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ABSTRACT: A recent theory of inhomogeneous multicomponent polymer systems is used to calculate the 
interfacial tension and width in ternary homopolymer-homopolymemolvent mixtures. We consider symmetric 
systems where the polymer-solvent interaction parameters are equal ( x ~  = xw), as well as asymmetric systems 
( x m  # xW) .  A number of phase diagrams are presented, corresponding to different degrees of miscibility 
of the components and different values of the molecular weights of the homopolymers. The maxima in the 
interfacial tension curves as a function of solvent concentration are generally found to be shifted to lower 
concentrations than the minima in the interfacial width curves. Scaling relations are derived which explain 
this shift, as well as the dependence of the interfacial tension on molecular weight for symmetric systems. 
Calculations of the interfacial tension are given for styrene-polystyrene-polybutadiene mixtures. 

1. Introduction 
The study of polymer compatibility and incompatibility 

remains an active and important area of applied and 
fundamental The development of new tech- 
niques of measuring the interfacial tension in multicom- 
ponent systems gives a direct quantitative measure of the 
microscopic compatibility of such ~ys tems.~  In this paper 
we develop the theory of the interfacial tension in ternary 
homopolymer-solvent mixtures, which complements the 
traditional thermodynamic calculations of phase diagram 
binodal  curve^.^^^ 

We extend our earlier work on unsymmetrical poly- 
mer-polymer interfaces (assuming infinite molecular 
weight) in the presence of solvent6 to deal with ternary 
homopolymer-solvent systems in general. We make use 
of a new formulation of inhomogeneous multicomponent 
systems developed recently and discussed in detail else- 
where.7 Briefly, in our theory we optimize the general free 
energy functional of the homopolymer-solvent system 
using the saddle function method, subject to the constraint 
of no volume change locally upon mixing, and obtain new 
equations for the mean fields acting on the polymers. 
These equations are given (without derivation) in section 
2 and are expressed in terms of the chemical potential 
corresponding to a locally homogeneous Flory-Huggins 
free energy density. The equations are solved numerically 
by a self-consistent procedure described elsewhere,’ and 
phase diagrams are presented for symmetric systems, 
where the polymer-solvent interaction parameters are 
equal ( x u  = xM), as well as for asymmetric systems (xu 
# x ~ ) .  Plots of the interfacial tension and width are given 
for varying amounts of solvent in the system. All of our 
present calculations are restricted to monodisperse sys- 
tems. 

0024-9297/81/2214-0736$01.25/0 

In order to obtain a better undstanding of the trends 
observed in the results of the numerical work we develop 
a number of scaling relations? which are checked against 
the exact numerical calculations. Although all of our phase 
diagrams have been studied earlier experimentallyp12 and 
t h e ~ r e t i c a l l y > ~ J ~ J ~  the corresponding plots of the inter- 
facial tension and width (as well as the interfacial profiles) 
are presented here for the first time. Finally, we calculate 
the interfacial tension for a polymerization path in the 
styrenepolystyrene-polybutadiene system and find good 
agreement with recent measurements by Reiss and co- 
worker~ .~  
2. Theory 

A detailed account of the theory of inhomogeneous 
multicomponent polymer systems has been presented in 
an earlier p~blication.~ Here we summarize the equations 
required for the analysis of the ternary homopolymer- 
homopolymer-solvent mixture. The reader who is inter- 
ested in the derivation of these equations, as well as a 
discussion of the theory, is referred to our earlier w0rk.I 

The mean-field equations for q , ( x , t )  ( K  = A, B), which 
is proportional to the probability density that the end of 
a molecule of type K and degree of polymerization 2,t is 
a t  x ,  are 

where x is measured in terms of the Kuhn statistical length 
b, which is assumed to be the same for the two polymers 
in model calculations, and 2, is the degree of polymeri- 
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zation of the whole molecule. 

volume fractions 
It is convenient to express all quantities in terms of 

4 K  = P K / P O X  (2-2) 

which are identical with the reduced densities for no 
volume change upon mixing. The polymer probability 
densities are related to the volume fraction by 

= J1dt qK(x,t) ‘JK(x,l  - t )  (2-3) 

The condition of no volume change upon mixing gives for 
the solvent volume fraction 

(2-4) 

and the boundary conditions for the uniform, bulk phases 
are’ 

q , ( fm, t )  = ex& In 4 A f m ) l  (2-5) 

$S(x) = 1 - #A(X) - @B(X) 

The initial condition for eq 2-1 is 

q K ( ’ , O )  = (2-6) 

The expression for the polymer mean field is obtained 
from eq 3-13 of ref 7 (including nonlocal terms) 

1 [ Z A  

1 
wA(x) = F A ( x )  - F A ( & = )  - - In ~ A ( x )  - 

[FS(x) - FS(*m)l + f/”ABZd’B’’(x) + 
XASCAS24S”(X) - xAS‘JASZ4A’’(x) - XBSQBSzd’B’’(X)I (2-7) 

with a similar expression for w&) obtained by inter- 
changing A and B. Of course xBA = xu, and we assume 
that the range parameters Q of all the interactions are equal 
to the average Kuhn length. The functions FK(x) appear 
in connection with the expressions for the chemical po- 
tential of the “local” homogeneous Flory-Huggins free 
energy and are defined by 

F A ( x )  = XAB4B2(x)  + XAS$S2(x) + 
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S 

with a similar expression for F&) obtained by inter- 
changing A and B. FS(x)  is defined by 

(2-9) 

&B(fm) ,  and &(fa) are obtained in the usual way by 
equating the chemical potential of the various components 
in the two bulk homogeneous phases; i.e. 

The asymptotic values of the volume fractions 

Note that there is a degree of freedom in the description 
of a ternary system, so that one of the bulk volume frac- 
tions, 4 ~ ( m )  say, must be specified in order to obtain a 
unique solution of eq 2-10. 

Having specified the boundary conditions through the 
eq 2-5 and 2-10, we may proceed with the numerical so- 

A E 
x*Fj=o.o1 

Figure 1. Caleulated binodals for a symmetric homopolymer- 
solvent ternary system with different degrees of polymerization. 

4: 
Figure 2. Interfacial tension y (in reduced units) as a function 
of total solvent volume fraction for various degrees of polymer- 
ization. The curves shown correspond to a trajectory in the phase 
diagram Figure 1 which is perpendicular to the line AI3 and pansea 
through the solvent vertex S. 

lution of the differential equations (2-1), as described in 
ref 7, in order to obtain the interfacial density profiles, as 
well as the interfacial tension, given by eq 3-18 of ref 7 

Y = l I d x [  J’s(x) - F s ( f m )  + ~ ( X ~ Q ~ ~ ~ A ’ ( X ) ~ B ’ ( X )  1 + 

xtisQAS24A’(X)4s’(x) + x B ~ U B s 2 m a ’ ( r ) k ’ b ) ) ]  (2-11) 

The results of these calculations, for model as well as 
real cases, are described in the following section. 

3. Results of Calculations 
A. Symmetric Case. Figure 1 shows the calculated 

binodal curves for XAS = XBS = 0.4, x u  = 0.01, and dif- 
ferent molecular weights. The tie lines in the symmetric 
case are horizontal and are not shown. With no solvent 
present, the value of the molecular weight for which 0.01 
is the critical value of xm is given byz 

(xAB)ci = YZ(l/zA1’z + 1/ZB1/’)’ 
= 2 / 2  ( Z A  = Z B  = z )  (3-1) 

so that Zc, = 200. For smaller values of Z no phase sep- 
aration takes place, of course. Figures 2 and 3 show plots 
of the interfacial tension and width of the interface, cor- 
responding to a trajectory in the phase diagram (Figure 
1) which is perpendicular to the line AB and passes 
through the solvent vertex (i.e., for a mixture with equal 
volumes of A and B). The width of the interface is defined 
in the usual way, as the intersection of the tangents to the 
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A B 

ZA.cO X ~ ~ m O . 0 0 5  2B-m 

Figure 4. Phase diagram for an asymmetric homopolymer- 
homopolymer-solvent system with infinite degree of polymeri- 
zation. The tie lines are drawn for intervals of 0.1 of the total 
solvent volume fraction in the homopolymer B-solvent phase. 

starting with the general expression for the interfacial 
tension. 

show that the scaling relations 3-6 
and 3-7 are indeed well satisfied for ZA = ZB = m, For xm 
= 0.005 and xu = xBs = 0.4, the exponents in eq 3-6 and 
3-7 are found to be -0.51 and 1.50, while for xm = 0.1 we 
get -0.62 and 1.56. The larger discrepancy between the 
dilution approximation and the second case is due to the 
larger repulsion between the two polymers, resulting in a 
higher concentration of solvent a t  the interface. 

For the symmetric case with finite molecular weight the 
relation (see Appendix) 

is satisfied, where the total volume fraction of polymer is 

and the critical value in the symmetric case is2 

Plots of d/b and 

Yd 4; - (4p0), (3-9) 

4: = 4A(OD) + #‘B(O0) (3-10) 

(4pO)cr = ~ / Z X A B  (3-11) 

Equation 3-8 is a special case of the above for Z = m. For 
finite molecular weight we have not been able to obtain 
an independent relation for the dependence of d on &O. 
However, the combined relation eq 3-9 shows that a change 
in the interfacial tension is related to both a change in the 
volume fraction of polymer and a change in d. This be- 
havior is also observed for the more complicated asym- 
metric systems (xAS # xss), as discussed later. 

B. Asymmetric Case. The phase diagram for x u  # 
x ~ s  and xm = 0.005, with ZA = Z B  = a, is shown in Figure 
4. Again, no three-phase region occurs since x u  < 0.5, 
xBS = 0.5. The tie lines are drawn for increments of 0.1 
of the solvent volume fraction in the homopolymer B- 
solvent phase. For finite molecular weight, the two-phase 
region is enclosed by the binodal curve shown in Figure 
5. From eq 3-2, ( x ~ &  = 0.004 for ZA = 2, = 500, so that 
xAB > (x,& in Figure 5. It  is interesting to compare 
Figures 1 and 5. With xAB = 0.005 and x u  = XBS = 0.4, 
the binodal for 2, = ZB = 500 would occupy a small part 
of the phase diagram shown in Figure 1. However, when 
xy.  = XBS, as shown in Figure 5, the region of incompat- 
ibility occupies almost the whole triangle. For very small 
solvent concentrations the composition of the bulk phase 
is very similar to what is obtained with no solvent present. 
The fact that phase separation also takes place for large 
solvent concentrations results in the “bowing out” of the 
binodal curve, as shown in Figure 5. 

Figure 6 gives plots of the interfacial tension and width 
corresponding to  vertical trajectories through the solvent 
vertex (i.e., equal volumes of A and B) of the phase dia- 
grams shown in Figures 4 and 5. The interfacial tension 

Figure 3. Interfacial width (in units of the Kuhn length b )  as 
a function of total solvent volume fraction for different degrees 
of polymerization, corresponding to the same trajectory in the 
phase diagram Figure 1 as indicated for Figure 2. 

polymer density profiles at the point midway between the 
asymptotic bulk values with the values of the polymer 
densities in the two phases. As expected, the interfacial 
tensions drop monotonically to zero with increasing solvent 
concentration. For 2 = m, the interfacial tension vanishes 
a t  = 1.0, since there is no three-phase region in this 
case for the interaction parameters we have chosen. 
However, as expected from the phase diagram, for finite 
molecular weight the interface broadens and the interfacial 
tension vanishes when the solvent volume fraction reaches 
the critical value given by2 

1 - (@so),, = ~ / Z X B  (3-2) 

Although a complete analytical solution for the inter- 
facial density profiles of the homopolymer-homo- 
polymer-solvent system does not exist, it  is interesting to 
compare the above calculations with the known results for 
the symmetric homopolymer-homopolymer interface with 
2, = ZB = a, for whichi5 

Y (Xm)%obkBT (3-3) 

d/b Q: (xAB)-’/~ (3-4) 

and 

where po is the (pure) polymer density in the bulk phase. 
I t  can easily be shown that the effect of a small amount 
of solvent in the symmetric system may be accounted for 
by the replacement 

XAB - 4pOxAB (3-5) 

where 4 O is the total polymer volume fraction, resulting 
in a “difution” of the A-B  interaction^,'^ and this ap- 
proximation is good when the solvent concentration is 
approximately constant throughout the system. Using eq 
3-5 we then find 

d/b a (4po)-1/2 (3-6) 

and replacing po by &Op0 in eq 3-3 we obtain 

Y a (43l.5 (3-7) 

and 

rd a 4po (3-8) 

Equation 3-7 may also be obtained from a scaling argument 
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ZA.500 XAB -0.005 Z ~ - 5 0 0  

Figure 5. Calculated binodal for the same asymmetric homo- 
polymer-homopolymeraolvent system shown in Figure 4, but 
with degree of polymerization 2, = 2, = 500. The right-hand 
end of the tie lines marks intervals of 0.1 in the total solvent 
volume fraction. 

j/ 1.0 

c------- --- -. /-- --- 
,/ --. 

I # I 

0 0.2 0.4 0.6 0.8 1.0 

$," 
Figure 6. Interfacial tension y (in reduced units) and interfacial 
width d (in units of the Kuhn length b) as a function of total 
solvent volume fraction for different degrees of polymerization, 
corresponding to trajectories in the phase diagrams Figures 4 and 
5 which pass through S perpendicular to AB. 

for 2, = 2, = m drops monotonically to zero, while the 
corresponding width of the interface remains almost con- 
stant until high solvent concentrations are reached. For 
2, = 2, = 500, the interfacial width starts at a finite value 
for 4So = 0, exhibits a minimum, and diverges for 4; -0.9. 
The corresponding interfacial tension shows a maximum, 
which is shifted to the left of the minimum in the inter- 
facial width. The occurrence of the maximum in the in- 
terfacial tension curve may be easily understood by re- 
ferring to Figure 7, where the value of the molecular weight 
has been chosen so that the lower critical point of the 
binodal curve touches the line AB. It  is clear that in this 
case the interfacial tension must vanish for = 0. Since 
y must also vanish at  the upper limit of compatibility, it  
is not surprising that it shows a maximum at some in- 
termediate value of &O, which marks the region of maxi- 
mum incompatibility. Figure 5 indicates that for Z A  = Z B  
= 500 the polymers are incompatible for $so = 0, and the 
interfacial tension in this case starts at a value intermediate 
between ZA = Z B  = m and ZA = 2, = 400 (Figure 7). 

In the Appendix we derive a general formula involving 
the interfacial tension y and width d 

Zn.400 XAB.O.OOB Z6.400 

Figure 7. Calculated binodal for the asymmetric homo- 
polymer-homopolymer-solvent system shown in Figures 4 and 
5, but with degree of polymerization ZA = ZB = 400. The dots 
indicate the total solvent volume fractions for which he interfacial 
density profiles are shown in Figures 10 and 11. 

S 

//----A\ 

A B 

ZA. 350 xAB.0.005 ZB-350 

Figure 8. Calculated binodal for asymmetric homopolymer- 
homopolymer-solvent system shown in previous figures, with 
degree of polymerization reduced to ZA = 2, = 350. 

The expression in the brackets is a decreasing function 
with increasing solvent concentration in the region under 
consideration and shifts the maximum of the interfacial 
tension curve to the left of the minimum in the interfacial 
width. For infinite molecular weight the decrease in the 
interfacial tension shown in Figure 6 is almost entirely due 
to the decrease in the volume fraction of polymer. The 
general expression (3-12) reduces to eq 3-9 for the sym- 
metric case, as shown in the Appendix. For the asym- 
metric case, it can be verified by using the results of our 
numerical calculations that relation 3-12 is very well sat- 
isfied. 

As mentioned earlier, Figure 7 shows the phase diagram 
for xAB = ( x ~ ) ~  The evolution of this "egg" diagram as 
the polymer-solvent parameters are allowed to vary is 
remarkable. When xAS - xBS, the egg shrinks to the 
critical point. However, the shrinkage does not take place 
uniformly as xm approaches xw Referring to an analysis 
of segregation in regular ternary solutions of small mole- 
~ u l e s , ' ~ J ~  we find the condition for the appearance of the 
egg from the critical point 

where we have introduced a slight generalization into the 
small-molecule formula to account for the molecular weight 
of the polymers. According to eq 3-13 the egg does not 
begin to appear immediately when x u  # xBS but only 
when this inequality is satisfied. A general analysis of the 
conditions necessary for the occurrence of the different 
types of phase diagrams in homopolymer-homopolymer- 
solvent systems is quite complicated, however, and is be- 
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4: 
Figure 9. Interfacial tension y (in reduced units) and interfacial 
width d (in units of the Kuhn length b)  as a function of total 
solvent volume fraction for different degrees of polymerization, 
corresponding to trajectories in the phase diagrams Figures 7 and 
8 which pass through S perpendicular to AB. 

n -.. 
n 

0.0 
-32 -24 -16 -8 0 8 16 24 32 

xlb 

Figure 10. Interfacial volume fractions of polymers (A, B) and 
solvent (S) corresponding to lowest dot on phase diagram in Figure 
7. Note that the solvent volume fraction is measured from the 
top down. The values of the x parameters are indicated on the 
phase diagram, and the distance from the middle of the interface 
is measured in units of the Kuhn length b. 

yond the scope of this paper. 
( x - ) ~ .  For 

small solvent concentrations the polymers are compatible, 
and phase separation takes place for larger solvent con- 
centrations only because of the difference in the poly- 
mer-solvent interaction parameters. The interfacial ten- 
sion and width curves for Figures 7 and 8 are given in 
Figure 9. There is a marked correlation between the 
minimum in the interfacial width and the maximum in the 
interfacial tension, as expected from eq 3-12 and the 
maximum is always shifted to lower values of the solvent 
volume fraction, as discussed earlier. Note that the surface 
tension curves in Figure 9 do not always go continuously 
to zero, because the trajectory on the phase diagram 
(through S and perpendicular to AB) may not pass exactly 
through the critical points. 

Figures 10 and 11 show the interfacial density profiles 
corresponding to the three points on the interfacial width 
curve for 2, = 2, = 400 (Figure 9). The values of &O were 
chosen for convenience to fall on the tie lines drawn in 

Figure 8 shows the egg diagram when xAB 

x l b  

Figure 11. Interfacial volume fractions of polymers (A, B) and 
solvent (S) corresponding to the higher two dots on phase diagram 
in Figure 7. The scales in Figures 10 and 11 are chosen to  be 
identical for ease of comparison. Note that the solvent volume 
fraction is measured from the top down in both panels. 

" - 1  S 4 12.0 

- 10.0 

- 5.0 

- 
- 6.0 .! 

0.2 0.4 0.6 0.8 1.0 
oat, " ' I I ' I ' I 

4: 
Figure 12. Interfacial tension y and interfacial width d as a 
function of total solvent concentration for t4e path of polymer- 
ization shown in the styrene-polystyrene-polybutadiene phase 
diagram. According to ref 16 xps-5 = 0.49, XPBM = 0.29, and 
XPS~BD = 0.024 (using the reference volume for styrene) a t  T = 
298 K. 

Figure 7 .  As the solvent concentration increases, the 
density profiles show a narrowing of the interface until for 
large concentrations the effect of the solvent causes a 
diffuse broadening. For intermediate solvent concentra- 
tions the interfacial profiles appear as if there were an 
increased effective x interaction parameter between the 
homopolymers. It would be interesting to study this effect 
from an analytical treatment of the problem. 
C. Styrene-Polystyrene-Polybutadiene. As a final 

example we calculate the interfacial tension and width for 
the polymerization path of high-impact polystyrenels as 
shown on the styrene-polystyrene-polybutadiene phase 
diagram (Figure 12). In this calculation we have assumed 
that the volume fraction of styrene which has polymerized 
at some point in the phase diagram has formed chains of 
high molecular weight polystyrene which are in thermo- 
dynamic equilibrium. While this is a crude approximation 
to the actual polymerization kinetics, it  should still give 
us some idea of the variation of the interfacial width and 
tension along the polymerization path. In addition, the 
degree of polymerization of the PBD was taken to be in- 
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finite, since M ,  = 149000 and M,/M, = 1.46.16 
Starting with $pBDo = 0.1, 4pso = 0, and 4s0 = 0.9 for the 

path shown in the phase diagram, the reaction terminates 
with 4 p B D  = 0.116, @pso = 0.884, and @so = 0. The po- 
lymerization path is a straight line, as may be easily ver- 
ified from the equations describing the path 

~ P B D O ( ~ )  = # P B D O ( O ) / ~ W  
@PSo(f) = f(PS/PPS)[l - @ P B D o ( o ) l / o m  

4So(f) = (1 - fir1 - 4 P B D o ( o ) l / o ( n  
(3-14) 

o(fi @PBDo(o) + [1 - f + f (PS/PPS)I[1 - 4PBDo(o)1 

where f is the fraction of styrene converted to polystyrene. 
Since polystyrene is more compact than styrene (ps < pW), 
the total volume of the system decreases and hence ~ P B D O  
increases with f even though the amount of polybutadiene 
is constant. 

For the styrene monomer, we used ps = 0.00872 mol 
~ m - ~ , l '  while for polystyrene, pps = 0.0103 mol cm-3 and 
bps = 7.1 A.17 For polybutadiene we have ppBD = 0.0176 
mol cm9 l7 as an average density and bPBD = 6.8 A," The 
x parameters (for T = 298 K) are taken from the paper 
by Kruse,16 x p S - 9  = 0.49, x p B p s  = 0.29, and XPS-PBD = 
0.024, using the reference volume of styrene as well as the 
quoted solubility parameters. We have assumed that the 
x values are independent of concentration, grafting, and 
cross-linking, all of which may be important in high-impact 
polystyrene, as noted by Kruse.16 For this system the 
interfacial tension increases by more than an order of 
magnitude as the polymerization proceeds, and it would 
be interesting to attempt to correlate this change with the 
rheological properties of the material. From Figure 12 we 
note also that the decrease in the interfacial width by a 
factor of 2 agrees approximately with the increase in the 
interfacial tension predicted by eq 3-8, although in this case 
xpss # XPBDS. For 4s0 = 0.9, we predict y N 0.1 dyn/cm, 
in good agreement with recent measurements by R i e ~ s . ~  

4. Discussion 
Phase diagrams of the type shown in Figure 5 (or Figure 

1) occur when the polymers are incompatible in the bulk 
but each is miscible in a solvent. An example of such a 
system is polystyrene-polypropylene-toluene.lo When the 
components are pairwise miscible in all proportions but 
phase separation takes place at  some composition when 
all three are mixed, we obtain a phase diagram like Figures 
7 and 8. Examples most often quoted are benzene-butyl 
rubber-EPDM rubber and diphenyl ether-atactic poly- 
propylene-linear polyethylene." In our calculations we 
also studied phase diagrams for which the polymers are 
incompatible in bulk and only one of the polymers is 
miscible with the solvent in all  proportions.2 However, ow 
attempts to obtain a closed miscibility envelope as well as 
a miscibility gap for the bulk polymers were unsuccessful. 
The reason for this is probably our use of x parameters, 
which were assumed to be completely independent of 
concentration. With the relaxation of this constraint it 
should be possible to calculate binodals for the more 
complicated miscibility gaps. 

To summarize our calculations of the binodals, the re- 
sults agree with earlier work4z5 in that a t  high polymer 
concentrations the polymer-polymer interaction (xm) 
controls the amount of miscibility, while at  low polymer 
concentrations the difference between the polymer-solvent 
interaction parameters (xAs and xBs) is responsible for the 
phase separation. Finally, for a small interaction between 
the polymers, a closed miscibility gap occurs if the poly- 
mer-solvent interaction parameters are different, as in 
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Figure 7. We also see that decreasing the molecular weight 
of the polymers for fixed xm has the same effect as low- 
ering xm at fixed molecular weight, since (xm)= is related 
to Z A  and ZB through eq 3-1. 

We have presented calculations of the interfacial tension 
and interfacial width for the different phase diagrams 
discussed above. In general, we found that the nonlocal 
terms had a negligible effect on the results and could be 
safely ignored. Scaling relations were derived for the de- 
pendence of the interfacial tension on the polymer volume 
fractions and the width of the interface. Although ap- 
proximate, the simple scaling laws are useful in under- 
standing the results of the more complicated calculations. 

Data on direct measurements of the interfacial tension 
in ternary systems are difficult to find. Langhammer and 
Nestlerg have carried out experiments on poly(viny1 ace- 
tate)-chlorinated poly(viny1 chloride)-ethyl oxalate as a 
function of concentration and molecular weight, but not 
all the x parameters are known for this system, making 
comparison with our theory impossible a t  this time. An 
earlier approximate analysis of the Langhammer and 
Nestler data has been made by Vrij.lg We have also cal- 
culated the interfacial tension for a path of polymerization 
in the polystyrene-polybutadiene-styrene system, using 
a rough model for the polymerization kinetics and neg- 
lecting the effects of grafting and cross-linking. Good 
agreement with recent measurements of the interfacial 
tension in this system by Riess3 is obtained for large mo- 
lecular weights and high styrene volume fraction. 
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Appendix 

Here we derive the approximate scaling law eq 3-12. We 
begin with the result for the interfacial tension y, given 
in ref 7 

where the nonlocal terms (whose contributions are usually 
small) have been neglected and 

qpt(x,t) = qp(x , l  - t )  (A-2) 
Using the values of the probability densities in the bulk 
phases, eq 2-5, we approximate the gradient a t  the inter- 
face by 

aqP 
ax 

exp[t In 4,(-)1 - exp[t ln 4p( -~ ) I  
(A-3) d 

N - 

and carry out the integrations in eq A-1, giving 

(A-4) 
For the symmetric case with infinite molecular weight, this 
result reduces to 

r d  = #Po (A-5) 
where @ O is the total volume fraction of polymer, as found 
earlier &om eq 3-6 and 3-7. For finite molecular weight, 
with XAS XBS and Z A  = Z B  = Z, we get from eq A-4 

yd a - (4po), (A-6) 
where now 
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4; = $A(-) + $‘B(-) (A-7) 
and the critical value of the polymer volume fraction is 
given by2 

&J;L = 2/zxAEi (A-8) 
The above result (eq A-6) can be easily derived from eq 

2-10 for the symmetric case (xAS  = xBs). For the asym- 
metric case no simplification of eq A-4 takes place. 
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ABSTRACT The two-parameter theory for radius of gyration and intrinsic viscosity was tested with 
experimental data on polystyrene and polyisobutylene published in preceding parta of this series. It was found 
that the radius expansion factors of the two polymers in different solvents gave a composite curve when plotted 
against the excluded-volume parameter z, as required by the two-parameter theory. This curve was best fitted 
by the Domb-Barrett empirical equation. For either polymer, the viscosity expansion factors in different 
solvents as functions of z did not give a single curve. This implies that intrinsic viscosity does not always 
obey the two-parameter theory. 

One of the most important achievements in modern 
polymer science is the development of the two-parameter 
theory for molecular properties of linear flexible polymers 
in dilute solution. Much work has been done in the past 
3 decades to check the predictions of this theory by ex- 
periment. The principal results are best summarized and 
discussed in Yamakawa’s monograph.’ A careful study of 
them leads us to the conviction that the validity of the 
two-parameter theory, especially on hydrodynamic prop- 
erties, is not as yet definitively established. 

The purpose of this paper is to check it for mean-square 
radius of gyration (9) and intrinsic viscosity at zero shear 
rate [VI, mostly using experimental data on polystyrene 
and polyisobutylene accumulated in our laboratory during 
the past few years. Except for ones taken from the doc- 
toral thesis of Y. Miyaki, these data were published in 
preceding parts of this series of papers. 
Criteria for the Two-Parameter Theory 

According to this theory, the radius expansion factor a, 
for linear flexible polymers at infinite dilution should be 
a universal function of a single variable z called the ex- 
cluded-volume parameter; i.e. 

where a, and z are defined by 
a, = a,(d (1) 

ffu2 = (S2)/(S2)0 (2) 

Z = (4*(s2)o /M)-3 /2Mo-2~~2~ (3) 

with ( S2) and ( S2)o the mean-square radii of gyration of 
a linear flexible polymer in the perturbed and unperturbed 
state, respectively, M the molecular weight of the polymer, 
Mo the molecular weight of its repeat unit, and /3 the binary 
cluster integral representing the strength of interaction 
between a pair of repeat units. The term “universal” in 
the above statement means that a quantity is independent 
of the kind of polymer and solvent condition. A solvent 
condition is defined by the kind of solvent and the tem- 
perature. 

If, as was assumed by Flory,2 the polymer molecule in 
solution behaves as if it were impermeable to solvent, the 
two-parameter theory predicts that the viscosity expansion 
factor a? also should be a universal function of z ;  i.e. 

a,, = ff$(Z) (4) 

a: = [ V l / [ V l o  (5 )  

where a? is defined by 

with [v] and [qjO the intrinsic viscosities of a polymer in 
the perturbed and unperturbed state, respectively. 

If eq 1 and 4 hold, there should exist a universal relation 
between a, and a,,. As can be seen in Yamakawa’s book,l 
previous tests with well-documented experiments are 
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