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ABSTRACT: A series of interpenetrating polymer networks and linear blends of polyurethane—polystyrene
with different compositions were synthesized under high pressure. The relative order of the degree of mixing
of the IPN’s was PU75PS25, PU50PS50, and PU25PS75. The dynamic complex modulus behavior followed
the theoretical model of Budiansky, which showed phase inversion when the IPN’s were synthesized at
atmospheric pressure, and followed the Dickie model with glassy matrix when synthesized at 10000 kg/cm?
pressure. The morphology via transmission electron microscopy agrees well with the glass transition and modulus
behavior. The increased density of IPN’s synthesized at high pressure is due to the increase of the degree
of mixing and the densification of the polystyrene network. The swelling data indicate that there might be
some effect of the interactions caused by the interpenetration of the PU and PS network.

Introduction

Interpenetrating polymer networks (IPN’s) can be de-
fined as a mixture of two or more cross-linked polymer
networks that have partial or total physical interlocking
between them. This subject has been reviewed several
times recently.!® The incompatibility of the IPN’s arises
from the usually low entropy of mixing obtained on
blending the high molecular weight polymers, like other
polyblend systems. The interpenetration plays a signifi-
cant role in enhancing the compatibility of the polymer
components due to the fact that the physical interlocking
prohibits the phase separation from occurring. IPN’s
exhibit varying degrees of phase separation depending,
primarily, on the respective compatibilities of the con-
stituent polymers and, secondly, on the relative rate of
network formation and the rate of phase separation.’ The
rate of phase separation is controlled by the mobility of
the polymer segment and is related to T, molecular weight,
and synthesis temperature and pressure.

In the previous papers of this series,”” the synthesis
pressure and temperature effects on the miscibility and
properties of PU-PMMA IPN’s, PU-PS IPN’s, semi-
IPN’s, and linear blends were discussed. The phase sep-
aration mechanism when the IPN’s were synthesized under
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high pressure was proposed with relation to the Gibb’s free
energy of mixing, conversion, the mobility of the polymer
segment, and cross-link density. The effect of physical
interlocking characteristics was also illustrated. However,
the composition of the component polymers was held at
50/50% by weight in the previous papers.

In this paper, the properties of the polyurethane—poly-
styrene IPN’s and linear blends with compositional vari-
ations will be discussed.

Experimental Section

Synthesis. The synthesis of the polyurethane—polystyrene
IPN’s and linear blends was reported elsewhere.®’ The PU
component was formed by reacting poly(tetramethylene ether)
glycol-MDI prepolymer with chain extender (1:1 equivalent ratio
of 1,4-butanediol and trimethylolpropane). The cross-linking agent
of the PS network was divinylbenzene (65% purity reagent, 2.5
wt % in styrene monomer). The cross-link densities of both
networks were set at M, = 3200. The linear blends were formed
by excluding the appropriate cross-linking agents in both com-
ponent polymer formulations. The PU component was reacted
at room temperature for 24 h for partial polymerization before
the high-pressure reaction. This could be considered to be a kind
of SIN with a different polymerization rate. The method of
high-pressure synthesis was the same as described before.>” The
samples were coded for convenience of presentation. The first

© 1985 American Chemical Society
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Figure 1. Dissipation factor (tan &) vs. temperature of UC25SC75
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Figure 2. Dissipation factor (tan §) vs. temperature of UL25SL75
linear blends synthesized at varying pressures.

letter denotes polymer component (U for PU and S for PS), the
second letters C and L denote polymer network (C for cross-linked
and L for linear), and the third numeral denotes the weight
percentage of the polymer.

Measurement. An electron microscope, dynamic mechanical
analyzer, and density gradient column were used to observe the
morphology, glass transition behavior, and density of the samples
prepared. The testing methods were described in the previous
paper.® A Du Pont Model 951 thermogravimetric analyzer was
used to measure the thermal stability. The sample weight was
about 10 mg, N, flow rate was 120 cm®/min, and the heating rate
was 20 °C/min.

Results and Discussion

Dynamic Mechanical Behavior. The dynamic me-
chanical behavior of the PU-PS IPN’s and the linear
blends with different compositions synthesized under
varying pressures is shown in Figures 1-4. Figures 1 and
2 show the tan § change of PU25PS75 IPN and linear
blend. There is a gradual shift of the transitjon temper-
ature of the PS component as the pressure is increased.
The PS phase damping is very high, while the PU phase
transition is not shown distinctly due to the low concen-
tration of PU component. The tan & curves for the
PU75PS25 IPN and linear blend (Figure 3 and 4) show
the gradual inward shift of the PU transition. The PS
phase transition could not be detected due to the instru-
mental limitation of the Du Pont 981 DMA. These curves
also show the inward shift and the broadening of the PU
transition as the pressure is increased. The UL75SL.25
linear blends synthesized above atmospheric pressure show
a broader transition than the UC75SC25 IPN’s because
of a higher degree of phase separation due to the absence
of physical interlocking.

The T, of the PS-dominant phase (PU25PS75) and of
the PU-éominant phase (PU75PS25) is shown in Table
I. The T of UL758L25 could not be measured because
of the very broad transition characteristics. The mass
fractions in the PS-dominant phase of PU25PS75 and the
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Figure 3. Dissipation factor (tan ) vs. temperature of UC758C25
IPN’s synthesized at varying pressures.
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Figure 4. Dissipation factor (tan ) vs. temperature of UL75SL.25
linear blends synthesized at varying pressures.

Table 1 i
T, and Composition in the PS-Dominant Phase (for
PU25P875 IPN and Linear Blend) and in the PU-Dominant
Phase (for UC758C25 IPN)

compn

sample code synth press, kg/em? T, K PU PS
UC258C75 atm 387 0.02 0.98
2500 383 0.05 0.95

5000 375 0.10 0.90

7500 373 0.11 0.89

10000 363 0.19 0.81

UL25SL75 atm 388 0 1.00
2500 380 0.04 0.96

5000 378 0.05 0.95

7500 375 0.06 0.94

10000 370 0.09 091

UCT758C25 atm 283 0.94 0.06
2500 288 0.88 0.12

5000 294 0.81 0.19

7500 298 0.77 0.23

10000 300 0.75 0.25

PU-dominant phase of PU75PS25 calculated by assuming
the Fox equation are shown in Table I and Figure 5. The
PU mass fraction in the PS-dominant phase of the
PU25PS75 increases as the synthesis pressure is increased.
The PU mass fraction in the PU-dominant phase of
PU75PS25 decreases as the intermixing increases with
increasing pressure. The UL25SL75 linear blend shows
a lower degree of mixing than the UC258C75 IPN due to
the absence of physical interlocking and the high mobility
of the linear PU chain.

To compare the degree of intermixing as the composi-
tions change, the relative degree of mixing is expressed as
the ratio of the mass fraction in the PS- or PU-dominant
phase calculated by the Fox equation (from the T, shift)
and the maximum mass fraction in the completely mixed
state. The degree of mixing of the UC758C25 IPN is
slightly higher than that of the UC50SC50 IPN, and these
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Figure 7. Calculated degree of mixing vs. synthesis pressure of
the linear blends.

two IPN’s show a much higher degree of mixing than the
UC25SC75 IPN (Figure 6). The UL50SL50 linear blend
also has a higher degree of mixing than the UL25SL75
linear blend (Figure 7). Since most polymer—polymer
systems generally exhibit LCST (lower critical solution
temperature) behavior,>'° a schematic phase diagram like
the one in Figure 8 can be proposed from the above results.
The LCST is considered to shift to a higher temperature
with increasing synthesis pressure.

The dynamic Young’s modulus vs. temperature plots of
the PU-PS IPN’s with compositions of 25/75, 50/50, and
75/25% synthesized at atmospheric pressure and 10 000
kg/cm? are shown in Figure 9. The IPN’s synthesized at
10000 kg/cm? show one sharp transition, which implies
a homogeneous single-phase polymer blend, while the
IPN’s synthesized at atmospheric pressure show two sep-
arated transitions of modulus, which mean the heteroge-
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Figure 8. Schematic of the phase diagram of the PU-PS polymer
composite showing LCST behavior.

UC255C75 OATMDSPHER& \
w { \

010,000 ke/cwl
UC508Cs0 (A ATMOSPHERIC
& 10,000 o/l

Dynamic Youno's MobuLus (PascaL)

Ug7sscas (- ATMOSPHER1C
© 10,000 xe/cnt

] L . L. i 1 1 "
-40 =20 0 20 40 60 80 100 120
Temperature (°0)

Figure 9. Dynamic Young’s modulus vs. temperature of the IPN’s
synthesized at atmospheric pressure and 10000 kg/cm?
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Figure 10. Dynamic Young’s modulus vs. temperature of the
linear blends synthesized at atmospheric pressure and 10000
kg/cm?

neous two-phase polymer blend. These results are in
agreement with the tan é vs. temperature plot.

Similar behavior is also observed in the dynamic Young’s
modulus vs. temperature plot of the linear blends (Figure
10). At the atmospheric synthesis pressure, the UL75SL25
linear blend shows a higher modulus above room tem-
perature than the UC75SC25 IPN, which seems to be due
to the crystallization of the linear polyurethane.!!

Composition Models. The modulus—composition be-
havior of the PU-PS IPN’s and linear blends was analyzed
with some of the theoretical equations based on mechanical
models. Most of these models assumed perfect adhesion
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Figure 11. Dynamic complex Young’s modulus at 23 °C vs. PU
concentration for the PU-PS IPN’s synthesized at atmospheric
pressure and 10000 kg/em?® Solid lines and dotted lines are based
on the theoretical models for the atmospheric pressure and 10000
kg/cm? respectively, with K, the Kerner model, assuming the
PU phase as the continuous phase, K, assuming the PS phase
as the continuous phase, D, and D, as the respective Dickie
models, and B as the Budiansky model.
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Figure 12. Dynamic complex Young’s modulus at 23 °C vs. PU
concentration for the PU-PS linear blends synthesized at at-

mospheric pressure and 10000 kg/cm?. All notations are same
as those of Figure 11.

between the matrix and the spherical inclusion (disper-
sion). They were discussed and reviewed by Nielsen'? and
Dickie.*15

The Kerner equation,'® the Dickie equation,'* and the
Budiansky equation!” were compared with the experi-
mental dynamic complex Young’s modulus results at 23
°C (Figures 11 and 12). The theoretical models for the
polymer composites synthesized at atmospheric pressure
(solid line) and 10000 kg/cm? (dotted line) are plotted in
the figure with the experimental data.

The complex Young’s modulus—composition data at 23
°C of IPN’s and linear blends synthesized at atmospheric
pressure show a better fit with the Budiansky model
(denoted as B in the figure) than with the other models.
The theoretically predicted modulus values for high PU
concentration with the elastomeric matrix (B, K,, and D,
in the figure) and for high PS concentration with the rigid
matrix (B, K,, and D, in the figure) show little difference
between the models. The predicted values differ widely
at intermediate PU concentration, and the better fit with
the Budiansky model is quite expected since the assump-
tions made in deriving the equation represent the phase-
inversion process well. Similar results were reported by
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Figure 13. Electron micrographs of UC25SC75 IPN’s synthesized
at (a) ’?tmospheric pressure, (b) 5000 kg/cm?, and (c) 10000
kg/cm?

Figure 14. Electron micrographs of UL25SL75 linear blends
synthesized at (a) atmospheric pressure, (b) 5000 kg/em?, and
(c) 10000 kg/cm?.

{c)

Figure 15. Electron micrographs of UC755C25 IPN's synthesized
at (a) gtmospheric pressure, (b) 5000 kg/cm?, and (c) 10000
kg/cm®.
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Figure 16. Electron micrographs of UL75SL25 synthesized at
(a) atmospheric pressure, (b) 5000 kg/cm? and (c) 10000 kg/cm?

Kim et al.!! and Frisch et al.'® for the polyurethane-
poly(methyl methacrylate) IPN and the polyurethane-
acrylic copolymer IPN.

The modulus—composition data at 23 °C of the IPN’s
and linear blends synthesized at 10000 kg/cm? show a
better fit with the Dickie model with the rigid matrix which
is based on a polymer composite where the matrix and the
dispersed phase are well defined. This result agrees well
with the morphology results described in this paper and
the previous papers,®” which showed a completely dis-
persed PU domain when synthesized at high pressure.
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Figure 17. Density vs. PU composition of the IPN’s synthesized
at atmospheric pressure and 10000 kg/cm? Straight lines are
based on volume additivity rule.

Morphology. The morphology via transmission elec-
tron microscopy also shows the synthesis pressure effects
on the polymer miscibility and phase structure. It agrees
well with the miscibility behavior observed by the dynamic
mechanical properties (Figures 13~16).

The UC25SC75 IPN synthesized at atmospheric pres-
sure (Figure 13a) shows a dispersed PS phase with a do-
main size of about 500 A. A secondary phase separation
at the PU-rich phase that forms an apparent continuous
phase (as described in the previous paper) is also shown.
At the synthesis pressure of 5000 kg/cm? the phase
structure becomes somewhat cocontiuous in the decreased
domain size of the PS-dominant phase (Figure 13b). The
fine dispersed PU with domain size of about 100 A is
shown in the case of 10000 kg/cm? (Figure 13¢c).

For the UL25SL75 linear blend synthesized at atmos-
pheric pressure (Figure 14a), the large distinct PS domains
with sizes of about 2000 A are shown. As the synthesis
pressure is increased, a similar domain structure as the
UC25SC75 IPN is developed, but the domain size is larger
than that of UC25SC75.

The UC75SC25 IPN’s show that the PU phase is con-
tinuous when synthesized at atmospheric pressure, but the
PS phase becomes continuous when synthesized at 10000
kg/cm? with the very fine dispersed PU phase (Figure 15).
A complex phase structure with the PS-dispersed domain
of about 1000 A appears when the UL75SL25 linear blend
is synthesized at atmospheric pressure, but again the PS
phase becomes continuous when synthesized at 10000
kg/cm? (Figure 16).

The synthesis method of IPN was a kind of simultane-
ous polymerization method with a different reaction rate.
It is very interesting to note that the PU phase is contin-
uous even for the high PS concentration in UC25SC75 IPN
(Figure 13a) when the synthesis pressure is atmospheric,
mainly due to the fact that the PU phase is formed earlier,
but the PS phase always becomes a continuous matrix even
for the IPN’s with high PU concentration (UC75SC25 IPN,
Figure 15¢) when the synthesis pressure is 10000 kg/cm?

Density. The density vs. PU composition of the IPN’s
and linear blends synthesized at atmospheric pressure and
10000 kg/cm? is shown in Figures 17 and 18.

The IPN’s synthesized at both atmospheric pressure and
10000 kg/cm? show increased densities over the calculated
densities based on the volume additivity of the compo-
nents, and this increase seems to be due to the increase
of the degree of mixing. Although the synthesis pressure
is increased to 10000 kg/cm? and the degree of mixing
increased as well, the density difference between the ex-
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Figure 18. Density vs. PU composition of the linear blends
synthesized at atmospheric pressure and 10000 kg/cm? Straight
lines are based on volume additivity rule.

perimental and calculated values is nearly constant in
IPN’s synthesized at both atmospheric pressure and 10000
kg/cm? The high density values in the IPN’s synthesized
at high pressure are mainly due to the densification in the
PS network. The fact that there is no significant increase
in density above 2500 kg/cm? as described in the previous
papers®’ is due to the limitation of PS densification.

In the case of linear blends, when the synthesis pressure
is atmospheric, the densities are similar to calculated values
based on volume additivity because the degree of mixing
is near zero, but when the synthesis pressure is 10000
kg/cm? the increased densities were due to the increased
degree of mixing and the densification by pressure.

Swelling Behavior. The Flory-Rehner'® equilibrium
swelling equation has long been used to characterize sin-
gle-component polymer-network properties. Recently,
Thiele and Cohen® derived a corresponding equation for
homo-IPN’s, in which networks I and II are identical in
chemical composition but have different cross-link den-
sities.

In (1 -0, -0y + 0, 4 vy + x(vy + 0x)? =
~VN{/ (0,13 = 20,/ Fy) = VN (05°%%05'3 = 205/ Fp) (1)

Siegfried et al.?! modified the Thiele-Cohen equation
through the addition of a thermoplastic front factor to
account for the internal energy changes due to swelling, 2%
The modified equation reads

In (1-0;-09) + 0+ 03+ x(v; +05)2 =
_VSNl/(l/Ulo)2/3(U11/3 - 2U1/F1) _ VSNZ'(L12°2/3021/3 -
2vy/Fy) (2)

where v; and v, are the volume fractions of polymers I and
I in the swollen state, v,° and v,° are the volume fractions
of polymers I and II in the unswollen state, V is the molar
volume of the solvent, N;’ and N, are the cross-link den-
sities of the homopolymer networks (in mol/cm3), x, is the
polymer—solvent interaction parameter, and F, and F, are
the functionalities of the systems.?* In the derivation of
both the unmodified and modified Thiele-Cohen equation,
X, was assumed to be identical for both polymers. For the
present case, a simple average of the two values was as-
sumed for x,?°

Xs = Wix1 + Waxo (3)

where %, is the average interaction parameter for the IPN,
w, and w, are the weight fractions of polymers I and II,
and x; and x, are the interaction parameters for homo-
polymers I and II, respectively.
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The swelling behavior of IPN’s and homopolymers was
examined by equilibrium swelling in 1,4-dioxane. The
theoretical network chain concentrations N of the homo-
polyurethane and homopolystyrene networks were calcu-
lated to be 1.75 X 107 and 2.22 X 107* mol/cm?® from the
stoichiometry. With the assumption that the theoretical
and experimental network chain concentrations are equal
and by the use of the experimental volume fractions of
homopolymer in the swollen state (PU, 0.371; PS, 0.274),
the unknown polymer—-solvent interaction parameters
could be estimated from the Flory-Rehner equation. The
estimated x; (for PU) and x, (for PS) were 0.62 and 0.49,
respectively. Siegfried et al.?! have shown that the theo-
retical and experimental N of the homopolymer PS net-
works agree fairly well.

By the use of theoretical N, the experimental v; and v,,
and the calculated x; and x,, the calculated volume frac-
tions of IPN’s in the swollen state, v (or v, + v,), were
estimated from eq 1 and 2.

Values for v obtained from eq 1 and 2 vs. v’s determined
from the swelling experiment are shown in Figure 19
(IPN’s made at atmospheric pressure) and Figure 20
(IPN’s made at 10000 kg/cm?). If there exists additional
physical and chemical cross-linking during IPN formation,
the data are expected to shift to the right of the diagonal
line. Figures 19 and 20 indicate that no new pysical or
chemical cross-links are present and that the experimental
degree of swelling is greater than the predicted value.?*

The volume fractions of polymer in the swollen state vs.
PU mass fraction for the IPN’s formed at atmospheric
pressure and 10000 kg/cm? are shown in Figure 21. The
degree of swelling of homo-PS is much higher than that
of homo-PU prepared at atmospheric pressure and 10000
kg/cm?. The degree of swelling of the IPN’s synthesized
at atmospheric pressure is higher than that of the IPN’s
synthesized at 10000 kg/cm? over the entire range of PU
composition. The morphological change, e.g., the phase
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Figure 21. Experimental value v vs. PU mass fraction for the
IPN’s synthesized at atmospheric pressure and 10000 kg/cm?,
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Figure 23. TGA thermograms for PU-PMMA IPN’s,

domain size and phase continuity and the cross-link den-
sity increase during the high-pressure synthesis (refer to
Figures 19 and 20), should be considered in explaining the
above swelling behavior. It is interesting that UC25SC75
IPN’s prepared at 10000 kg/cm? show maximum v (refer
to Figure 21) and UCT75SC25 IPN’s prepared at both at-
mospheric pressure and 10000 kg/cm? show minimum v.
The maximum is observed at low PU concentration and
the minimum is observed at high PU concentration range.
This behavior cannot be explained by the morphological
change alone. We think it might be related to the inter-
actions caused by the interpenetration of the PU and PS
networks. The presence of a PS chain penetrated inside
the PU domain could reduce the hydrogen bonding of the
PU network and might increase swelling (low v).
Thermal Stability. The enhancement of the thermal
stability of PU-PMMA and PU-PS IPN’s was reported,
and it was presumed that the unzipped MMA or styrene
monomer acted as the radical scavenger for the radicals
produced from the PU degradation.?’” The PU-PMMA
and PU-PS IPN’s synthesized at atmospheric pressure,
which was prepared in this series, also showed enhance-
ment of weight retention compared to the proportional
average of the weight retentions of the pure components.
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But the additional enhancement of the thermal stability
expected due to the increased miscibility in IPN’s syn-
thesized under high pressure was not observed (Figures
22 and 23). In other words, the weight loss was inde-
pendent of synthesis pressure.
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ABSTRACT: Miscibility and critical phenomena were studied on the polymer system of deuterated polystyrene
and hydrogenated poly(vinyl methyl ether) by the small-angle neutron scattering technique. The phase diagram
was constructed with “light” and “neutron” cloud points as well as spinodal points. It shows a well-known
behavior of a lower critical solution temperature. The agreement between the “light” and “neutron” cloud
points is fairly good for all compositions. The correlation length, the statistical segment length, and the
Flory-Huggins x-parameter were obtained as functions of temperature and composition by employing de Gennes’
scattering equation for polymer blends. The x-parameter showed not only a temperature dependence but
also a composition dependence. Comparison of the x-parameter with the lattice fluid theory shows that the
composition dependence of x results from the lattice fluid nature of the system, i.e., the compressibility and

the thermal expansion of the system.

I. Introduction

After the discovery of miscible polymer biends,! their
study has been of great interest. The miscibility has
usually been discussed in terms of the Flory—Huggins in-
teraction parameter x or the second virial coefficient A,.
In these studies, small-angle neutron scattering (SANS)
is one of the most powerful methods for obtaining the
x-parameter because of the high contrast between labeled
and unlabeled species. Zimm analyses have usually been
done making the analogy of polymer-solvent systems,?
which is only valid for dilute systems. Recently, the theory
has been extended to apply to concentrated polymer—

t Present address: Department of Polymer Science and Engi-
neering, Faculty of Textile Science, Kyoto Institute of Technology,
Matsugasaki, Sakyo-ku, Kyoto, 606 Japan.
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polymer mixtures,®” where the concentration dependence
of the x-parameter became apparent.?® Prior to SANS
experiments, the concentration dependence of the x-pa-
rameter had been observed by 1950.1° Koningsveld et al.
used this concentration dependence to explain their light
scattering experiment results in polymer—solvent systems!!
and later polymer-polymer systems.!? Although the ex-
istence of the lower critical solution temperature (LCST)
was explained by introducing the equation of state theo-
ry'31 and the lattice fluid theory,'>1® the concentration
dependence of the x-parameter has not been well under-
stood. The correlation length is also a measure of the
miscibility and plays an important role in the vicinity of
the critical point.

We have reported a novel method for obtaining the
cloud point in a polymer blend by SANS,'” the “neutron”
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