance of a polyurethane is chemical
modification of the polymer by incorporation of a
copolymer or preparing nano-composites by using nano
particle additives [20].

Another important issue in implantable encapsulating
materials is their stability in biological environment. Pre-
vious researches showed that polyether—urethanes under-
went environmental stress cracking in vivo, and
particularly when processed with residual stress [11]. The
in vivo stability of polyurethanes has been increased by the
addition of polydimethylsiloxane (PDMS) in the soft seg-
ment of the copolymer which also increases surface
hydrophobicity [21, 22]. Considering these issues, it
appears that PDMS has the potential of creating a balance
between stability and water resistance in addition to bio-
compatibility and elastomeric properties [23].

Despite the noted advantages of PDMS, the intrinsic
mechanical properties of PDMS oligomers and polymers
are usually poor at room temperature. In order to develop
useful properties such as mechanical properties, they have
to be crosslinked or incorporated as a segment in an
existing polymers [24-26]. The use of a small amount of
PDMS is an effective way of modifying the polyurethanes’
surface without dramatically changes bulk properties [27—
29]. As PDMS posses low surface energy therefore, mini-
mization of interfacial energy should be achieved by
migration of low-energy chemical groups to the polymer—
air interface [30, 31].

Analysis of surface has proved that silicon containing
group (PDMS) are enriched at the air—polymer interface,
and the Si enrichment gradually becomes less pronounced
away from the interface toward the polymer bulk [32-34].

In this study PDMS containing polyurethane copolymers
were synthesised via solution polymerization. Polytetram-
ethylene oxide (PTMO) and hydroxyl terminated
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polydimethylsiloxane (PDMS) were used as the soft seg-
ment, and 4,4'-methylene diphenyl diisocyante (MDI) and
1,4-butanediol (BD) as the hard segment and chain extender
respectively. Molecular structure, polymer morphology,
surface properties, mechanical properties and water uptake
of the synthetic polymers were studied in order to further
explore the effect of PDMS on polyurethane properties.
Furthermore, water transport of modified polyurethanes was
compared with a clinically approved silicone rubber.

2 Experimental
2.1 Materials

Polytetramethylene oxide (PTMO, M,~2000, Sigma-
Aldrich, UK) and polydimethylsiloxane (PDMS,
M,, ~ 2000, Sigma-Aldrich, UK), were dehydrated at 80°C
in vacuum for 24 h before use. The hydroxyl value of the
polyols was corrected before use with method described by
Stetzler et al. [35]. 1,4-butane diol (BD, Sigma-Aldrich,
UK), 4,4'-methylene diphenyl diisocyanate (MDI, Sigma-
Aldrich, UK) and dibutyltin dilaurate catalyst (DBTBL,
Sigma-Aldrich, UK) were used as received. Tetrahydro-
furan (THF, Sigma-Aldrich, UK) and dimethylformamide
(DMF, Sigma-Aldrich,UK) were dried over molecular
sieve (4 10%) before use.

2.2 Synthesis of polyurethane

Polyether polyurethane and PDMS containing polyure-
thanes were synthesised via two-steps; solution polymeri-
zation of PTMO, hydroxyl terminated PDMS, MDI and then
chain extension with BD. The synthesis was carried out in a
three-neck flask equipped with a stirrer, a nitrogen inlet and
condenser guarded by a calcium chloride drying tube. The
reaction was carried out at a molar ratio of PTMO:MDI:BD
of 1:2:1. PDMS was added to the reactor in first step of the
reaction which produces a polymer with higher molecular
weight and homogeneous structure [36]. The temperature of
the reaction in the first step was kept at 50°C until all the soft
segment was dissolved in THF:DMF(1:1) mixed solvent.
The MDI was also dissolved in the mixed solvent, but added
drop-wise to the reactor. The temperature was gradually
increased to 80°C and maintained for 1 h to form the pre-
polymer. The prepolymer was chain extended using BD at
120°C for 4 h. Reaction mixture was cooled down to room
temperature and the copolymer was precipitated into pro-
panol/water (1:1) solution, then washed with methanol and
water several times, filtered and dried in a vacuum oven at
80°C for 24 h.
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2.3 Preparation of membranes

Polyurethane film samples about 0.5-2 mm thick were cast
on Petri dishes using 5-10% polyurethane solution (w/v) in
THF. The Petri dishes were covered with lid, and films
dried at room temperature for 72 h. The dried film was then
placed in water for an hour before peeling the film off from
the Petri dishes. The film was dried under vacuum at
0.1 torr and 80°C for 24 h before testing. Obtained films
were examined under light microscope to ensure that there
are no air bubbles or pinholes.

Silicone rubber (MED-4211) was purchased from NuSil,
USA (Polymer Technology, UK) and cured according to
the manufacturer recommendation.

2.4 Characterisation
2.4.1 NMR

Synthetic materials were characterised with proton ('H)
nuclear magnetic resonance (Burker AV 400 MHz) using
CDCl; as a solvent (Burker Analytik GmbH, Germany).

2.4.2 FTIR

FTIR spectra of the synthesised polymers were obtained
using a Nicolet 8700 FTIR spectrometer (Thermo Electron
Corporation, UK), where the polymer sample films were
cast on the KBr crystal to obtain spectra. Spectra were
recorded in the mid infrared region (4000-400 cm™ ) at
4 cm™! resolution and averaging 128 numbers of scans.
The spectra data were acquired using OMNIC 7.2 software.

ATR-FTIR spectra were also obtained using the same
spectrometer in conjunction with an Attenuated Total
Reflectance (ATR) accessory at room temperature. Data
were collected on KRS-5 using a variable-angle ATR unit
at a nominal incident angle of 45°. Samples were cut
randomly from polymer films, cut to ATR crystal size and
mounted on both sides of a trapezoid crystal.

2.4.3 Raman

Raman spectra of the samples were recorded using a
Nicolet Almega XR dispersive Raman spectrophotometer
(Thermo Fisher Scientific, Madison Wisconsin, USA),
equipped with a 785 nm laser. All the spectra were col-
lected in the range 3430-100 cm ™' using a x 10 objectives
and over an average of 128 scans, 1 s exposure time at
4 cm™! resolution.

2.4.4 Dynamic light scattering

Molecular weights of the polymers were obtained by using
Zetasizer, nanoseries analyzer (ZS, Malvern Instruments
Ltd. Worcestershire, UK) at 25°C using light scattering
method according to the refractive index of the polyure-
thane [37]. Polymer solutions in THF with different con-
centration were prepared in range of (0.02-0.0025 g/ml),
and filtered using 0.2 pm PTFE filter.

2.4.5 Mechanical testing

A tensile strength test was performed using an Instron
Universal Testing machine (model 5584,Instron Co., UK)
equipped with a 10 N load cell at room temperature. Dog
bone shape specimens were cut from cast films using an
ASTM D638 standard punch. The thickness of the films
was between 0.1 and 0.3 mm. Specimens were kept in a
desiccator at room temperature 1 week before testing. The
specimens were stretched until break at a crosshead rate of
20 mm/min. Stress—strain curves were calculated, using the
initial cross sectional area of the gauge section and the
initial 4 mm gauge length. Young’s modulus, E, was
obtained by calculating the slope of the initial linear region
of the stress—strain curve. Ultimate tensile strength (the
maximum stress achieved prior to rupture) and percent
elongation at break (the strain at rupture) were also
obtained from the stress—strain curves.

2.4.6 Differential scanning calorimeter

A Mettler Toledo calorimeter DSC823 (UK) was used in this
study. Samples were first heated at 10°C/min to 120°C and
then cooled to —60°C and then reheated to 220°C at 10°C/min.

2.4.7 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was carried out on a
TA Instruments Q800 DMA at a dynamic frequency of
1 Hertz, and heating rate 2°C/min. The sample was a
0.3 mm thick solution cast film which was dried and aged
over a week before testing.

2.4.8 Contact angle and surface energy

The contact angle of deionised water and «-Bromonaph-
thalene (Fluka) against the polymer surface was measured
by the sessile drop method with a KSV CAM200 contact
angle setup (KSV Instruments Ltd, Finland). The contact
angle measurement was conducted at room temperature
using liquid drops of 5 pl in size using a micro-litre syr-
inge. The polymers were casted on a glass slide and further
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Table 1 Surface energy calculation

s =78 + 7% @
L=+ . . @
yse = s+ = 2(0890) 205577 G
s = Vs + 7. Cos0 . . 4
y(1+ cos 0) = 2(y77)*+2(v577)° ®)

v, = liquid-vapour tension; y¢ = solid-vapour tension; yg; = liquid-
solid tension; y? , ”y? = dispersion term; yg, y’L) = polar term; 6 =
liquid—solid contact angle

Table 2 Surface energy of wetting liquid at 25°C [44]

Test liquid P (mJ/mZ) yP (m]/mz) YL (mj/mz)
Water 51 21.6 72.6
a-Bromonaphthalene 0 44.6 44.6

dried in a vacuum oven before testing. The contact angles
of both side of the drop were measured. Separate frames
were collected every 2 s for 20 s and the mean contact
angle was calculated using CAM software. The surface
energy of the membrane was calculated by using the sur-
face energy equations listed in Table 1 [38], and the sur-
face energy of the solid calculated by the Eq. 1, and yand
75 were obtained from the Eq. 5 by testing the contact angle
of the different liquids. The surface tension properties of
the test liquids are listed in Table 2.

2.4.9 Water uptake

Polymer films were cut in to 60 mm x 10 mm x 0.3—
0.4 mm and dried in a vacuum oven for 24 h to determine
their dry weight (Wy). The water absorption of membranes
was measured by immersion in deionised water at 37°C.
The wet weight with different immersion times (W,) was
determined by wiping off the surface water with filter
paper. The water absorption was then calculated by the
following formula [39]:

W — W,
W(%) = ——"4% 100 (6)
Wy
The average value of five readings from different

samples is reported.
2.4.10 Water transmission

Liquid water permeability of the membranes (thickness
~0.25 mm) was determined at 37°C. Dry films were
mounted and sealed on to open mouths of test bottles
(r = 22.5 mm) containing hygroscopic agent (anhydrous
copper sulphate, Sigma-Aldrich) and immersed in water for
1 week. Weighing the assembly allowed for determination
of water transmission rate, from which permeability was
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calculated. A reference medical grade silicone rubber
membrane was used as control. Data were compared using
one-way analysis of variance (ANOVA) and P val-
ues <0.05 were considered statistically significant. Data
are presented as mean =+ standard deviation.

Water vapour transmission was determined by covering
the open mouth of a conical flask (50 ml), filled with a
known amount of deionised water (~ 10 ml), with poly-
meric membranes. Membranes were additionally sealed
with Parafilm®. Measurement of water vapour transport,
based on gravimetric determination of vaporised water,
were taken daily for a period of 1 week. Each group of
samples was measured simultaneously in triplicate and
their average values were recorded.

3 Results
3.1 Synthesis of polymer

The control polyether polyurethane and PDMS containing
polyether polyurethane were synthesised by the reaction of
hydroxyl functional PTMO and PDMS with MDI and BDO
in THF/DMF mixed solvent. A series of polyurethanes
were synthesised by varying the ratio of PDMS to PTMO
and hard segment. Synthesis conditions were optimised to
obtain the maximum molecular weight of the polymer and
together with maximum reaction yields are presented in
Table 3.

3.2 Structure characterisation

The structure of the synthetic polymers was analysed using
FTIR, Raman and NMR spectroscopy. The peak assignment
of Raman and FTIR are tabulated in Table 4 and spectra of
PDMS containing polyether—polyurethane are presented
in Fig. 1a and b. The absorption bands around 3,330 cm™"
(H-bonded N-H stretch in urethane), 1,730 cm ™! (free
urethane C=0), 1,704 cm ™! (H-bonded C=0) were assigned
urethane linkage while the peak at 1,600 cm™" assigns for
C=C in benzene ring (this peak is stronger in Raman). The
peak at 1,082 cm™' shows the (C—O-C) stretch in poly-
ether—polyurethane. The peaks at 1,258 cm™' (bending of
C-H in Si-CH;3), 1,100 cm™' (-Si—O-Si— bending),
1,021 cm™! (asymmetric stretching of Si—O-Si), 804 cm ™!
(C—H in Si—CH3) were assigned to the PDMS in copolymer.
In Raman results, peaks at 503 cm ™' (Symmetric Si—O-Si),
718 cm™'(Si—C stretch) are assigns for PDMS in polymer
structure, and bands at 1,530, 1,303, 1,250 and 1,185 cm™!
are appearing after formation of urethane amide from
polyurethane reaction [40].

"H-NMR spectrum (Fig. 2) of the synthesized PDMS
containing polyether—urethane revealed signals at
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Table 3 Molecular weight and yield of reaction for various compo-
sitions of PDMS and PTMO based polyurethane copolymers

Sample ID Hard segment PDMS M, Yield of
(%) (Wt%) reaction (%)
PEU 23 0 81000 88
2PDMS-PEU 23 2 68400 85.4
10PDMS-PEU 23 10 45300 83.2
S50PDMS-PEU 23 50 42300 74.8

Table 4 Bands assigned to FTIR and Raman spectroscopy of Poly-
urethane [12, 40, 46-51]

Wave number Assignment FTIR Raman
(cm™")
3420 v (N-H) free S w
3320 v (N-H) H-bonded S w
2930 v a(CH2) S S
2860 v a(CH2) S S
1730-1732 Ester v (C=0),urethane S m
amidel v (C=0)
1710-1702 v (C=0) in Urethane S m
1600 v (C=C in benzene ring(Ar)) m S
1530 v (Ar),urethane amide II, S m
v (C-N)+ 6(N-H)
1520 v (C-N) + 6(N-H) w m
1450-1460 J (CH2) w m
1340-1360 0 (CH2)(wagging) m w
1312 v (C-N), v (C-0) S m
1303 0 (CH),urethane amide IIT m S
1258 d (CH) in Si-CH3 m w
1250 Urethane amide III S S
1185 Urethane amide w S
1080 v (C-0-C) s w
1020 v a(Si-0-Si)) m w
970-975 o (CN) w m
960-965 w (CH2) w m
896-902 v s(C-0-C) w m
860-865 J(C-0-0), 6(C-C-0) w s
804 w (CH) in Si—CH3 m w
718 v (Si-C) w S
630-645 w (C-0) w m
503 vs (Si—O-Si) w S

v Stretching, 6 Bending, va Asymetric stretching, vs Symmetric
stretching, Ar Aromatic, w Wagging, S Strong, M Medium,
W = Weak

6 = 0.14 ppm (CH; from Si-CH3), 6 = 1.4, 1.8, 3.6,
4.1 ppm (CH from 1, 4-butane diol and PTMO), 6 = 3.8,
7.2, 7.5 ppm (aromatic protons and benzyl protons on

MDI) and also it exhibited a chemical shift at around
8.1 ppm, which is ascribed to protons on urethane amide
group [24, 41, 42]. Raman, FTIR and NMR results are in
good correlation with previously published data and
confirmed the incorporation of PDMS in polyether—
urethane.

3.3 Thermal analysis

Differential scanning calorimetery (DSC) and dynamic
mechanical analysis (DMA) were used to investigate the
effect of PDMS on polyurethane morphology. DSC ther-
mograms of the polyether polyurethane and PDMS con-
taining polyether—polyurethanes are illustrated in Fig. 3.
PDMS in polyether—urethane increased the melting point
of the soft segment which can be because of an increased
phase separation due to the addition of PDMS.

DMA results also provided information on thermal
transitions reflecting the morphological changes, support-
ing DSC results. In the PDMS containing copolymers, the
main glass transition of the PTMO soft phase was higher
than that of polyurethane control, suggesting complex
microphase separation behaviour (Table 5).

3.4 Tensile test

Elastic modulus, ultimate tensile strength, and percent
elongation at break were determined from stress—strain
plots for each sample. The hard segment content of all
samples was the same and all samples showed elastomeric
behaviour in tests.

The results clearly demonstrate that, as the amount of
PDMS in copolymer is increased, the ultimate tensile
strength (UTS) and fail strain decreased (Fig. 4). The
polyurethane with 2% PDMS showed the highest UTS
between all the PDMS containing polymers. Generally, all
materials were elastomeric with an elongation at break of
over 300% which increased as the polyether content was
increased. Sample with 2 wt% PDMS content showed the
best similarity with control polyurethane in case of
mechanical properties, which did not affect the mechanical
properties of polyether—urethane.

3.5 Surface properties

The observation of surface segregation of the low surface
energy segment (e.g. PDMS) has been widely reported in
the siloxane containing block polyurethane systems. It has
been shown that when a block copolymer is formed with
PDMS and another copolymer, PDMS surface segregation
will occur, if the other copolymer has a higher surface
tension than PDMS [43].
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Fig. 1 a FTIR spectrum of
PDMS (10 Wt%) containing
polyether polyurethanes, b 1
Raman spectrum of PDMS 35+
(10 Wt%) containing polyether |
polyurethanes 40

0. (@)

25+

20-

Absorbance
3330 cm (H-bonded N-H strewch in urethane)

—

Raman intensity

o M

m?\”'.w .
300

3.5.1 ATR-FTIR analysis

ATR-FTIR spectra of the 10% PDMS-polyether urethane
(PEU) films were collected. Both the air interface and glass
interfaces of the film were analysed to study the surface
chemistry of the film at different interfaces. Results are
showing the enrichment of PDMS at the air-interface. The
peaks at 1,258 cm”! (bending of C-H in Si—CHj3),
1,021 em™! (asymmetric stretching of Si—O-Si), 804 cm ™!
(rocking of C-H in Si—CHj3) assigned to PDMS in the
copolymer [43]. The intensity of these peaks at air interface
shows a significant difference with glass interface (Fig. 5),
which confirms the migration of PDMS segments to air
interface resulting in reduced surface energy. Generally,
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molecules in polymeric films are arranged in a way to
create minimum interfacial energy.

3.5.2 Contact angle measurement

The phenomenon of wetting of a solid by a liquid is better
understood by studying the contact angle. Water contact
angle is a representative of hydrophobicity or hydrophi-
licity of the surface. A water contact angle of 90° or more
indicates a non wetting surface [44].

The results obtained are reported in Table 6. Hydro-
phobicity of polyurethane increases by incorporating
PDMS resulting reduction of surface energy. The large
water contact angles obtained for the PDMS containing
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Table 5 Effect of PDMS content on glass transition temperature of
polyether—urethane

Sample ID T, of PDMS T, of PTMO Tims
o* (°O* (°Cy**

PEU - —43 18

2PDMS-PEU —102 -32 25

10 PDMS-PEU —98 -30 28

50PDMS-PEU —9%4 -25 34

* Measured by DMA
** Measured by DSC

polyurethane indicates the presence of a largely hydro-
phobic surface at air interface compared to the glass
interface (2PDMS-R).

3.6 Water uptake

As shown in Fig. 6 the water uptake of polyurethane
membranes decreased by increasing the PDMS content of
the polymer. In first 12 h of immersion in water all PDMS
containing membranes absorbed less water compared to an
unmodified membrane. Absorption then increased with
soaking time and levelled off after 36 h. The reduced water
uptake of the membrane with 50 wt% PDMS shows the
effect of the lower polarity PDMS segments compared with
PTMO; while incorporation of 2 wt% PDMS had no sig-
nificant effect.

3.7 Water permeability

Figures 7 and 8 are showing the water transport through
polyurethane and silicone rubber membranes. Results are

Fig. 5 ATR-FTIR spectrum of
PDMS containing polyether—
urethane (10 Wt%) collected on
air and glass interface

-10%PDMS.PU-Air interface
(102 PDMS-PU-glass interface
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Table 6 Contact angle and surface energy values (ys) of polyurethane membranes

Polymer 0 With water (°) 0 With o-bromonaphthalene (°) ¥ (mNm’l) vE (mNm’l) Vs (mNm’l)
PU 89.86 + 1.62° 41.95 £ 2.04° 1.71 33.90 35.61
2PDMS-PEU 101.39 + 1.16° 46.13 £+ 1.81° 0.16 31.96 32.11
10PDMS-PEU 105.79 + 2.30° 5425 £ 2.11° 0.06 27.98 28.05
50PDMS-PEU 105.87 £ 3.16° 53.02 £ 3.76° 0.05 28.59 28.64
2PDMS-PEU-R 97.58 + 1.72° 46.25 £ 3.49° 0.54 31.90 3243

Water absorption(%)

0 20 40 60 80 100 120 140 160 180
Time(h)

Fig. 6 Water uptake of polyurethane membranes and soaking time.
PEU (#); 2PDMS-PEU (H); 10PDMS-PEU (A); SOPDMS-PEU (@)

showing less water transport through polyurethane series
compared with silicone rubber which could be because of
higher chain packing of polyurethane. Moreover, perme-
ability of polyurethanes decreased with incorporation of
PDMS. This may be due to the increased surface hydro-
phobicity which reduces the rate of water absorption at the
surface of the membrane. It is clear from the results that
even adding a small amount of PDMS in polyurethane
structure led to decreased water permeability. The water
permeability of all PDMS—PEU formulations were signif-
icantly lower than that of PEU alone (P < 0.05; Fig. 7) and
interestingly the effect was independent of PDMS content.
Although, PDMS has reduced the water transport in the
first 24 h, the difference between modified and unmodified
group were reduced by longer immersion (Fig. 7b). Water
vapour permeability increased with incorporation of PDMS
paradoxically (Fig. 8). The difference might be because of
the role of the soft phase in permeation mechanism for
H20.

4 Discussion

Here we reported the synthesis and characterisation of less
water permeable polyurethane copolymers. These copoly-
mers have several fascinating and promising properties,
which can promote the use of silicone containing poly-
urethane in packaging implantable devices such as micro

electronics. The excellent correlation between material
hydrophobicity and PDMS content allows for control the
permeability with respect to surface [16].

In respect to synthesis results, yield of the reaction and
molecular weight of the polymers decreased by adding
PDMS, which happened due to different solubility of the
monomers in the solvent, however, since a mixed solvent
system has shown improvement [24]. Results of NMR,
FTIR and Raman spectra confirmed the formation of the
PDMS—polyurethane copolymer and thermal analysis
results are showing the phase separated nature of the
copolymer. The observed differences in mechanical prop-
erties can be attributed to the ability of comacrodiol to
interact with both urethane hard segments and siloxane soft
segments. The weaker interactions between the PDMS
containing soft segment and hard segments which caused
by low polarity of PDMS segments explain the lower
strength at breaking of polymer with higher PDMS content.

It is well known that mobility and electrostatic repulsion
of polymer chains (especially soft segment in polyure-
thane) play important roles in water transport through
polyurethane membranes. Generally, segmented polyure-
thanes can form segregated microphase structures in which
crystalline hard segments are dispersed within a continuous
soft segment matrix [12]. Due to the rigidity of the hard
segment and its strong intermolecular forces, permeability
of molecules linked mainly to the mobile soft segments, i.e.
the rubbery state. Higher chain mobility is associated with
a larger free volume in soft segment domains, which then
facilitates the unhindered passage of water [16]. PDMS has
increased separation of the two phases and consequently
enhanced dispersion of hard and soft segment which can
potentially reduce the chain mobility. On the other hand,
water repulsive surface leads to the reduction of water
absorption at surface of the polymer, and accordingly less
water transport through the membrane occurs. In this study
surface of membranes was modified in a way to reduce the
water absorption by creating hydrophobic surface.

All polyurethane samples are showing less water per-
meability compared with silicone rubber which could be
due to multiphase structure of the polyurethane and rigidity
of the hard segment in polyurethane. The incorporation of

@ Springer



1812

J Mater Sci: Mater Med (2009) 20:1803-1814

Liquid water permeability of polyurethane membranes after 24 hours
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Fig. 7 Water transmission through PDMS containing polyurethane
membranes in liquid water at 37°C, a after 24 h immersion; b after
7 days immersion in deionised water [9]. *P-value <0.05 compared
to PEU; n = 3-4 samples per condition
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Fig. 8 Vapourised water transmission through PDMS modified
polyether—urethane at 25°C

PDMS into the composition of the experimental copolymer
not only resulted in a lower water transmission through
membrane, but also a reduction in water uptake of the
membrane, since PDMS is considered as a hyrophobe and
non-polar material. Results of water permeability in liquid
water are quite different with water vapour results. This
might be because liquid transport is more sensitive to water
repellence of the PDMS segments on membrane surface
whereas gas phase water molecules are subject to fewer
resistive forces. As the PDMS soft segment have much

@ Springer

lower Tg than PTMO, the gas permeation should occur
preferentially through the PDMS domains [17, 18, 45], as a
result, vapour permeability increased by introducing more
PDMS as soft segment. On the other hand, effect of PDMS
on morphology of polymer due to different polarity and its
incompatibility with other segments can reinforce the
possibility of penetration of individual molecules such as
gases.

5 Conclusion

As demonstrated in this report, a water resistant copolymer
of PDMS—polyether urethane was synthesised whose
physical and mechanical properties could be easily modi-
fied. The incorporation of PDMS in a polyurethane back-
bone introduced a water resistant membrane with an
acceptable medical application background. Results of this
research are encouraging the potential of PDMS modified
polyurethane for application as a water resistant barrier for
coating implantable devices with irregular shapes.
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