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Abstract

A series of segmented polyurethanes (SPUs) using poly(tetramethylene oxide) (PTMO), 4,4'-methylenebis (phenyl isocyanate) (MDI),
and ethylene glycol (EG) with different molar ratios of MDI and PTMO were prepared to study the effects of the hard segment content in SPU
on liquid—liquid phase separation in the SPU/dimethylformamide(DMF)/water system. The cloud points were obtained by a titration method
and the phase diagrams were calculated based on the Flory—Huggins thermodynamics. The DMF-SPU interaction parameter, x,; was
determined by the intrinsic viscosity measurement. The water—SPU interaction parameter, )3 was measured by an equilibrium swelling
experiment. As the hard segment fraction in SPU increased, the values of x,; increased slightly and those of y3 decreased significantly. The
amount of water to achieve liquid demixing increased systematically with the hard segment content. The y;; values in the practical
concentration range were estimated by comparison of the calculated phase diagrams with the experimental cloud points. Liquid-liquid
phase separation was coupled with liquid—solid phase separation (crystallization) when the SPU had high concentration of the hard segment.
These coupled phenomena in combination with the phase segregation in SPU arising from the incompatibility between the hard and soft
segments may be utilized to produce a variety of the morphologies of polyurethane membranes prepared by immersion precipitation. © 2001
Published by Elsevier Science Ltd.
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1. Introduction

Segmented polyurethanes (SPUs) are multiblock copoly-
mers consisting of hard segment and soft segment of
polyether or polyester. These polymers possess many appli-
cations as biomaterials due to their excellent physical
properties and relatively good biocompatibility [1]. The
preparation of biomedical devices such as vascular pros-
theses often involves formation of porous polyurethane
membranes via an immersion precipitation process [2,3].
In this process, a homogeneous polymer solution is
contacted with nonsolvent and subsequent exchange of
solvent and nonsolvent across the interface results in
phase separation into a polymer-rich phase and a polymer-
lean phase. Phase separation is continued until the polymer-
rich phase is solidified by gelation [4] and/or crystallization
of the polymer [4-6].
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While the final morphology of the membrane obtained is
dictated by the kinetics as well as the thermodynamics of the
phase separation, the equilibrium phase diagram is still a
good tool for controlling the morphology and interpreting
the membrane structure. Knowledge of phase equilibrium
enables one to change the conditions for the preparation of
membranes such as the temperatures and the compositions
of the dope solution and of the coagulation bath to obtain an
optimum structure [7].

In the present study, we are concerned with the thermo-
dynamic analysis of a SPU/dimethylformamide (DMF)/
water system. In an attempt to investigate the effect of the
hard segment content of SPU on liquid-liquid phase
separation, we prepared a series of SPUs based on poly-
(tetramethylene oxide)(PTMO), 4,4’-methylenebis(phenyl
isocyanate)(MDI), and ethylene glycol (EG) with different
molar ratios of MDI and PTMO. Although a two phase
morphology of the bulk SPU due to segmental incom-
patibility depends on hard segment mobility, system vis-
cosity, and hard segment interaction [8—10], a greater



3894 H.K. Lee et al. / Polymer 42 (2001) 3893-3900

Table 1
Characterization of segmented polyurethanes

Sample code MDI:PTMO:EG Hard segment M’ M," Density®
molar ratios weight %* (g/ce)
SPU-1 1:0.600:0.400 18.6 19533 37942 1.0122
SPU-2 1:0.315:0.685 31.7 20222 34749 1.0422
SPU-3 1:0.167:0.833 475 27330 56567 1.0809
SPU-4 1:0.091:0.909 62.7 25457 50156 1.1210

* Calculated from the amounts of reactants; (MDI + EG)/(PTMO + MDI + EG).

® Measured by size exclusion method.

¢ The value at room temperature estimated from additive group contributions [18].

crystallizability of the polymer is expected with increasing
hard segment length [11,12]. Liquid demixing during
immersion precipitation would be coupled with crystalliza-
tion [13,14] when the SPU has a high amount of the hard
phase volume fraction. We obtained the phase diagram in
the ternary system of SPU/DMF/water by a titration method
and calculated the binodal curves to investigate the phase
separation phenomena involved in polyurethane membrane
formation.

2. Liquid-liquid phase equilibrium in ternary solutions

The Flory—Huggins lattice treatment [15,16] is used to
describe the thermodynamics of the ternary system for its
simplicity. The Flory—Huggins expression is extended
with a concentration dependent interaction parameter.
The Gibbs free energy of mixing AG); in ternary solutions
is given by

AGM/RT = n In ¢1 + ny In (bz + nsy In ¢3 + glz(uz)nl(bz

+ xi3m 3 T X233 (D

where n; is the number of moles; ¢;, the volume fraction
of component i; R, the gas constant; and 7, the absolute
temperature. The subscripts refer to nonsolvent (1),
solvent (2), and polymer (3). x;3 is the nonsolvent-poly-
mer interaction parameter, and Y3, the solvent-polymer
interaction parameter. g, is the nonsolvent-solvent inter-
action parameter that is assumed to be a function of u,
with u, = ¢,/(¢; + ¢p,). The effects of the polydispersity
of polymer molecules are neglected. Following Flory’s
recommendation [15], the number-average molecular
weight is used for polymers.

The conditions for equilibrium between two liquid phases
I and II can be written as
Api=Ap'  (=1,2.3) by
where Ap; is the chemical potential of component i. Super-
script I and II refer to polymer-rich and polymer-lean
phases, respectively. The details about the calculation of
binodal curves can be found in the previous publication [17].

3. Experimental
3.1. Preparation of polyurethanes

Segmented polyurethanes were prepared with a one-step
solution polymerization method. Predetermined amounts of
PTMO (Shinwha Petrochemical, South Korea, M,, 1990)
and EG (Junsei Chemical, Japan) were added in dehydrated
DMF (Aldrich). Stoichiometric amounts of MDI (Kumho
Chemical, South Korea) were added to the reaction mixtures
while maintaining the reaction temperature at 65-70°C.
The total amount of reactants was 200 g for each synthesis.
The reaction was continued until it was impossible to stir the
reaction mixture having 50 wt% of DMF, and then
the methanol was introduced to the mixture to terminate
the reaction. The polymerization time was 2—3 h depending
on the formulation.

SPU molecular weights were determined using Waters
600 GPC system. Tetrahydrofuran(THF) as a solvent was
used with a flow rate of 1.0 ml/min through four Waters
Stragel columns of HR1, HR2, HR4 and HRS5. The aver-
age molecular weights of the samples were calculated in
equivalent polystyrene with the calibration curve estab-
lished from standard samples of polystyrene. Density of
SPUs was estimated by the method of additive group
contributions [18]. Table 1 summarizes the formulation
and characterization of segmented polyurethanes used in
this study. The values of hard segment content listed in
Table 1 were calculated from the amounts of reactants
with the formula of (MDI + EG)/(PTMO + MDI + EQG).
The hard segment content and its distribution in the poly-
mer chain should depend on the molar ratios of reactants
and the reaction condition. The measured values of hard

Table 2
Interaction parameters for solvent-segmented polyurethanes at 20°C

Polymer X23(DMF-SPU) X13(water—SPU)

Measured value Fit value
SPU-1 0.414 342 3.70
SPU-2 0416 3.14 2.45
SPU-3 0.436 2.57 1.88
SPU-4 0.442 1.95 1.64
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Fig. 1. Precipitation values of water at 20°C as a function of polymer concentration (grams of water per 100 grams of polymer solution in DMF).

segment content may be different from the calculated.
Nevertheless, it is considered that the overall results
discussed in this manuscript are still valid.

3.2. Cloud point measurement

Cloud point curves were determined by a titration method
at 20°C. A flask with a rubber septum stopper was charged
with 50 g of polymer solution. Distilled water was intro-
duced into the flask by a syringe through the septum,
while thorough mixing was applied using a mechanical
stirrer. Composition at the cloud point was determined by
measuring the amount of water added when visual turbidity
was observed.

3.3. Evaluation of interaction parameters

The nonsolvent-polymer interaction parameter xi3
was evaluated by the water sorption method with the
Flory—Rehner equation [19]

Vip

e gy -

1
M. 5%)=0 0

In(1 — ¢3) + 3 + x133 +

where ¢j3 is the volume fraction of polymer, V; is the molar
volume of nonsolvent, M, is the average molecular weight
between two cross-links, and p is the density of polymer.
This equation was originally derived from the swelling
theory for the cross-linked network. Linear polymer can
be considered as a swollen gel with cross-links caused by
crystalline regions, chain entanglements or Van der Waals
interactions. The last term was neglected to obtain the
following equation because M, would be quite large for

Fig. 2. SEM micrographs of the SPU-4 membrane with 30 wt% dope poly-
mer concentration in DMF and a coagulation bath composition of 50/50
DMF/water: (a) the whole thickness of the membrane and (b) the middle
part of the membrane.
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Fig. 3. Cloud point curve at 20°C and calculated phase diagram of SPU-1/DMF/water system.

linear polymer [20]

—[n(1 = ¢3) + ¢5]
&3

X13 = 4

Dried stripes of homogeneous SPU films (about 0.3-0.4 g
with a thickness of 50—70 pwm) were immersed in distilled
water at 20°C. After 24 h the strips were removed, pressed
between tissue papers and weighed. This procedure was
continued until no further weight increase was observed
and ¢; was calculated from the ratio of dried and water-
swollen film.

The solvent-polymer interaction parameter Y,; was
estimated by the intrinsic viscosity measurement. Solu-
tion viscosities of SPU in DMF at 20°C were measured
with a Ubbelohde viscometer. The intrinsic viscosity was
determined by extrapolating to zero concentration, and

the solvent-polymer interaction parameter was obtained
by Kok’s method [21].

The evaluated interaction parameters of Y3 and y,; for
the series of polyurethanes are shown in Table 2. The value
of xi; for water—SPU-1 (18.6 wt % of hard segment) may
not be reliable since the uniform thickness film sample
could not be prepared properly (SPU-1 was sticky). The
concentration-dependent interaction parameter g, for the
water—DMF pair is available from the literature [22].

4. Results and discussion

The DMF-SPU interaction parameter )»3;, determined by
the intrinsic viscosity measurement, increases slightly with
the hard segment content of SPU in the range from 0.414 to
0.442 at 20°C, as shown in Table 2. The y,; (DMF-SPU)
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Fig. 4. Cloud point curve at 20°C and calculated phase diagram of SPU-2/DMF/water system.

values in this study are quite high compared to those of
DMF and segmented polyester polyurethanes at the same
temperature, in which either poly(ethylene adipate)diol or
poly(hexamethylene adipate)diol with MDI and EG was
used in the synthesis of polyurethanes [23]. These results
indicate that the interaction between DMF and the ester
group is much stronger than between DMF and the ether
group. The values of water—SPU interaction parameter s,
which were determined by the equilibrium swelling experi-
ment, significantly decreases with increasing the hard
segment concentration in the SPU. As will be discussed,
the y;; value influences the phase diagram of the SPU/
DMF/water system significantly. The decrease of the y3
value with increasing the hard segment concentration is
interpreted that the SPU containing higher concentration of
the urethane group has more chance to form hydrogen bond-
ing with water. The concentration-dependent interaction

parameter g, for the water—DMF system can be found in
the literature, and varied from 0.5 to 0.96 with increasing the
DMF content [22]. The small value of g, indicates that
strong polar interaction exists in the water—DMF mixture.

The results of the titration experiments used to obtain the
cloud point curves are shown in Fig. 1, in which the pre-
cipitation value of water (grams of water per 100 g of poly-
mer solution in DMF to achieve phase separation) is plotted
against the polymer concentration. As the hard segment
content in the SPU increased, the amount of water to induce
phase separation increased systematically below 20 wt%
polymer concentration. The precipitation values for the
SPU-4 solution decreased suddenly in a high concentration
region and dropped to zero above 21.9 wt%: the 21.9 wt%
SPU-4 solution in DMF was hazy at the titration tempera-
ture. The titration experiments revealed that the formed
precipitate disappeared easily on stirring for the solutions
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Fig. 5. Cloud point curve at 20°C and calculated phase diagram of SPU-3/DMF/water system.

of SPU-1, SPU-2, and SPU-3 when the amount of water
introduced was below the precipitation value. However,
the precipitate of SPU-4 solutions near the onset of phase
separation was hardly solubilized when the polymer
concentration was above 10 wt% and it seemed to result
in formation of fine particles on stirring above 20 wt%.
We were also able to observe the polyhedron morphology
in the cross-section of the SPU-4 membrane prepared by
immersion precipitation, which was shown in the magnified
micrograph of Fig. 2(b). The polyhedron pore structures are
usually observed in membranes of crystallizable polymers
[24,25]. Thus liquid—liquid phase separation was coupled
with crystallization during membrane formation when the
hard segment content in the SPU was high.

One can calculate the phase diagram of a ternary polymer
solution in terms of volume fraction of each component
given a set of binary interaction parameters and molar

volume of each component, based on the Flory—Huggins
thermodynamics [22,26]. The parameters needed for calcu-
lation of the phase diagram for our system were listed in
Tables 1 and 2. Experimental cloud points for the SPU/
DMF/water systems were plotted with the calculated
phase diagram in Figs. 3—6. The calculated phase diagram
includes binodal lines with two different y 3 values listed in
Table 2, critical compositions and tie lines, and the com-
positions were converted into weight percentage. The
reason why the y; value was varied on calculating binodal
line will be explained later. A small amount of water was
needed to induce liquid-liquid phase separation, and the
region of the homogeneous phase was enlarged when
changing from SPU-1 to SPU-4, which reflects the enhanced
hydrophilicity of the polyurethane with increasing polar
hard segment content.

The effects of the interaction parameters on the miscibility



H.K. Lee et al. / Polymer 42 (2001) 3893-3900 3899

SPU-4

40

® Cloud point
—— Binodal (x,=1.64)
—O— Tie line

O  (Critical point
—-— Binodal (x,,=1.95)

DMF 10 20

)
133

30 40 Water

wt %

Fig. 6. Cloud point curve at 20°C and calculated phase diagram of SPU-4/DMF/water system.

gap are well described in the literature [17,22,26]. The effect
of polymer molecular weight on the phase diagram was
reported to be marginal [17]. The location of the binodal
line is significantly influenced only when polymer molecu-
lar weight is extremely low. When the polymer component
is relatively hydrophobic like polysulfone (PSF) and poly-
ethersulfone (PES), the homogeneous region in the phase
diagram is enlarged with small 13, high g5, and small y3.
The y 3 effect is most significant and the y,; effect is least.
We found similar trend in this study while varying the inter-
action parameters when calculating the phase diagram. Thus
a small amount of water to achieve liquid—liquid phase
separation in our system is mainly attributed to the hydro-
phobicity of SPU and strong interaction between water and
DMEF. The calculated binodal lines were not in good agree-
ment with the experimental cloud points using the interac-
tion parameters obtained experimentally. Instead we were
able to fit the calculated binodal lines with the experimental

cloud points, as were shown in Figs. 3—6, by using the
measured Y,; values and smaller y;; values than those
obtained by the equilibrium swelling experiment. The x5
values with which the calculated binodal lines fit the experi-
mental cloud points are indicated in Table 2. Similar trends
were also reported for the PES/N-methyl-2-pyrrolidone/
water system [27] and the PSF/solvent/water system [17].
Because the equilibrium swelling experiment should be
carried out in extremely high concentrations of the polymer,
the xi; value in the practical concentration range may be
lower than that obtained by water sorption technique. In
case of SPU-1, the uncertainty in experiment seemed to
result in the fit value of x,; larger than the experimental
value; films with uniform thickness could not be properly
prepared because the SPU-1 was quite flexible and sticky.

Considering the experimental cloud points and the calcu-
lated phase diagrams, we observe some interesting features.
Liquid—solid phase separation (crystallization) seemed to
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be superimposed on the binodal line in the SPU-4 (62.7 wt%
of hard segment) system around 20 wt% polymer concen-
tration, which was illustrated in Fig. 6. However, the SPU-3
(47.5 wt% of hard segment) system did not show liquid—
solid phase separation up to 30 wt% polymer concentration
in Fig. 5. In addition, the slope of the tie line became slightly
steeper as the hard segment fraction increased. As the slope
of the tie line increases for a given location in the phase
diagram, the polymer concentration in the polymer-rich
phase may decrease, resulting in the delay of solidification
[28]. This feature can significantly influence the final
morphology of the membrane in combination with crystal-
lization because the SPUs containing high concentration
of hard segment are crystallizable. Depending on the
competition between liquid demixing and crystallization,
a variety of structures can be formed [29].

The critical compositions are shown as unfilled circles in
the calculated binodal lines in Figs. 3—6. The polymer
concentrations at critical point were around 5 wt% in all
cases. The critical composition determines which phase is
nucleated for the nucleation and growth process during
membrane formation. There are two possibilities, depending
on the composition of initial polymer solution, with
respect to the critical point. For ¢35 > ¢, 3, where ¢, 3 is
the polymer concentration at critical point, the nuclei of the
polymer-lean phase will form. For ¢; < ¢, 3, the nuclei
of the polymer-rich phase will form and precipitate.
When phase separation starts at the critical composition
(3 = ¢ 3), the structure formation is dominated by
the spinodal decomposition [30]. A typical membrane form-
ing solution contains higher than 10 wt% of polymer
concentration. In such a case, phase separation occurs by
nucleation of the polymer-lean phase, assuming that phase
separation occurs by the mechanism of nucleation and
growth.

5. Conclusions

The effects of the hard segment content in the segmen-
ted polyurethane on liquid-liquid phase separation of the
SPU/DMF/water system were studied. The hard segment
content in SPU was controlled by changing the molar
ratio of MDI and PTMO on the SPU preparation. The
cloud points were obtained by a titration method and
the phase diagrams were calculated based on the Flory—
Huggins lattice treatment. As the hard segment fraction in
SPU increased, the DMF-SPU interaction parameter y-3
increased slightly and the water—SPU interaction para-
meter ) ; decreased significantly.

The amount of water to achieve liquid—liquid phase
separation increased systematically with increasing the
hard segment content. When the hard segment content
was low, the amount of water to obtain liquid demixing
was extremely small. Liquid-liquid phase separation
was coupled with crystallization when the SPU had high

concentration of the hard segment. These coupled
phenomena in combination with the phase segregation in
SPU arising from the incompatibility between the hard
and soft segments may be utilized to produce a variety
of morphologies in polyurethane membranes prepared by
immersion precipitation.
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