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ABSTRACT: Hydroxyl-terminated polybutadiene (HTPB)- and 4,49-dicyclohexyl-meth-
ane (H12MDI)-based polyurethanes (PUs) were synthesized by solution polymerization.
PU membranes were prepared by a dry/wet phase inversion method. Protein adsorption
ratio of fibrinogen to albumin (F/A molar ratio) was measured. Low F/A molar ratio was
found on these PUs. It was found that surface composition of these PUs has a subtle
effect on F/A adsorption molar ratio. The F/A molar ratio was increased as the increase
of hard segment content distributed on the surface. The variation of surface composi-
tion of these membranes and the effect on the F/A molar ratio were investigated by the
difference in surface energy between nonpolar HTPB soft segment and polar hard
segment, concentration, and temperature of coagulation medium, polymer content, and
alcohol type. The CAO/CAC ratio, frequency shift, and difference (Dn) as a measure of
polymer homogeneity and the average strength of interpolymer hydrogen bonds were
utilized to study the surface composition. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci
74: 1334–1340, 1999
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INTRODUCTION

Polyurethanes are widely used as biomaterial due
to their good biocompatibility and mechanical
properties. Previous studies of fibrinogen on the
material’s surface increases the platelet adhesion
while that of albumin adsorption only has a little
platelet adhesion.1,2 The protein adsorption on a
polymer has been thought to be important for the
adhesion of platelet.3 The study of surface compo-
sition in order to clarify the factors influencing
the complicated mechanism of the platelet ad-
sorption on the polymeric surface is then neces-
sary.

Hoffmann et al.4 reported that there is a strong
interaction between blood and the material’s sur-
face of biomaterial with more hydrogen bonding
or polar groups, and this causes higher coagula-
tion of thrombocytes. Moreover, it has been re-
ported that PPG-based polyurethanes (PUs) with
more soft segment on the surface possesses more
albumin adsorption, while there is less fibrinogen
deposited and low platelet adsorption.5 PUs con-
taining alkyl chains (or C—H bond) on the surface
are able to adsorb albumin and has been shown to
reduce platelet deposition.6–9 Others such as
Costa,10 Lelah,11 and Ratner et al.12 have reported
that PUs with more C—H-bond or soft segment
dispersed on the surface and possess better blood
compatibility. And it is believed the ability of a
polymer surface to promote platelet adhesion and
activation is correlated to the adsorbed or depos-
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ited concentration ratio of fibrinogen to albu-
min.13,14 The hydroxyl-terminated polybutadiene
(HTPB) used in this study as soft segment is due
to its nonpolar property and lower surface energy,
and easily migrates toward the air–polymer in-
terface of these PUs. Electron spectroscopy for
chemical analysis (ESCA) indicates that the sur-
face composition of poly(urethane urea)s with po-
lybutadiene as soft segment has the major parts
of butadiene soft segment content.15

The purpose of this study attempted to prepare
HTPB-based PUs by dry/wet phase inversion
method with different hard segment content of
PU composition, concentration, and temperature
of coagulation medium, polymer content, and al-
cohol type. The surface composition of these PUs
were investigated by the change of CAO/CAC
ratio and measured by Fourier transform IR–at-
tenuated total reflection (FTIR-ATR). The CAO/
CAC ratio, the hydrogen-bonding index (HBI)
values, the IR frequency difference and shift,
were used for the identification of surface compo-
sition and phase homogeneity, and for the effect
on the fibrinogen to albumin (F/A) adsorption mo-
lar ratio.

EXPERIMENTAL

Materials

The chemicals used in this study were 4,49-dicy-
clohexylmethane diisocyanate (H12MDI, Desmo-
dur W of Mobay Co.), hydroxyl terminated poly-
butadiene (equivalent weight of 1333 with ap-
proximate 60 wt % of trans-1,4, 20 wt % of cis-1,4,
and 20 wt % of vinyl-1,2, R-45M of ARCO Co.).
The 1,4-butane diol (1,4-BD) was used as chain
extender. Dibutyltin dilaurate (DBTDL) was used
as catalyst. Toluene and dimethylformamide
(DMF) were used as solvents for the preparation
of PU solutions. Mixtures of water and alcohol
were used as coagulation medium. Methanol, eth-
anol, and n-propanol were used as alcohol in the
coagulation medium, respectively. Fibrinogen
from human plasma of MW 341,000 and albumin
from human serum of MW 68,000 (Sigma Chem.
Co.) were used.

Preparation of Polyurethane

Polyurethanes with different equivalent ratios
were synthesized by two-stage method and were
polymerized first by a NCO-terminated prepoly-

mer and then chain extended with chain extender
to get a PU solution with 25 wt % solid content.
Detailed procedures for polymerization had been
reported in a previous publication.16 Types of dif-
ferent compositions of PUs in this study are
HTPB/H12MDI/1,4-BD 5 1/4/3, 1/8/7, and 1/12/11,
which possess 33.08, 50.56, and 60.79 wt % of
hard segment content, respectively. Dry/wet
membranes were prepared by pouring the PU
solution onto a glass plate to a thickness of 600
mm using a Gardner knife. The casting solution
was evaporated at room temperature for 5 min to
degas the solvent, and then immersed in the co-
agulation medium with different temperature
(15, 20, and 30°C) and composition (90, 70, and 50
wt % ethanol content of aqueous solution) for 10
min. Finally, the prepared membranes were
dipped in distilled water for 20 min and dried in
vacuum at room temperature, 48 h, for the re-
moval of residual solvent in the membrane. Fi-
nally, the samples were kept under a vacuum at
room temperature for at least 5 days prior to the
test.

IR Spectroscopy

IR spectra of PU were obtained by using a JASCO
FTIR-310E spectrometer. Spectra were collected
at a resolution of 2 cm21. The peak due to hydro-
gen-bonded CAO stretching is centered at about
1700 cm21 and that due to free CAO stretching is
centered at about 1717 cm21, while the peak of
bondedONH stretching is at 3320 cm21 and that
of free ONH stretching is at 3442 cm21. Hydro-
gen-bonded carbonyl (or —NH) bands will corre-
spond to those groups that are in the interior of
hard segments, while the free bands may corre-
spond to those groups in the hard segment do-
mains or in the soft domains or at the interface.17

In these butadiene-containing PUs, hydrogen
bonding occurs only between urethane segments
since the carbonyl group in the urethane linkage
and the urethane alkoxy oxygen are the only pro-
ton acceptors. The extent of the carbonyl group
participating in hydrogen bonding is expressed by
HBI, which is the relative absorbencies of the
hydrogen-bonded carbonyl peak (ACAO,bonded) to
that of free hydrogen-bonded carbonyl peak
(ACAO,free).

18 The frequency difference is defined
as Dn 5 nf 2 nb, where nf and nb are the frequen-
cies of maximum absorption for the free and hy-
drogen bonded —NH group, respectively. The fre-
quency difference in the stretching frequency is
considered as a measure of the strength of the
hydrogen bond between molecules.

PU MEMBRANE PREPARED VIA DRY/WET PHASE INVERSION 1335



The IR absorbance of carbonyl group measured
by FTIR-ATR are calculated by the addition of the
respective hydrogen-bonded CAO absorbance
peak height and free CAO absorbance peak
height. The IR absorption band of butadiene soft
segment are to be the trans-1,4 form at 972 cm21,
1,2 form at 912 cm21, and cis-1,4 form at 685
cm21.19 The CAO/CAC ratio on the surface is the
ratio of total CAO absorbance peak height with
trans-1,4 form absorbance peak height. Larger
value of CAO/CAC ratio indicates that more
hard segment content are dispersed on the sur-
face.

Molar Ratio of Fibrinogen to Albumin Adsorption

The films with 8 cm2 surface area were immersed
into CPBS buffer solution (0.01M sodium citrate,
0.01M sodium phosphate, 0.12M sodium chloride,
pH 7.40) for 12 h.20 The concentrations of albumin
and fibrinogen were 1.0 and 0.2 mg/mL, respec-
tively, in CPBS buffer solution. The film surface
was then quickly blotted with absorbent paper to
remove surface buffer solution. The films were
then filled with 2 mL of protein solution at 30°C
for 1 h. After desorption, the films were rinsed
with deionized water. The absorbed proteins were
desorbed with 1% Triton X-100 and 1% dodecyl
sodium sulfate in 0.01N NaOH at 30°C with agi-
tating at 100 rpm for 1 h.21 Afterward, the boric
buffer solution was added into the desorbed pro-
teins. 0.5 mL fluorescamine solution with a 3:2
volume ratio in acetone (20 mg/100 mL) were
added to the mixture with vigorous stirring. The
protein quantity was determined by a fluores-
cence spectrophotometer (Hitachi Co., F-2000)
and the fluorescence intensity was measured at
392 nm with excitation and at 491 nm with emis-
sion.

RESULTS AND DISCUSSION

Effect of Concentration of Coagulation Medium

Different mixtures of ethanol and water were
used as coagulation medium in this study except
for the final section of discussing the effect of
alcohol type. The F/A molar adsorption results of
membranes prepared by using different coagula-
tion media are shown in Figure 1. It shows that
the F/A molar ratios increase in the following
sequence of ethanol content of coagulation me-
dium: 90 wt % , 70 wt % , 50 wt %. This phe-

nomenon might be explained by the change of
CAO/CAC ratio, which is an indication of hard
segment content on the surface. In order to deter-
mine the polymer surface composition, ESCA
analysis and FTIR-ATR spectra were carried out
respectively to calculate the ratio of oxygen to
carbon element and CAO/CAC ratio in our pre-
vious report.22 It shows that the O/C ratio at the
surface increases with the increase of the CAO/
CAC ratio. Hence the CAO/CAC ratio calculated
by FTIR-ATR spectra was used in this article to
present the change of surface composition. Figure
2 shows the FTIR-ATR spectrum of polyurethane.
The carbonyl group absorbance band appears at
about 1700 cm21, while that of butadiene seg-
ment are to be the trans-1,4 form at 972 cm21, 1,2
form at 912 cm21, and cis-1,4 form at 685 cm21.
On the other hand, the variation of surface com-
position with respect to the concentration of coag-
ulation medium is shown in Fig. 3. The CAO/
CAC ratio of surface of these dry/wet membranes
are increased with the decrease of ethanol content
of coagulation medium and has the same se-
quence as F/A molar ratio. It is really possible to
obtain the result that the F/A molar ratio are
increased as the increase of CAO/CAC ratio.
This phenomenon may explain that PUs contain-
ing alkyl chain are preferentially to adsorb albu-
min as studied in the previous report.6

Frequency difference (Dn) and shift were uti-
lized in this study to discuss the hard segment
distributing on the surface (i.e., CAO/CAC ra-

Figure 1 Effect of hard segment content on the F/A
molar ratio with different ethanol content (wt %) in
coagulation medium. (F) 50 wt %, (■) 70 wt %, and (Œ)
90 wt %.
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tio), while this ratio is affected by the interaction
between water (or ethanol) and N—H (or CAO)
groups of these membranes and can be evi-
denced by frequency shift and difference. The
absorption frequency of bonded N—H groups
shift from 3331 to 3320 cm21 as the membranes
dipped in ethanol or water. Upon the associa-
tion of membrane with coagulation medium, the
energy and force constant of the N—H group
absorption decrease and the absorption band
shifts to a lower frequency, while that of fre-
quency difference changes from 122 (nonsolvent
treated) to 134 cm21 (dipped in ethanol or wa-
ter). These may indicate that there is a strong

interaction between ethanol (or water) and
N—H groups of hard segment as the mem-
branes dipped in ethanol or water.

Coleman and co-workers23 used the frequency
difference (Dn) between hydroxyl groups and
those of the hydrogen-bonded hydroxyl groups as
a measure of the average strength of intermolec-
ular interactions. The frequency difference or the
average strength of the hydrogen bonds between
coagulation medium and membranes is in the
following order: dipped in ethanol . dipped in
water .nonsolvent treated. This indicates that
the interaction between membranes and ethanol
is higher than that with water, while that of the
frequency difference decreases in the following
order: dipped in 50 wt % . dipped in 70 wt %
. dipped in 90 wt %. The reason may be that
when the membranes are immersed in water–
ethanol mixture, the ethanol molecules are ad-
sorbed on the polymer chains of HTPB soft seg-
ment, which is easily swelled by ethanol. The
polymer interacts with the hydrophobic moiety of
the ethanol and the OH groups of the ethanol
remain exposed on the surface.24 This hydrophi-
lization of the somewhat hydrophobic membrane
by the ethanol is probably responsible for the
effect on the demixing rate between casting solu-
tion and coagulation medium. Then the increase
of water content in coagulation medium will in-
crease the demixing rate with casting solution,
which contains polar solvent (i.e., DMF). The re-
sult is that the CAO/CAC ratio increases as the
water content in coagulation medium increases.
This may explain that membranes prepared by
dipping in 50 wt % ethanol content of coagulation

Figure 2 FTIR-ATR spectrum of HTPB-based polyurethane.

Figure 3 Effect of hard segment content on the CAO/
CAC ratio with different ethanol content (wt %) in
coagulation medium. (F) 50 wt %, (■) 70 wt %, and (‚)
90 wt %.
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medium have the largest hard segment content
on the surface.

Effect of Hard Segment Content

The higher the hard segment content was, the
higher was the F/A adsorption molar ratio regard-
less of any type of coagulation medium, as shown
in Figure 1. The variation of surface composition,
which will affect the protein adsorption and the
platelet adhesion, from the bulk depends on the
interaction between hard and hard segment and
the compatibility between hard and soft composi-
tion segment. In general, that on the air–polymer
interface will possess more nonpolar HTPB soft
segment, while that on the glass face has a more
polar hard segment.25 The increase of hard seg-
ment content will restrict the movement of soft
segment toward the surface. Hence the CAO/
CAC ratios on the surface, which is shown in
Figure 3, are increased as the hard segment con-
tent increases. On the other hand, Figure 4 shows
that the HBI values increase as the hard segment
content increases. Membranes prepared by dip-
ping in 50 wt % ethanol content of coagulation
medium have the largest HBI values than the
other two types of membranes. The reason may be
that more hard segment distributes on the sur-
face and hence, more N—H (or CAO) groups are
hydrogen bonded on the surface as the HBI value
increases. Hence, films with high hard segment
content will have a low affinity for albumin ad-

sorption (i.e., high F/A molar ratio) due to the
increase of CAO/CAC ratio on the surface.5

Effect of Coagulation Temperature

In this and the following section, dry/wet mem-
branes were prepared by dipping in 70 wt % eth-
anol content of coagulation medium and with
equivalent ratio of 1/8/7, due to the medium void
concentration among these three types of mem-
branes. Figure 5 shows that the F/A molar ratio
increases with the increase of coagulation tem-
perature. The increase of coagulation tempera-
ture induces that more hard segment, which pos-
sesses larger surface energy, compared with that
of HTPB soft segment, which possesses lower en-
ergy, migrating toward the surface of the mem-
branes as dipped in coagulation medium. The
other effect is the increase of demixing rate be-
tween polymer solution and coagulation medium.
Then the soft segment or hard segment migrating
toward the surface of membranes possess nearly
the same rate as the membranes prepared at
higher coagulation temperatures. Hence the in-
crease of CAO/CAC ratio on the surface, which is
shown in Figure 5, as the coagulation tempera-
ture is increased. The change of CAO/CAC ratio
may be the reason for the variation of F/A molar
ratio with the change of coagulation temperature.

Effect of Polymer Content

Dry/wet membranes were prepared with different
polymer content of casting solution from 15, 18, to

Figure 5 Effect of coagulation temperature on the
F/A molar ratio (■) and CAO/CAC ratio (E).

Figure 4 Effect of hard segment content on the HBI
values with different ethanol content (wt %) in coagu-
lation medium. (F) 50 wt %, (■) 70 wt %, and (Œ) 90 wt
%.
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20 wt %. Figure 6 shows that the F/A molar ratios
of these three membranes increase as the in-
crease of polymer content of casting solution. The
increase of polymer content will lead to a much
higher polymer concentration on the surface and
restrict the movement of polymer chains, especial
for soft HTPB segment. On the other hand, an
increase in polymer concentration will decrease
the demixing rate between polymer solution and
coagulation medium, and hence increase the
lower energy of soft segment migrating toward
surface. The competition of the above two effects
shows that the former has a larger influence on
the surface composition distribution. The result is
the increase of CAO/CAC ratio on the surface,
which is shown in Figure 6, as the increase of
polymer content of the casting solution. And the
increase of CAO/CAC ratio on the surface may
be the reason for the increase of F/A molar ratio
as the increase of polymer content in casting so-
lution.

Effect of Alcohol Type in Coagulation Medium

In this section, dry/wet membranes were pre-
pared by dipping in 70 wt % alcohol content of
methanol, ethanol, and n-propanol, respectively.
Figure 7 shows that the F/A and CAO/CAC ra-
tios are all decreased in the order as the mem-
brane dipped in different alcohol solution: meth-
anol . ethanol . n-propanol. There are three
effects on the surface composition of membranes
prepared with different alcohol coagulation me-

dium. One is that the demixing rate of casting
solution and coagulation medium is decreased
due to the increase of alcohol molecular volume
and hence the decrease of CAO/CAC ratio as the
coagulation medium content of alcohol changed
from methanol, ethanol, to n-propanol. Second is
the decrease of interaction between CAO (or
N—H) groups and coagulation medium, which
can be evidenced by the changes of frequency
difference from 138 (methanol), 134 (ethanol) to
130 cm21 (n-propanol), and induces the decrease
of CAO/CAC ratio as discussed in the above sec-
tion. Third is the increase of interaction between
soft HTPB segment and coagulation medium of
alcohol as the polarity of these alcohol decreases
from methanol, ethanol, to n-propanol, and may
increase the demixing rate and induce the in-
crease of CAO/CAC ratio. The competition of the
above three effects shows that the decrease of
alcohol polarity has a larger influence on the de-
crease of CAO/CAC ratio, which may be the rea-
son for the decrease of F/A molar ratio as the
CAO/CAC ratio decreases.

CONCLUSIONS

The hard segment content on the surface of
HTPB-based PUs affects the adsorption of albu-
min and fibrinogen. The CAO/CAC ratio and F/A
molar ratio are all increased with the increase of
hard segment content of PU composition, coagu-

Figure 7 Effect of alcohol type in coagulation me-
dium on the F/A molar ratio—(F) methanol, (■), and
ethanol (Œ) n-propanol—and CAO/CAC ratio—(E)
methanol, (h) ethanol, and (‚) n-propanol.

Figure 6 Effect of polymer content (wt %) on the F/A
molar ratio (F) and CAO/CAC ratio (E).
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lation temperature, and polymer content. Mem-
branes prepared by dipping in 50 wt % ethanol
content of coagulation medium have the largest
hard segment content on the surface and F/A
molar ratio, while that of membrane dipped in
methanol aqueous solution shows the largest
CAO/CAC ratio and F/A molar ratio too. All the
above results can be explained by the increase of
soft segment content or the decrease of CAO/
CAC ratio on the surface. This study implies that
the surface composition of these HTPB-based PUs
affects the adsorption of albumin and fibrinogen.
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