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Abstract: In this article we describe our continuing re-
search on a novel nanocomposite approach for reducing gas
permeability through biomedical polyurethane membranes.
Nanocomposites were prepared using commercially avail-
able poly(urethane urea)s (PUU) and two organically modi-
fied layered silicates (OLS). Wide-angle X-ray diffraction ex-
periments showed that the silicate layer spacing in the
nanocomposites increased significantly compared with the
neat OLS, signifying the formation of intercalated PUU/OLS

structures. The nanocomposite materials exhibit increased
modulus with increasing OLS content, while maintaining
polymer strength and ductility. Water vapor permeability
was reduced by about fivefold at the highest OLS contents,
as a result of PUU/inorganic composite formation. © 2002
Wiley Periodicals, Inc. J Biomed Mater Res 64A: 114–119, 2003
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INTRODUCTION

Segmented polyurethanes, and in particular poly-
(urethane urea)s (PUUs), are currently used in a vari-
ety of blood-contacting applications in biomedical de-
vices. For example, the Arrow International LionHeart
and Abiomed’s AbioCor cardiac assist devices utilize
PUU elastomers in the blood pump as well as in other
locations. In general, biomedical PUUs possess good
biocompatibility and flexural fatigue characteristics
but, because of the low Tg and relatively high concen-
tration of soft segments, are relatively permeable to air
and water vapor. The latter can lead to potential prob-
lems, particularly in completely implantable devices.

The traditional approach to this problem is to
modify the chemistry of the copolymer, particularly
that of the soft segment. For example, replacement of
the usual polytetramethylene oxide (PTMO) soft seg-
ments with aliphatic polycarbonate segments results
in twofold reduction in water vapor transmission rate
compared with PTMO-based counterparts.1 We have
recently taken an alternative approach that involved

the synthesis of comb polymers in which small comb
branches of relatively low permeability polyisobutyl-
ene (PIB) are “grafted” on a PTMO soft segment PUU
backbone.2 This approach was used because attempts
of substituting the polyether soft segments with PIB
resulted in low overall copolymer molecular weight
and poor mechanical properties.3 In order to synthe-
size the comb polymers, it was first necessary to syn-
thesize end-functionalized PIB macromonomers con-
taining a diol functionality, (−OH)2, on one end of the
molecule. This was accomplished using a new poly-
merization initiator and pseudo-cationic polymeriza-
tion.2 Several series of comb polymers were synthe-
sized from methylene bis(p-phenyl isocyanate) (MDI),
∼2000 molecular weight PTMO, ethylene diamine
(EDA) and one of four PIB diols having molecular
weights ranging from ∼3,000 to 29,000. Hard segment
concentration was maintained at ∼22 wt% for all comb
polymers. However, even at the highest PIB contents,
only a modest (twofold) reduction in water vapor and
oxygen permeability was observed, because of the
lack of control over the phase-separated morphology
of the PIB microdomains.4

Recently, a more efficient approach for reducing the
permeability of elastomers has received widespread
attention. The basic idea is to disperse an organically
modified layered silicate (OLS) in the polymer, creat-
ing a more tortuous path for diffusion of gas mol-
ecules through the composite. Provided that the inor-
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ganic OLS layers are finely dispersed throughout the
polymer (see below) during processing, the perme-
ability of the resulting nanocomposite can be substan-
tially reduced (as a result of the relatively high aspect
ratio of the impermeable silicates layers), even at mod-
est OLS concentrations.5–7 In a recent publication8 we
demonstrated the utility of this approach for biomedi-
cal PUUs, realizing as much as a fivefold reduction in
water vapor permeability at relatively low OLS load-
ings. This nanocomposite approach is generally appli-
cable to a wide range of polymers, and in this article
we present an extension of this work to commercial
PUUs that are used in cardiac assist devices.

EXPERIMENTAL

Materials and nanocomposite preparation

The two commercial biomedical PUUs used in this study
were obtained from the Polymer Technology Group: Bio-
Span and BioSpan MS/0.4. BioSpan has been recognized by
the FDA as a Biomer replacement and has been used in a
substantial number of clinical ventricular assist and artificial
heart devices. Although the exact compositions of these seg-
mented block copolymers are proprietary, BioSpan is pre-
pared from MDI, ∼2000 molecular weight PTMO and mixed
diamine chain extenders [EDA and 1,3-cyclohexanediamine
(1,3-CHD)].9 The hard segment concentration of this copoly-
mer is ∼20 wt%. The chemistry of BioSpan MS/0.4 is similar,
except that a portion of the chain ends are capped with
∼2000 molecular weight poly(dimethylsiloxane) to a level of
0.4 wt% of the copolymer. In addition, both polymers con-
tain ∼5% of a polymethacrylate modifier that is immiscible
with the PUU copolymer. The standard quantity (ca. 1%) of
antioxidant was present in each. Both polymers were re-
ceived in ∼20 wt% solution in N,N-dimethylacetamide
(DMAc).

The two organically modified layered silicates used in our
experiments were Cloisite 15A (Southern Clay Products)
and Nanomer I.30TC (Nanocor). The former material was
prepared by the supplier by ion-exchanging Na+ montmo-
rillonite (MMT) with dimethyl ditallow ammonium. The tal-
low used was composed of ca. 65% C18, 30% C16, and 5% C14

units and is introduced in excess of the cation exchange
capacity to approximately 1.25 meq/g. Nanomer I.30TC was
also prepared by the supplier, by ion-exchanging Na+ MMT
with octadecylammonium. The average aspect ratios (�) of
Cloisite 15A and Nanomer I.30TC have been reported by the
manufacturers to be 200–500. Both OLS were used as re-
ceived.

Because Cloisite 15A does not disperse efficiently in
DMAc, a 3 wt% transparent solution of this OLS in toluene
was prepared, then added dropwise to a 3 wt% solution of
BioSpan in DMAc, and stirred for 3 h at 80°C. The mixture
was then stirred overnight at room temperature. The solu-
tion was degassed, then films were cast onto round glass
petri dishes. The films were air dried for 24 h and subse-
quently dried under vacuum at 50°C for 24 h. Composites

containing final concentrations of 1, 3, 7, 13, and 20 wt% OLS
were prepared. Assuming that the hydrocarbon surfactant
and neat silicate have densities of 0.8 and 2.5 g/mL respec-
tively, these OLS weight fractions correspond to ∼0.3, 0.8,
2.0, 3.8, and 5.9 vol% inorganic layered silicates, respec-
tively.

Because of the different organic modification, Nanomer
I.30TC disperses well in DMAc, forming a transparent 3 wt%
solution. This solution was added dropwise to a 10 wt%
solution of BioSpan MS/0.4 in DMAc and stirred for 3 h at
80°C. The remainder of the film preparation and drying pro-
cedure was the same as for the Cloisite 15A nanocomposites.
Final films containing 10 wt% OLS were quite transparent,
indicating good OLS dispersion in the solid state. A sche-
matic of our nanocomposite preparation procedure is shown
in Figure 1.

Characterization

X-ray diffraction experiments were performed on film
samples on a Rigaku X-ray diffractometer operating in a
theta-theta geometry using Cu K�(� = 0.154 nm) radiation.
Samples were scanned at a rate of 1°/min from ∼1.5–40° 2�,
using a step size of 0.02°. Diffraction patterns of the OLS
powders were obtained by loading each into the cavity of an
aluminum sample holder and compacting the powder with
a glass plate until a smooth surface was obtained.

Evaluation of the mechanical properties was carried out
on a table model Instron tensile testing machine on speci-
mens cut with a microtensile die (ASTM D1708-93). A cross-
head speed of 100 mm/min was used for all experiments.
Ultimate strength (�b) and elongation (�b) as well as the
modulus at 50% extension (E50) were determined from five
specimens taken from each of the composites. Mean values
and their standard deviations are reported in the tables.

Water vapor permeability of the nanocomposite films
(0.25 mm thick) was determined at 27°C according to ASTM
E96-95. Dry films were sealed to the open mouths of test
bottles containing desiccant (anhydrous calcium sulfate) and
placed in a chamber controlled at 90% relative humidity.
Periodic weighings of the assembly allow for the determi-
nation of water vapor transmission rate, from which the
permeability is calculated.

Fourier transform infrared spectroscopy (FTIR) and dif-
ferential scanning calorimetry (DSC) experiments were also
conducted on selected BioSpan–Cloisite 15A nanocompos-
ites. For the FTIR experiments, thin films were deposited on
KBr disks. The spectra were acquired in transmission using
a Biorad FTS 45 spectrometer. Each sample was scanned 64
times at a resolution of 2 cm−1, and the scans were signal
averaged. All spectral absorbances fall within the range of
Beer’s Law. For presentation purposes each spectrum was
first normalized using the area of the 1412 cm−1 peak, as-
signed to the C−C stretching mode of the aromatic ring.10

A Seiko Instruments DSC 220 CU equipped with a liquid
nitrogen cooling tank was used in this study. Samples were
first heated at 20°C/min to 120°C and then cooled to −120°C
and reheated to 150 (or 200)°C. Data were recorded on heat-
ing from −120°C. PUUs like BioSpan and BioSpan MS/0.4
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cannot be heated for a significant time period above 150°C
without chemical changes occurring in the polymer.11 Con-
sequently, the DSC experiments can only be used to charac-
terize soft phase transitions and any relatively low tempera-
ture hard phase transitions.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the BioSpan–
Cloisite 15A and BioSpan MS/0.4–Nanomer I.30TC
nanocomposites are presented in Figures 2 and 3, re-
spectively. The neat BioSpan polymers exhibit an
amorphous halo near 20° 2�, consistent with our stud-
ies on similar PUUs,11 and is found at the same loca-
tion for all of the composites. The spacing between
silicate layers (d001) of the unmodified Na+ MMT (not
shown in Fig. 2) was determined to be 1.2 nm. Incor-
porating organic species on the silicate surfaces in-
creases the layer spacing in Cloisite 15A to 2.8 nm.
This increases further (to about 3.4 nm) for all of the
BioSpan–Cloisite 15A composites. Similar behavior is
seen in Figure 3 for the BioSpan MS/0.4–Nanomer
I.30TC mixtures: the gallery spacing increases from 2.5
nm for Nanomer I.30TC to ∼3.2–3.4 nm for the
nanocomposites. These results clearly show that the
PUU copolymers are intercalated/inserted between
the silicate layers, and some of them readopt a parallel
registry after solvent evaporation. Finally, the absence
of any diffraction peaks at the characteristic d-
spacings of the organo-MMT demonstrate that all the
layers are dispersed in the polymer matrix (resulting
in intercalated or exfoliated structures). Second- and
third-order (002 and 003) reflections are also observed
at higher silicate loadings.

The role of the nonpolar alkyl ammonium cations in
the OLS is generally to lower the surface energy of the
native MMT and improve wetting with selected poly-
mers. Confinement of polymer chains in the silicate
galleries results in a decrease in entropy but this may
be at least partially compensated for by an increase in
conformational freedom of the end-grafted alkyl sur-
factants when the layers separate.12 Because changes
in interlayer spacing are generally modest, at equilib-
rium, the change in system enthalpy will determine if
intercalation is possible from a thermodynamic per-
spective.12 Like the present situation in which the
polymer and OLS layers are in solution and films are
formed by casting, kinetic trapping of the OLS layers
by polymer chains is also a possibility.13

Favorable enthalpy for silicate–PUU mixing could
arise from polar or hydrogen bonding interactions be-
tween C=O and N−H in the PUU chains (hard seg-

Figure 2. X-ray diffraction patterns of BioSpan, Cloisite
15A and selected BioSpan–Cloisite 15A nanocomposites

Figure 1. Schematic drawing of the preparation of the BioSpan and BioSpan MS/0.4 nanocomposites. The black circles
represent solvent molecules; the lines, PUU chains; and the “blocks” a single silicate layer. The relative size of the blocks are
for illustrative purposes only and the relative dimensions do not represent those of a single silicate layer (∼1 nm thick and
having an aspect ratio of ∼200–500).
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ment) and polar sites on the silicate surface (the graft-
ing density of alkyl species resulting from cation ex-
change is on the order of one surfactant molecule per
174 Å2). Potential sites on the silicate layer surfaces for
polar or hydrogen bonding interactions become in-
creasingly accessible as the layers are separated. The
FTIR spectra of PUUs (and diol-based polyurethanes)
are well known to be sensitive to hard domain orga-
nization and the urea and urethane hydrogen bond-
ing.10,14–17 Consequently, we compared the FTIR spec-
tra of the BioSpan–Cloisite 15A nanocomposites with
those of the neat components. We focused primarily
on the carbonyl (∼1620–1760 cm−1) and N−H stretch-

ing (3150 and 3500 cm−1) regions. Even at the highest
OLS contents, no discernable changes in the spectra of
the nanocomposites compared with that of BioSpan
were observed. This is illustrated in Figure 4 for com-
posites containing 20 and 30 wt% Cloisite 15A. Con-
sequently, the FTIR data available at this point suggest
that dispersed OLS layers in the PUU matrix are ki-
netically trapped.

DSC thermograms for the BioSpan–Cloisite 15A
composites are shown in Figure 5. The soft phase glass
transition temperatures of all nanocomposites are the
same as that of the neat BioSpan (about −68°C). In
addition, the heats of fusion of crystalline soft seg-
ments (that crystallized on cooling to subambient tem-
peratures), normalized to the PUU weight in the mix-
tures, were also found to be independent of OLS con-
tent (∼25 J/g). Thus, the crystallization of the soft
segments is not modified in the vicinity of the silicate
surfaces, which is characteristic of polymers (or seg-
ments of block copolymers) with weak interactions
with MMT fillers (such as polypropylene18). In con-
trast, for polymers with strong specific interactions
with the surfaces [such as nylon 619 and poly(vinylal-
cohol)13] the filler nucleates crystal structures that dif-
fer from those in the bulk polymers.

The tensile mechanical properties of both types of
nanocomposites are summarized in Tables I and II.
When inorganic fillers are dispersed in polymers, elas-
tic modulus is typically increased, with a concurrent
sacrifice of the ultimate strength and elongation. Not
surprisingly, for our composites, the nanodispersed
silicates result in a significant increase in modulus (by

Figure 3. X-ray diffraction patterns of Nanomer I.30TC,
BioSpan MS/0.4, and selected BioSpan MS/0.4–Nanomer
I.30TC nanocomposites

Figure 4. FTIR spectra of BioSpan, Cloisite 15A, and 20 and 30 wt% BioSpan–Cloisite 15A nanocomposites from 3100 and
3600 cm−1 and 1600–1800 cm−1.
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a factor of 2–3 at 20 wt% OLS); however, the ultimate
strength remains comparable to that of the neat PUUs
or is perhaps in excess of that for some compositions.
Remarkably, these changes are also accompanied by
retention of the native PUU ductility, maybe even an
increase in strain to failure at relatively low OLS lev-
els.8 A clear picture of the micromechanics of the sili-
cate–PUU “interaction” that leads to this remarkable
behavior has not yet emerged.20,21 Although in the
bulk state silicates behave as relatively rigid materials,
transmission electron micrographs of nanocomposite
morphology show that individual silicate layers, be-
cause of their high aspect ratio and nanometer thick-
ness, exhibit a measure of flexibility.22

The water vapor permeabilities of both series of
nanocomposites are presented in Figure 6 in terms of
PC/P0, i.e., the permeability of the nanocomposite (PC)
relative to that of the unfilled BioSpan or BioSpan MS/
0.4 polymers (P0). Note that there is a very significant
reduction in permeability: reaching about fivefold at
the highest OLS contents, considerably larger than
what is typically achieved by chemical modification of
polyurethanes.1,2 As noted earlier, this is a conse-
quence of the more tortuous path required for the pen-

etrant molecules to permeate through the membrane.
Reduction in water vapor permeability is similar for
the two series of materials, with the I.30TC OLS per-
haps a bit more effective at lower OLS concentrations.

The solid lines in Figure 6 represent predictions for
the permeability through the thickness of a composite
film that has dispersed, completely oriented, impen-
etrable filler layers. In the dilute and semidilute re-
gimes23,24:

PC/P0 = (1 + ��2�2)−1 (1)

where � is the filler volume fraction, � the filler aspect
ratio and � a “geometric factor,” 24 � = �2/16ln2�.
Comparison between the experimental values and
model predictions suggests a gradual change in the
effective aspect ratio of the silicate filler particles: a
change from high aspect ratio exfoliated single layers
at low loadings, to intercalated multilayer stacks of
smaller effective aspect ratios at higher volume frac-
tions.

SUMMARY

We report on our continuing investigation of a
novel nanocomposite approach for significantly re-

TABLE I
Mechanical Properties of BioSpan–Cloisite

15A Nanocomposites

OLS Loading
(wt%)

Modulus at
50% Strain

E50 (psi)

Ultimate
Strength
�b (psi)

Ultimate
Elongation

�b (%)

0 510 (±40) 4280 (±340) 820 (±60)
1 620 (±60) 4860 (±310) 1010 (±80)
3 740 (±70) 4770 (±410) 900 (±90)
7 900 (±70) 5150 (±290) 860 (±70)

13 1190 (±70) 4540 (±290) 830 (±60)
20 1370 (±80) 4410 (±270) 800 (±100)

TABLE II
Mechanical Properties of BioSpan MS/0.4–Nanomer

I.30TC Nanocomposites

OLS Loading
(wt%)

Modulus at
50% Strain

E50 (psi)

Ultimate
Strength
�b (psi)

Ultimate
Elongation

�b (%)

0 540 (±50) 4500 (±350) 890 (±60)
3 760 (±60) 5550 (±450) 1100 (±80)
7 880 (±40) 5400 (±220) 980 (±60)

13 1100 (±80) 4800 (±250) 870 (±50)
20 1410 (±70) 4450 (±240) 850 (±110)

Figure 6. Relative water vapor permeability for BioSpan–
Cloisite 15A (�) and BioSpan MS/0.4–Nanomer I.30TC (�)
nanocomposites. The solid lines represent predictions from
Eq. 1 for aspect ratios = 200 and 800.

Figure 5. DSC thermograms of BioSpan and BioSpan–
Cloisite 15A nanocomposites. Bottom to top, respectively:
Biospan, 1%, 3%, 7%, 13%, and 20% composites.
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ducing the permeability of biomedical polyurethanes.
The water vapor permeabilities of composites pre-
pared from commercially available PUUs and organi-
cally modified silicates were reduced by as much as a
factor of five, as a result of nanoscale dispersion of the
OLS. The stiffness of the nanocomposites was found to
increase between two- and threefold up to 20 wt%
OLS loading, whereas the ultimate strength remained
approximately constant. The enhancement of perme-
ability and modulus is achieved without loss of ductil-
ity. Such enhancements are beyond what can be gen-
erally achieved by chemical modification of poly-
urethanes. Further efforts are planned to confirm
biocompatibility and assess high cycle fatigue resis-
tance of the nanocomposites.

The authors thank Kenneth Strawhecker for helpful dis-
cussions and assistance. The authors also thank Arrow In-
ternational and the National Heart, Lung and Blood Institute
of the National Institutes of Health (contract N01-HV-58156)
for support of this research.
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