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d up to the conformation of a chain and the geometry of 
a surface ensure the return of a free chain to the virtual 
surface, WL = 1. This condition holds in the upper left 
part of the table, which is divided by the dashed line into 
the regions WL = 1 and WL < 1 (the lower right part of 
the table). 

Note that the proposed formalism is strict for Gaussian 
chains for any WL 5 1 but is not applicable for non- 
Gaussian chains if WL < 1. In the case of expanded coils 
it remains approximately correct if WL = 1, because the 
density of a free coil scales as p - N4I5 and the reflection 
from an adsorbing surface in the transition point does not 
change the scaling law. The applicability of eq 22 and the 
whole scheme of definition of the transition order in ad- 
sorption to globular structures needs further analysis. 

Summary 
A general method for investigating the transition type 

during adsorption of polymer chains on various solid 
surfaces has been developed. It is shown that a decisive 
part is played by the asymptotic behavior of length dis- 
tribution functions for loops formed by the return of free 
chains to the virtual surface geometrically equivalent to 
the adsorbent surface. The dependence of the chain free 
energy on the adsorption energy near the desorption-ad- 
sorption transition point is obtained in general form. 
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Study of the Surface Tension of Polymer Solutions: Theory and 
Experiments. 1. Good Solvent Conditions 
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ABSTRACT: A study of the surface tension of semidilute polymer solutions in good solvent conditions is 
presented. Theoretical predictions are given for the two cases when the interface is attractive or repulsive 
for the polymer, for the cases of both weak and strong adsorption. The Cahn approach for the interfacial 
tension is used and the concentration profile is calculated in mean field theory. The measurements were 
performed on two polymer good solvent systems: poly(dimethylsi1oxane)-toluene and polystyrene-toluene 
for the attractive and repulsive cases, respectively. The well-known ring method was used. The agreement 
between theory and experiments is good and indicates that the two systems are strong-adsorption cases. 

Recently, much effort has been devoted to the study of 
the interfacial properties of solutions. In particular, the 
behavior of polymers a t  liquid surfaces (melt or solution) 
has raised much interest, both theoretically and experi- 
mentally. 

One can distinguish two different situations. The first 
one is the contact between two liquid phases with no 
discontinuity in the concentration of the constituents in 
the interface.'-* The second one concerns the presence of 
a wall (either a t  a solid-liquid or a liquid-gas interface) 
leading to a discontinuity of the concentrations."8 We are 
interested in that second case since the liquid-gas surface 

Equipe de Recherche Associ6e au CNRS (No. 542). 
Associ6 au CNRS. 

of the solution is sharply defined. 
I t  was observed long ago that some polymers exhibit 

surface activity in organic solvents. On the other hand, 
adsorption phenomena are frequently of great amplitude 
for polymer solutions in contact with  surface^.^ 

From the theoretical point of view the approach of Cahn7 
for the interfacial tension and wetting properties of 
fluid-solid interfaces and some recent calculations8J0J1 of 
the profiles of polymer concentration in the vicinity of 
attractive or repulsive interfaces seem good building blocks 
for new predictions of interfacial behavior. This paper 
presents such predictions for the surface tension of sem- 
idilute solutions of polymers in good solvents. Both at- 
tractive and repulsive interfaces are examined, leading to 
different behaviors. 
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Table I 
Molecular Weights of the  PDMS Samples 
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polymer 
I I1 I11 

E,.,( osmometry) 9 3 0 0 0  265000  
M,(GPC) 1 7 0  000 344 000 616 000 
Kl( G_PC)- 5 4 0 0 0  200000  414000  
IP = M,/M,( GPC) 3.1 1 . 7  1.5 

Much  experimental data12-14 exist in various systems and 
some of them were compared  wi th  different theories.15 
Unfortunately, most of these experiments were performed 
with low molecular weight polymers (Mw < lo4). For these 
molecular weights the semidi lu te  concent ra t ion  range  is  
very narrow since the lower l imit  of the range  (overlap 
concentration) varies as M+'.s i n  good solvent. 

The experimental  results presented here were obtained 
wi th  much higher  molecular  weight sys t ems  (MW 
300000) which are better candida tes  to t e s t  polymer the- 
ories. 

I. Experimental Part 
Chemicals. Two different polymers were used, polystyrene 

(PS) for the repulsive case and poly(dimethylsi1oxane) (PDMS) 
for the attractive one. Toluene is a good solvent for both of 

We used Uvasol quality toluene, purchased from Merck. 
(A) Polystyrene. Two sruflples of polystyrene were used one 

of them (M,  = 270000, Mw/M,,  = 1.8) was kindly supplied by Dr. 
C. Picot from the Centre de Re-cherches sur lcs MacromolBcules 
(Strasbourg). The other one (M,  = 300000, M,/M, < 1.05) was 
supplied by Interchim Co., France. 

The measurements were made in the semidilute concentration 
range. In the case of M ,  = 300000, the crossover concentration 
corresponds to a volume fraction of 0.025.18 All solutions were 
prepared by weighing polymer and solvent. The solutions were 
used several days after the preparation. No later change of the 
surface tension was observed. In order to calculate the volume 
fractions of the polymer in solution, we used the following values 
for the densities: pps = 1.1 g/cm3I9 and ptol = 0.867 g / ~ m ~ . ~ '  

(B) PDMS.  The PDMS samples were prepared by anionic 
polymerization of hexamethylcyclotrisiloxane (D3) under high 
vacuum. On adding the [221] or [211] macroheterobicyclic ligand 
to  a benzene or toluene solution of D, after reaction with n-bu- 
tyllithium at  20 "C, we obtained high molecular weight polymers 
after several hours a t  +20 "C or at  -20 cC.21-24 The living PDMS 
samples were terminated with trimethylchlorosilane. Polymers 
were recovered by precipitation in methanol and they were then 
dried under high vacuum. Under these conditions, the amount 
of cyclic byproducts is negligible. Molecular weights were mea- 
sured by osmometry in toluene a t  37 "C and by gel permeation 
chromatography in toluene at 25- "C by using a polystyrene 
calibration curve. The ratio Mw/Mn was high for polymer I ( I p  
= 3.1); however, the polydispersity of PDMS was not expected 
to have an important influence in semidilute measurements. The 
results are summarized in Table I. The value for the density 
of PDMS in benzene is 0.998 g / ~ m ~ . ~  We took this value for the 
toluene case. 

Su r face  Tension Measurements.  (A) Method. We used 
the well-known ring method.25 The temperature was controlled 
a t  T = 19.5 f 0.05 "C. The apparatus was a modified Lauda 
tensiometer. 

A platinum ring (2 cm in diameter) immersed in the polymer 
solution is slowly pulled toward the surface (Figure la). During 
this displacement the force exerted on the ring by the interface 
(and the displaced volume) is recorded. This force has a maximum 
value F,, for a certain height h, of the ring (Figure lb).  When 
the ring is pulled beyond this value the force decreases, due to 
thinning of the film, leading to its rupture. If V is the volume 
of the solution that is drawn away by the ring at  height h,,, the 
surface tension y is given by 

y = F""f (R3/V,  R/a )  47rR 

Fmax - - - - -  'F /5qy 

hmax h -  
(bl 

Figure 1. Schematic representation of the experimental method: 
(a) Vertical section of the circular ring that draws up a liquid film; 
the force F equilibrates the resultant of the vertical component 
of the tension and the weight of the film. (b) Variation of the 
measured force as a function of the height h. Segment AB rep- 
resents the path during the oscillations. 

where a is the radius of the wire constituting the ring of radius 
R and f is the Harkins and Jordan factor,26 depending on the 
dimensionless variables R 3 /  V and R / a ;  V is calculated from F,, 
and f is obtained from curves by Harkins and Jordan.26 To avoid 
border effects, the experiment is carried in a sufficiently large 
vessel (diameter 2 5  cm). 

One problem is that during the increase of the surface due to 
the pull of the ring, the surface concentration must remain in 
equilibrium with the bulk solution. To ensure this equilibrium 
a t  height h,,, the ring is submitted to small oscillations around 
this position. The movement from A to B (Figure lb )  is slow 
enough to let the surface reach the equilibrium concentration. 
The measurement is correct when the maximum force is identical 
for the two displacements A - B or B - A. Nevertheless, such 
a procedure could not reveal a very slow approach to equilibrium 
(longer than several hours). For few concentrations we checked 
that this was not the case on a time scale of 24 h. 

In previous papers, we noticed, when using the same ring 
method, some difficulties when the polymer solutions are con- 
centrated. To  avoid the viscoelastic surface effects occurring 
during the pull of the ring, we monitored the movement by a small 
computer: it operates by steps of 0.02-mm displacement followed 
by a period of rest (several minutes). This period enabled us to 
follow the relaxation of the viscoelastic force. 

The measurement of the tension is given for each experiment 
within f0.02 mN/m and the reproducibility is between 0.05 and 
0.1 mN/m. 

(B) Repulsive In te r face  (PS-Toluene). For each concen- 
tration of the solution (all of them being in the semidilute range) 
a t  least four measurements were performed. The value that we 
measured for toluene is yml = 28.54 A 0.05 mN/m, in good 
agreement with tabulated values.20 

(C) Attractive Interface (PDMS-Toluene). Several samples 
were used, differing in both polydispersity and molecular weight 
(Table I). 

The measurements of the surface tension were performed on 
semidilute solutions. The experimental procedure was slightly 
different in the PDMS-toluene case due to the limited quantity 
of each polymer sample. In fact, the polymer solution was both 
stored and measured in a wide-mouth glass vessel (equipped with 
a stopper), the diameter of the free surface being 4.5 cm. After 
each measurement, toluene was added on the top of the solution. 
The solution was slightly stirred and left to equilibrate a t  least 
48 h. The concentration was determined by weighing the vessel 
just before measurement. This procedure assures us that the 
surface is not overcharged in polymer. The sequence of the various 
concentrations was repeated two times for each sample. 

11. Theory 
In this  section, we review the theory  for t h e  surface 

tension of single-phase semidilute polymer solutions. W e  
shall consider both adsorbing (PDMS/toluene free surface) 
and repelling (PS/ to luene  free surface) interfaces with 
good solvent conditions. Our basic approach  is to follow 
the Cahn7 development for interfacial energies and wetting. 
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polymer solutions (@ << l ) ,  L(@)  is dominated by the 
configurational entropic terms rather than the spatial 
dependence of the monomer-monomer  interaction^.^' For 
example, in mean field theory L(@)  cy @-l, which when 
ccAdering spatial fluctuations in bulk solutions, yields 
a scattering structure factorB of the Ornstein-Zernike form 
with the Edwards32 correlation length which varies as @-lt2. 
In more concentrated solutions (@ 5 l), we expect that  
L ( 9 )  becomes essentially @ independent, as for binary 
mixtures of small molecules.15 

(A) Mean Field Theory. In this section, we shall re- 
derive expressions for the interfacial tension in the mean 
field approximation for good solvents for both repulsive8 
and attractiveln walls using the Cahn functional (eq 11.1). 
This enables us to make detailed comparisons with results 
of the de Gennes-Widom scaling theoryn,% to be presented 
in the next section. Our starting point will be the Flory- 
Huggins free energy density for a semidilute bulk polymer 
solution.29 
F = ( T / a 3 ) [ ( Q , / N )  In @ + l/,uG2 + f / , ~ @ ~  + ...I (11.3) 
where a is a monomer dimension and N is the degree of 
polymerization. The first term represents the translational 
entropy of a polymer chain; u and w are, respectively, the 
second and third virial coefficients. In good solvents u - 
1 and the third virial coefficient is generally of order unity 
and more weakly temperature dependent than u. For 
semidilute polymer solutions in good solvents (1 >> @ > 
@*, where @* is the overlap concentration), the free energy 
is dominated by the effective two-body repulsions, i.e., the 
second virial term. For polymer solutions in mean field 
theory the stiffness function L(@)  isz9 

L(@) = (a2/24@)(T/a3) (11.4) 
The interfacial energy (11.2) then becomes 
Y - Y O =  

?las + ( T / a 3 ) S m d z  lYzu(@ - ab)' + (a2/24@)(a@/a~)21 
n 

(11.5) 
In terms of the mean field order parameter normalized 

to the bulk concentration, y2 = @/ab, the surface energy 
is conveniently written 

(7 - YO)/?'l@b = Ys2 + u,-'Lmdx Icy2 - 1)' + ( d ~ / d x ) ~ I  
(11.6) 

where urn = 671alE/T is 3 dimensionless mean field ad- 
sorption constant and lengths are measured in units of the 
Edwards32 correlation length & = a(3u@b)-1'2. 

Note that the weak-coupling (yla2/T < 1) assumption 
is compatible with strong adsorption (u, > 1). The mean 
field profile @ ( z )  is found by minimizing the free energy 
with variations in the profile and surface concentration as. 
For fixed a,, the Euler-Lagrange equation derived from 
eq 11.6 is 

d2y/dX2 = 2y(y2 - 1) (11.7) 
which has a first integral 

dy/dx = 1 - y2 (11.8) 
Note that (11.8) satisfies the boundary condition that 

d@/dx - 0 as @ - ab. For attractive walls, y > 1 and the 
slope dy/dx < 0; for repulsive boundaries the inequalities 
are reversed. 

The profiles derived from (11.8) for a t t r a c t i ~ e ~ ~ , ~ ~  and 
r e p u l s i ~ e ~ , ~ ~  interfaces are, respectively, 

(11.9) 

(11.10) 
@ ( t ) / @ b  = Coth2 [ ( Z / { E )  + 4 
N z ) / @ ,  = tanh2 [(Z/{E) f curl 

1 I + 
D i  Z 

Figure 2. Sketch of the solute concentration profile in the vicinity 
of attractive (solid line) and repulsive (dashed line) walls. 

We focus on dependences on such experimentally available 
parameters as polymer bulk volume fraction ab, where the 
interfacial energy y is written as 

where K, and K 2  are independent of bulk polymer con- 
centration. In order to obtain the general qualitative be- 
havior, we shall first discuss the mean field theory for 
interfacial tension.g11 Then we will review briefly the 
results of another approach: indeed, in order to predict 
more precise exponents for the concentration dependence 
of the sur€ace tension in good solvent, de G e n n e ~ ~ ~  has 
applied the Widom28 conjecture for a scaling theory of 
binary mixture adsorption to the case of polymer solutions; 
we shall show that this analysis modifies the mean field 
exponents in the case of attractive walls. 

The Cahn' approach for interfacial properties of dilute 
solutions is based on writing the surface energy (erg/cm2) 
as 
Y - Y O =  

ylaS + L m d z  IF(@) - &,@ nb + L(@)(d@/dz)') (11.2) 

where yo is the surface of the pure solvent, z is the per- 
pendicular from the surface measured into the solution, 
F ( @ )  is the bulk free energy density of a dilute solution 
of solute volume fraction @, & [=(aF/a@)b] is the bulk 
chemical potential, nb (=a2[ (d/d@)(F/@)]b) is the bulk 
osmotic pressure, L(@) is a function that describes the 
stiffness of the solution with respect to slow spatial fluc- 
tuations of the c o n ~ e n t r a t i o n , ~ ~  and y1 is a local solute- 
interface interaction energy per unit area. [=@(0)] is 
the solute volume fraction a t  the wall. 

For adsorbing walls yI < 0, and repulsive walls leave y1 
> 0. The linear form of the concentration dependence of 
the local terms is always reasonable for repulsive walls but 
assumes weak adsorption for the attractive case. For most 
cases the effects of van der Waals attraction to the surfaces 
simply serve to renormalize the contact term yl.27 This 
imp1ies3O (ylla2/T < 1. The stiffness function L(@) is in- 
dependent of the density @ for binary mixtures of small 
molecules but is strongly 9 dependent for polymers.29 The 
f i s t  term on the right-hand side of 11.2 represents the local 
contact energy between the wall and the solute; the integral 
term is the cost in energy associated with the deformation 
of the concentration profile in the vicinity of the surface 
(Figure 2). We now proceed to apply this Cahn surface 
free energy to the situations cited above. 

A recent paper15 considers interfacial tension problems 
within a density gradient formalism similar to that em- 
ployed here and reviews the previous literature. The es- 
sential difference between that study and ours resides in 
the structure of the stiffness function L(@).  For semidilute 
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where the constants a, and CY, are determined by the 
surface density as. There are two interesting limits for 
these profiles, depending on the arguments of the hyper- 
bolic functions: 

(i) For large arguments that  correspond to either weak 
adsorption (l@s/@b - 11 << 1) or large distances (2 >> &), 
the profile approaches the bulk value exponentially 

I @ k ) / @ b  - 11 = 4 exp(-2z/h) (11.11) 

(ii) For strong adsorption (as << @b (repulsive w d s )  and 
as >> @b (attractive walls)) and in the inner region 

@(z)/@b E (Z/EE + a)*' (11.12) 

where the positive exponent refers to repulsive surfaces 
and the negative exponent refers to attractive surfaces. 
The thickness D of the region where the profile is strongly 
deformed is 

D / E E  f f  = (@.8/@b)*1'2 < 1 (11.13) 

Reinserting the profile into (11.6), we obtain 
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The interfacial free energy is then minimized by 

yielding 
aS/@b = 1 + 1/Um2 - 1/um((rm2 + 4)'" (11.16) 

Recall that u > 0 for repulsive walls and u < 0 for attractive 
walls. For weak adsorption (lami < l ) ,  the surface density 
is 

a S / @ b  1 - '/zum (11.17) 

while for strong adsorption (luml > 1) 
@s/@b (1/'Jm)*2 (11.18) 

where the positive sign still refers to repulsive walls. More 
explicitly, 

@s N (12/u)(yla2/n2 (11.19) 

as (u@b2/12)(yla2/n-2 (11.20) 

for attractive and repulsive walls, respectively. Note that 
for the attractive case, the surface density (in strong ad- 
sorption) is nearly independent of bulk concentration while 
it varies as @b2 for the repulsive situation. For weak ad- 
sorption (Iuml < l), the interfacial tension is approximately 
linear with respect to bulk concentration 

- 7 0  ?'lab (11.21) 

It is larger or smaller than the pure solvent surface tension, 
depending on the sign of yl, i.e., repulsive or attractive 
walls. The weak-adsorption limit is essentially a pertur- 
bation result. For the more interesting strong-adsorption 
limit (Iuml > l), we find 

- 7 0  2/(T/a2)(3u)'i2@b312 + o(@b2) (11.22) 

for repulsive walls. The leading term in corresponds 
to the work required to create the depletion layer against 
the bulk osmotic pressure, i.e., "&,[E. In this limit, it is 
essentially independent of the local surface interaction 7,. 
For the attractive case 

17 - 701 (4yl/u)(yla2/T)2 + 271@b (11.23) 
As a function of bulk concentration there is a rapid 

decrease in the surface tension and then a slow further 
linear decrease that is linear in @b. 

1 2 l  
.5 i 

I I 

.05 ::K 
0 .05 :1 :2 '5 @b 

Figure 3. Repulsive case: PS-toluene. Plot of log (y - as 
a function of log ab. (A) M ,  = 300000; (0 )  M ,  = 270000. 

We can remark that if in the case of weak adsorption 
the expression of the surface tension is the same for both 
the attractive and repulsive cases, leading to y - yo linear 
in ab, the expressions for strong adsorption are qualita- 
tively different. 

(B) Comparison with Scaling Theory. Predictions 
of the interfacial behavior of attractive and repulsive 
systems in the frame of scaling theory are given in ref 27. 
More detailed calculations of the profile give similar re- 
s u l t ~ . ~ ~  The main conclusions for our purpose are the 
following: (i) the predictions for the repulsive interface 
are unchanged; (ii) in the attractive case, the exponent of 
@b in the expression of y changes from 1 to 1.25. 

111. Results and Discussion 
We measured the surface tension of the polymer solu- 

tions over a wide range of volume concentrations up to 0.4 
in good solvent conditions. To  our knowledge, only two 
studies refer to measurements of the surface tension of 
polymer sol~t ions. '~J~ In the two systems (PDMS-toluene 
and PDMS-Tetralin solutions), the free surface behaves 
as an attractive wall. A second point is that  in the two 
experimental studies, relatively low molecular weight 
(<lo4) polymers were used, which are not the best can- 
didates to test polymer theories. Moreover, the concen- 
tration range of the semidilute regime is very limited as 
previously noted. The third remark is that the mean field 
theory gives numerical predictions that we may reasonably 
compare with experiments. 

The theoretical predictions are related to the semidilute 
concentration range. In fact, the expression "semidilute 
range" deserves some discussion: if all the authors agree 
on the definition of the lower limit (overlap concentration), 
the upper limit is not so well understood. A good theo- 
retical definition could be the transition from the two-body 
interaction (second virial coefficient in eq 11.3) to higher 
terms of interaction. Experimentally, the situation is not 
very clear.34 We consider that an upper limit of this range 
is 0.25. 

Repulsive Interface. The measurements were done 
for a volume fraction of Ps in toluene going from 0.04 to 
0.36. The logarithmic representation of Figure 3 (log (y 
- yo) as a function of log Ob) gives the exponent of the 
relation y - yo = @@be. With yo = 28.54 mN/m and an 
error of 0.05 mN/m, one gets a = 1.3 f 0.25 and 6 = 5 f 
1 in the semidilute range (0.04 < @b < 0.24). 

The value of p can be deduced from the mean field 
theory calculations (eq 11.22). If we take u = 0.12, using 
u = 1 - 2x, with x the interaction Flory parameter (xps 
= 0.4416) and a = 3 A, we get fitheor = 6. These two values 
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Table I1 

I 

0 .1 .2 .3  . 4  @b 
1' [ mN/ml 

b 1 
261 

I I 
0 .1 . 2  .3 .4 4 b  

0 .1 . 2  . 3  . 4  @b 
Figure 4. Attractive case: PDMS-toluece. Variation of y _as 
a function of various samples: (a) M ,  100000; (b) M ,  
= 200000; (c) M ,  = 500000. 

are in excellent agreement. It is necessary to point out that 
if higher concentration (>0.24) measurements are included 
in the fit, the exponent increases to 1.7 (concentrations up 
to 0.38). This could reveal a change of regime (semidilute 
+ concentrated). As a contrary, the /3 term remains un- 
changed. We have no clear explanation of the small dis- 
crepancy between the two exponents. 

Attractive Interface. Figure 4 gives the variations of 
y when the volume fraction varies from 0.02 to 0.4 for three 
different samples. 

It is interesting to compare these results with the results 
of ref 12 and 14. Let us recall that these authors observe 
for low molecular weight PDMS a progressive decrease of 
the surface tension y with an increasing concentration of 
polymer. The highest molecular weight (A?, - 6500) shows 
a sudden drop of y (around 3 mN/m) a t  c = 0 followed 

- ~~ 

Mn ye,+.., mN/m slope, m/Nm 
93 000 25.55 -3.93 

265 000 25.57 -3.79 
500 000 25.60 -3.45 

by an almost linear decrease. Our results for molecular 
weights ranging from lo5 to 5 X lo5 are in agreement with 
these findings. The three curves of Figure 4 are well fitted 
with straight lines and Table I1 gives the parameters of 
the fit. (yext = y(@b+o) and the slope equals dy/d@b) 

We limit our discussion to the mean field theory since 
the limited extension of the semidilute range to 1 decade 
does not enable us to distinguish between the exponents 
of 1 and 1.25. 

It is clear from Table I1 that these parameters are not 
dependent on the molecular weight, which is expected in 
the semidilute regime.35 

An important point is that  the extrapolated tension at  
= 0 is 3 mN/m lower than the value of the surface 

tension of pure toluene. The comparison of eq 11.21 and 
11.23 clearly distinguishes weak and strong adsorption 
cases. The PDMS-toluene system is a strong adsorption 
case. A more detailed comparison of eq 11.23 with the 
experimental results yext and dy/d+b enables the calcu- 
lation of parameters; following yo - yext = 4y13a4/uTL and 
dy/d+b = -2yl and with T = 4 X J and u = 0.16,16 
one can calculate y1 = 2 mN/m and a = 6.7 A. These 
values are reasonable if one considers that ytol - ypDMs = 
8 mN/rnl3 and the monomer size (0-Si-0 distance) is 
equal to 4 A. These values lead to yla2/T (coupling con- 
stant) = 0.23 and a6=o.l (adsorption constant) = 6.2. These 
results indicate weak coupling and strong adsorption as 
observed. 
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ABSTRACT Expansivities and compressibilities which had to be estimated in earlier work have been measured. 
The method by which the parameters of the free volume theory (B ,  fo, a,, K,*, and k,) were calculated from 
isobaric and isothermal stress relaxation measurements has been refined. The earlier method for predicting 
the parameters cl0 and c20 of the WLF equation at higher fixed pressures has been revised. 

I. Introduction 
Earlier work in this laboratory1 described stress relax- 

ation measurements under superposed hydrostatic pres- 
sure a t  different temperatures on selected rubberlike 
materials. This work led to the development of an equa- 
tion predicting the superposition of the effects of time, 
temperature, and pressure. The equation, which will be 
referred to as the Fillers-Moonan-Tschoegl (or FMT) 
equation for convenience, is based on the free volume 
concept and comprises the well-known WLF equation2 as 
the special case predicting the effect of temperature a t  
constant (atmospheric) pressure. 

The FMT equation takes the form 

where T and P are the (absolute) temperature and pres- 
sure, respectively, and B(P) is given by 
O(P) = 

The quantities Cl-cB, expressed in terms of the material 
parameters, are 

Cleo = B/2.303fo (3.1) 

C 2 O 0 ( P )  = fO/.f(P) (3.2) 

c3O(P) = l /kraf(P) (3.3) 

c40 = k,/Kr* (3.4) 

C 5 O ( P )  = l/k,cy,(P) (3.5) 

c,j0 = k+/K,* (3.6) 

where the first superscript on the c's refers to the reference 
temperature, To, and the second superscript refers to the 
reference pressure, Po. Thus all parameters are dependent 
on the choice of reference temperature, cloo and czoo are 
dependent on the choice of reference pressure also, and 
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czoo, c30, and c50 depend, in addition, on the experimental 
pressure, P. Equations 3 differ from eq 40 and 41 in the 
earlier publication in drawing attention to these depen- 
dencies by employing the more explicit notation introduced 
here. Unless otherwise stated, the reference conditions are 
To = 25 " C  and Po = 0.1 MPa. When the temperature 
dependence is not expressed explicitly, the parameter is 
referred to the reference temperature. A material param- 
eter referred to zero pressure is distinguished by an as- 
terisk. If a parameter is referred to atmospheric pressure, 
it  carries no asterisk, subscript, or superscript referring to 
pressure. In this way the notation is made consistent with 
that of the WLF equation and the symbols cl0, cZ0, fo, and 
af retain their familiar form. In most cases the numerical 
values of parameters referred to zero and to atmospheric 
pressure, respectively, differ negligibly, and so we may 
substitute, e.g., cy, for a,*, etc. 

In eqs 3 B is a proportionality constant well-known from 
the theory of the WLF fo is the fractional free 
volume a t  the reference temperature and reference pres- 
sure, cyf(P) is the thermal expansion coefficient of the free 
volume as a function of pressure a t  the reference tem- 
perature, K,* is the bulk modulus of the rubber a t  the 
reference temperature and zero pressure, k ,  (the Bridgman 
constant) expresses the pressure dependence of the mo- 
dulus a t  the reference temperature, and K,* and k ,  are 
the occupied volume analogues of the preceding two 
quantities. Of the seven material parameters appearing 
in eqs 3, Kr* and k ,  can be measured independently, and 
they alone determine c40. The remaining five experimental 
quantities, c loo,  cZoo(P) ,  c30(P), c50(P), and CG0, can be 
obtained from the empirical shift distances determined 
from stress relaxation measurements in the manner to be 
discussed below. There are thus five known quantities for 
five unknown ones. By contrast, measurements as a 
function of temperature alone (i.e., at  constant pressure) 
lead to an underdetermined system because only two 
known quantities, the cl0 and c20 parameters of the WLF 
equation, are available for determining the three unknowns 

In the work reported in the preceding paper, K,*, k,, and 
cy, had to be estimated or backed out from the data. We 

B, fo, and cyf = 4 P o ) .  
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