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low while the virial coefficient remained the Same as before. 
Such behavior suggests that  large nonideality extensively 
suppresses the effects of heterogeneity as was expected from 
eq 15. Thus, the applicable limits of the method may be 
broader than suggested above. 

Conclusions 
The experimental data from sedimentation equilibrium in 

a single equilibrium run may be expressed as an apparent 
molecular weight,  MA^^, which is a function of the concen- 
tration of the solute, which, in turn, depends on the radial 
distance. Two methods are proposed for evaluation of the 
experimental dependences: (1) a plot of  M MA,, vs. c and (2) 
a plot of 1/MApp1/2 vs. c .  In both cases the intercept of the 
straight line through the experimental points yields the mo- 
lecular weight; the slope yields the second virial coefficient. 

For ethyl acetate solutions of polystyrene, which represent 
moderately nonideal mixtures, both methods yield reasonable 
molecular weights. For highly nonideal benzene solutions of 
polystyrene only the square-root plot (2) yields reasonable 
values of molecular weight; a linear plot (1) yields too high a 
value. 

For narrow fractions of the polymer, such as those used in 
this study, the method yields values of virial coefficient which 
are comparable to values obtained by osmometry and light 
scattering. However, the theoretical analysis predicts, that for 
polydisperse polymers the method will yield virial coefficients 
which are too low. Thus, caution is recommended when 
polymers are studied, which have a broader distribution of 
molecular weights. 
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ABSTRACT: A large discrepancy exists between published experimental values and theoretical predictions of heats 
of mixing of polymers to infinite dilution in mixed solvents. An even larger error exists for polymer intrinsic viscosi- 
ties in mixed solvents. The predictions were made on the basis of the Flory-Huggins lattice model theory. We derive 
expressions using the more recent Prigogine-Flory theory which considers interactions to occur between molecular 
surfaces, and which is thus sensitive to the molecular surface/volume ratios of the polymer and solvent molecules. 
The theory also allows for thermodynamic effects associated with volume changes occurring during the mixing pro- 
cess. Both of these changes in theory are important when mixed solvents are used, and the new predictions are very 
different from those made with the Flory-Huggins theory. They are in good agreement with experiment for a number 
of systems with varied molecular surfaceholume ratios. 

A number of conveniently measured quantities may be 
used to  investigate the interaction of a polymer (component 
3) with mixed solvents (components 1 and 2), e.g., the heat of 
mixing of the polymer to  infinite dilution,2 its intrinsic vis- 
~ o s i t y , ~ , ~  or the swelling factor of the cross-linked p ~ l y m e r . ~ > ~ *  
These quantities reflect the (1-2) as well as the (1-3) and (2-3) 
interactions. Thus, the Flory-Huggins theory leads2 to  the 
following expression for the heat, L ,  absorbed on dissolving 
1 g of polymer in an infinite amount of mixed-solvent of 
composition pl (volume fraction): 

Here z is the lattice coordination number, v3  is the specific 
volume of the polymer, v is the volume of a segment, and the 
W H ~ ~  are the contact interchange energies. I t  is convenient to  
define a quantity aL representing the deviation of L from a 
linear interpolation between the values in the pure solvents, 
L1 and L2. Equation 1 predicts2 that AL reflects only the (1-2) 
interaction: 

AL = L - ($OIL1 + p2L2) 

= -Z(U3/v)$OI(OZWH12 = - U 1 2 ( ( P 1 )  (2) 
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Table I 
Heats of Mixing of Polymers in Mixed Solvents (Comparison of Theory and Experiment) 

Solventsa Polymerb AL(F1ory-Huggins)/ AL (Prigogine-Flory)/ 
S I ,  A-1 s3, A-1 AL (expt1)f AL (expt1)g 

(Benzene-cyclohexant:)/PIB 0.96 0.58c 1.4 
(Benzene-cyclohexant:)/PDMS 0.96 0.60d 1.4 
(Benzene-heptane)/PlB 0.92 0.58 1.6 
(Benzene-heptane)/P DMS 0.92 0.60 1.3 

(CC14-methylcyclohexane)/PDMS 0.89 0.60 1.3 
(Chlorobenzene-heptane)/PIB 0.86 0.58 2.0 

(Benzene-cyclohexane)/&- polybutadiene 0.96 1.0e 0.9 

0.9 
0.9 
1.1 
0.9 
1.5 
0.9 
1.0 

The average molecular surface/volume ratio of the two solvents. The molecules are considered as spheres with molar “hard-core” 
volume V* obtained from (Y through Flory equation of state. Molecular surface/volume ratio of polymer chain considered as a cylinder. 

PDMS radius = 3.36 8, (P. TancrBde, 
D. Patterson, and V. T. Lam, J .  Chem. Soc., Faraday  Trans .  2, 71,985 (1975)). e PB radius = 2 A, ref 14a. f Equation 2 and experimental 
AL values from ref 1 and 14b. 6 Equation 15. 

PIB radius = 3.48 8, (B. E. Eichinger and P. J. Flory, T r a n s .  Faraday  SOC., 64,2035 (1968)). 

a volume of mixed solvent equal to tha t  of the polymer, Le., 
u3, the specific volume of the polymer. According to eq 2, an 
endothermic excess heat for the mixed solvents leads to a heat 
of mixing the polymer and the solvent mixture which lies 
below the linear interpolation of the values in the pure sol- 
vents. The  quantity - ! l z  is readily obtained experimentally, 
and hence AI, may be predicted. 

The  Flory-Huggins theory gives an  expression similar to 
eq 1 for the noncomhinatorial part of the free enthalpy (AGM) 
of dissolving the polymer in the mixed solvent. This leads3c 
through the chemical potentials and the Stockmayer--Fixman 
equation5b to an expression for A[q] defined analogously to 
AL: 

Here u~~~ is the (1-2) contact interchange free enthalpy, GE/V 
is the known excess free enthalpy per unit volume of the mixed 
solvents, M is the polymer molecular weight, and @ is the Flory 
universal constant The usual positive value of G E  for the 
solvent mixture leads to a value of [q]  in the mixture which is 
larger than the linear interpolation between the values in the 
pure solvents (Le., the free energy of interaction between khe 
coil and the mixture is less than a linearly interpolated value). 
I t  is possible tha t  the Stockmayer-Fixman equation over- 
estimates A [ q ] ,  and other equations may be used to relate the 
coil expansion factor N t o  the thermodynamic interactions. 
For instance, ref 2a and 2h use the original Fox-Flory relation, 
and we choose a modified form of this in the present work. 

Experimental determinations of AL were made with poly- 
dimethylsiloxane and polyisobutylene (see Table I). The 
mixing of the two solvents was an endothermic process for 
every system (AH12 > 0). In conformity with eq 2, negative AL 
were found, corresponding to the breaking of the (1-2) con- 
tacts by the polymer For A [ q ] ,  mixed-solvent systems were 
used with both signs of GE. The experiments showed that,  as 
predicted by eq 3, the sign of A[q] was the same as that of GE. 
Unfortunately, the quantitative predictions of AL and A[q] 
are consistently too large. The theoretical negative AL are 
usually --I .5 times the experimental values, but the discrep- 
ancy is much larger for A[q]. There, using eq 3 based on the 
Stockmayer-Fixman relation, it was tha t  the pre- 
dicted A[q]  were about ten times the experimental values. In 
the earlier based on the Fox-Flory approach, the dis- 
crepancy involved a factor of -3, i.e., still unacceptably large. 

Equations 2 and 3 have been derived neglecting any pref- 
erential sorption by the polymer of one of the solvents. Al- 
lowing for this effect lowers2 L making U more negative, thus 

increasing the error made by the theory. The calculated value 
of [q] is also 1 0 w e r e d ~ ~ , ~ b  by allowing for preferential adsorp- 
tion. This would decrease the discrepancy between theory and 
experiment when GE > 0, but increase it for mixed solvents 
having G E  < 0. Furthermore, the discrepancy {s found even 
when the solvents are of similar quality and preferential ad- 
sorption would be expected to vanish4a in the middle of the 
concentration range. Other kinds of deviations from random 
mixing, occurring in the polar systems, can be shown to result 
in deviations from the Flory-Huggins theory which are in the 
correct direction but considerably smaller than found ex- 
perimentally. 

The large discrepancies between theory and experiment 
must apparently be attributed to deficiencies in the Flory- 
Huggins theory of the solution thermodynamics. Thus, pro- 
vided mixed solvents are used, simple heat and viscosity ex- 
periments provide a test of the theory. In the case of a single 
solvent, any inadequacy of the Flory-Huggins theory is hidden 
by adjustment of the polymer-solvent interaction parameters, 
e.g., x, which are left as empirical quantities. 

A more recent theory than the Flory-Huggins, namely the 
Prigogine6-Flory7, departs from the usual volume fractions 
in dealing with molecular contacts, and employs instead mo- 
lecular “surface” or “site” fractions, i.e., fractions of the total 
molecular surface in the mixture which are associated with the 
different components. I t  is of interest to note that interaction 
between molecular surfaces is also an important feature of the 
theory of Huggins8 and indeed of early work by Langmuirg and 
o t h e r ~ . ~ J ~  GuggenheimlO and later Prigogine6 used a lattice 
model to evaluate the surface area of a polymer molecule 
available for intermolecular contact, and both a polymer 
segment and a solvent molecule were assumed to be of roughly 
the same size. The surface/volume ratio of a polymer was 
therefore close to that of a solvent molecule unless the lattice 
coordination number was made unrealistically small. Indeed, 
values of z - 3 , 4  were used3b successfully to predict A[q] re- 
sults for polymers in mixed solvents. More r e ~ e n t l y , ~  however, 
it has been realized that polymer molecules with their side 
groups may correspond to chains with a cross-sectional di- 
ameter considerably greater than the dimensions of the sol- 
vent molecules, corresponding to a low molecular surface/ 
volume ratio for the polymer and to a small apparent value of 
z in the Guggenheim theory. 

The AL and A[q] quantities reflect heat and free enthalpy 
effects associated with the demixing of a volume of mixed 
solvent sufficient to provide sites for interaction with the 
polymer. The  Flory-Huggins theory associates the same 
number of interaction sites with unit volumes of polymer and 
solvent. However, if the Prigogine-Flory theory is correct, and 
if the polymer in fact has a smaller molecular surface/volume 
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ratio than the solvents, then it is clear that  the Flory-Huggins 
theory will over-estimate the amount of mixed solvent needed 
to  provide interaction sites with the polymer, and hence also 
over-estimate 1L and A[77]. The Prigogine-Flory theory has 
now been extensively tested and there is much experimental 
evidence in many areas in favor of considering molecular in- 
teraction to take place between surfaces of molecules. For 
instance, the usual increase of the x parameter with polymer 
concentration is associated with a smaller molecular sur- 
face/volume ratio for the polymer than for the solvent. 

It is also important that  the Prigogine-Flory theory intro- 
duces a second contribution to the thermodynamic mixing 
functions apart from that due to the interaction of molecular 
surfaces. This arises from volume changes occurring during 
mixing, Le., the equation of state effect of Flory. I t  is partic- 
ularly important in the chemical potential (x parameter) of 
polymer solutions, and explains the phase separation found 
as a general phenomenon in polymer solutions a t  high tem- 
peratures (LCST). It is evidently of interest to predict 1L and 
l [ v ]  using the Prigogine-Flory theory. We find that  the 
thermodynamics of ternary systems is indeed sensitive to both 
the effect of interaction between molecular surfaces and to the 
effect of volume changes taking place during the mixing pro- 
cess. 

Heat of Mixing of Polymer t o  Inf ini te  Dilution 

Using the corresponding states formulation” of the Pri- 
gogine-Flory theory, and extending the expression for a binary 
mixture, we write for the molar energy of a ternary mix- 
ture, 

o=  U*O(T) 
u* = (XlU1* + x2u2*  + x3u3* - Xl02Vl*XI2 

- x103vI*x13 - X203V2*x2:3) (4) 

Here n, is the mole fraction of the i th component, the U,* and 
VI* are the molar reduction parameters for energy and vol- 
ume, respectively, O l  are the surface fractions of components 
in the final mixture, 

3 
81 = x 1 v 1 * s , ~ ~  X I V , * S l  ( 5 )  

with s, the molecular surface/volume ratios. The  XI, are the 
contact interaction parameters in the sense of the theory of 
Flory and collaborators; U ( T )  is the reduced energy as a 
function of reduced temperature, which for the ternary mix- 
ture is given by: 

T = ~xlu,*T,/u* (6) 

The  quantities 0 and rf; for the solvent mixture are given by 
expressions analogous to eq 4 and 6, whence the molar heat 
of mixing a t  zero pressure, AUM, and the quantity L may be 
obtained: 

(7) L = - lim d { ( n l +  n2 + n s ) A U ~ I / d n 3  

where M is the molecular weight of the polymer. Substituting 
(4) and (6) into ( 7 )  we obtain: 

1 .  
M n3-0 

L = s3~3*[%1O(x13/s1) + 0 2 O ( x 2 3 / s 2 )  

- 010%20(X12/S1)1Q(T0) + P3*U3*[0(TO) 

- L’( “3) + (T3 - To) a’( To)] (8 )  

where U S *  is the specific volume reduction parameter of the 
polymer, Pa* = U3*/V3* is the reduction parameter for 
pressure, and 

u ( T )  d 0 / a T  = Cp(T); QcT) = -O(T)  + TQT) (9) 

The zero subscript, e.g., 010, TO, refers to  the mixed solvent. 
Equation 2 suggests the definition of the quantity 

AL = L - (~ll3Ll + 0 2 d d  (10) 

evaluated from eq 8 to be: 

J L / C : ~ *  = -RtoOz,(s:~/s,)Xl,~(TO) 

+ ho[P3* - (S3/S1)X13l[Q(~O) - Q(Td1 
+ 02o[P3* - (S3/S2)X231[Q(TO) - Q(T2)I 

- P3*T:JO(To) - OIOO(T1) - 0 2 0 0 ( T 2 ) ]  (11) 
Equation 11 permits the calculation of &!,,Jut we consider 

instead an  approximation. Thts is based on T3 being consid- 
erably lower than either or T2, which for most solvents are 
close together. Taking T2 = and using eq 6 

whence, expanding reduced quantities in eq 11 around TI, we 
have 

(13) 
which replaces the Flory-Huggins eq 2. Equation 13 is general, 
however, and below we put it in a form suitable for calcula- 
tions. 

Qualitative In te rpre ta t ion  of (13). The significance of 
the two terms in eq 13 is shown by decomposing the mixing 
process into three steps: (a) the mixed solvents are separated 
into the pure components 1 and 2; (b) portions of 010 and %ZO 
of the polymer are mixed with the pure liquids 1 and 2 (these 
heats give the linear term in L:  Ol&l+ O z d 2 ) ;  (c) the polymer 
solutions are mixed to give the final ternary system. The sum 
of the heat changes in steps (a) and (c) gives 1L. It is clear that 
(c) remakes most, viz., a fraction 1 - 03, of the (1-2) contacts 
which were replaced by (1-1) and (2-2) in (a). A certain frac- 
tion, 03 ,  are not remade since they have been taken up by the 
polymer molecules. The resulting heat effect is equal to the 
heat of demixing a sufficient quantity of mixed solvent to  
furnish a molecular surface area equal to that associated with 
1 g of polymer. This heat, as given by the theory, is identically 
the first term of eq 13. This term therefore differs from -lHl2 

in eq 2 simply because the Flory-Huggins theory takes poly- 
mer and solvent liquids to have equal molecular surface areas 
per unit volume, and therefore in the Flory-Huggins theory 
- A H 1 2  refers to a volume of mixed solvent equal to the uolume 
of 1 g of polymer. 

The  second term of eq 13 has no analogue in the Flory- 
Huggins eq 2 since it involves the difference in reduced tem- 
peratures of the polymer and the solvents. The  fraction 1 - 
83 of (1-2) contacts broken in step (a) is remade in step (c), but 
this happens in the presence of the polymer. This produces 
a zero net heat effect in the Flory-Huggins theory, but not in 
the newer theory where polymer affects the energy of the (1-2) 
contacts, a t  least in the prevailing “one fluid” form. The  en- 
ergy of a solution is not expressible as the sum of contact 
energies, and indeed the Prigogine-Flory theory offers a 
possible explanation of the “ternary term” which has been 
found necessaryl in applying Flory-Huggins polymer solution 
thermodynamics to ternary systems. The  second term in eq 
13 corresponds to  the net thermodynamic effect of b_reaking 
the (1-2) contacts a t  a higher reduced temperature, T I ,  than 
prevails when they are remade in the presence of the polymer. 
Equation 13 of ref 2 gives an expression in Prigogine’s no- 
menclature for this second term and it may be shown to  be 
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identical with the term found here. Reference 2 evaluated the 
term using the Prigogine cell theory or experimental values 
for the change of AH12 with temperature and found the second 
term to be nonnegligible. However, if we use the Flory model 
to  evaluate o’(p1), we now find the second term is only 5% 
of the first term in eq 13 and it may be neglected. I t  is then of 
interest to  compare the calculated values of AL. using the two 
theories. In eq 13 the Xlz parameter may be related to the heat 
of mixing quantity A H 1 2  of eq 2 

AH12 = (so/s)(~~*Q~/Q~)~~o~zoX~ZB(~I) (14) 

so = colosl+ (PZOSZ 

Le., a volume fraction average of S I  and SZ. Equation 13 be- 
comes 

SL(Prigogine-Flory) = - 

In treating intrinsic viscosities below, we find i t  necessary to  
put s1 SZ. In practice, the surface/volume ratios for solvents 
are similar, so that  in eq 15 we can make the same approxi- 
mation, SO N SI, whence 

AL(Prigogine-Flory) = - 

or 
aL (Prigogine-Flory) 
SL(F1ory-Huggins) ( 1 5 ~ )  

Comparison with Experiment. The systems studied in 
ref 2 involve polyisobutylene (PIB) or polydimethylsiloxane 
(PDMS) as polymeric components. Six typical systems are 
re-examined in Table I which shows (columns 2 and 3) that  
the molecular surface/volume ratios (s3) of both PIB and 
PDMS are considerably smaller than the average surface/ 
volume ratios of the solvents (SI). Corresponding to  this, the  
Flory-Huggins theory (eq 2) gives too large predictions for U, 
taken here a t  equimolar concentration of the mixed-solvent 
medium. This is shown in column 4 of Table I where the ratio 
AL. (Flory-Huggins)/AL. (exptl) is considerably larger than 
unity for the PIB and PDMS systems. [Values of hL(F1ory- 
Huggins) may be found in ref 2.1 On the other hand, AL. (Pri- 
gogine-Flory) was calculated using eq 15 obtaining and 9 3  
from the thermal expansion coefficients of these components 
Now the ratio U(Prigogine-Flory)/AL(exptl) is much more 
satisfactory, i.e., closer to  unity (column 5). However, we have 
no explanation for the poor results from both theories in the 
case of the (chlorobenzene-heptane)/PIB system. 

Polybutadiene is a polymer with an unusually14a high sur- 
face/volume ratio similar to that for benzene and cyclohexane. 
This means that  for the (benzene-cyclohexane)/polybutadi- 
ene system the Flory-Huggins and Prigogine-Flory predic- 
tions should be similar. Heats of mixing of polybutadiene with 
benzene-cyclohexane have been measured,14b and Table I 
shows that  now both of the theoretical predictions are very 
good. 

Intrinsic Viscosities in Mixed Solvents 
The intrinsic viscosity of a polymer in a single solvent may 

be related to  the thermodynamic interaction parameter x 
through any one of a number of relations. For instance, the 
Stockmayer-Fixman relation5b gives 

The original Fox-Flory relation,l2 as modified by Stock- 
mayer,l3 gives 

[q] = KgM1”a3 

a5 - a“ = 0 . 9 8 C ~ ( %  - X)M’’~ (17) 

with CM as given in ref 12. In the case of a ternary system, the 
expression 0.5 - x is replaced by the function Y: 

Here, as described in ref 4a, the Mii are special double dif- 
ferentiations, with respect to volume fractions, of the solution 
free enthalpy. The quantity t represents4a the selective 
sorption by the coil of one of the solvents. In the present 
treatment, the corresponding states approach is used to  give 
the noncombinatorial part of the solution free enthalpy, 
i.e., 

The Flory-Huggins expression with volume rather than seg- 
ment fractions was used for the combinatorial contribution 
to  G ,  and the final expression for Y becomes: 

The following nomenclature has been used: Si = si/Vi; ( i j  = 

solvent molar volumes). The reduced temperature of the 
mixed solvent is given by eq 6, putting x3 = 0, and the quantity 
A (010) is given by: 

x,./vi; Xi *  = P.*/Q.. I ,  s o - - (~ioS1+ pzoS2; 1 = V1/V2 (ratio of 

A(0io) = ~ 3 * p 3  - To 

s1 

sz - (13010 - - (23020) 1 (21) 

The application of eq 20 and 21  has been 5implified by as- 
suming p~ = p ~ ,  S1 = Sz, PI*  = p ~ * ,  V1 = Vz, etc., and that  
the preferential adsorption, e, is zero. In  this approximation 
the two solvents have the same free volumes and molecular 
surface/volume ratios. We use the subscript 1 to denote the 
solvents and for computation on an actual system suggest that 
1 subscript quantities might be volume fraction averages of 
the pure solvent quantities as in eq 14 or simple arithmetric 
averages. We then obtain an expression for the quantity AY, 
namely 

AY = y(%io) - (0ioyi + 0zoyz)  

Here the X12 parameter may be related to  the experimental 
G E  of the mixed-solvent system through 

GE = X i z ~ i o 0 z o V i ( - ~ ( T i ) ) / Q i  (23) 

and if one uses the Flory model of the liquid state 

TIC‘,( Tl)/-O( Ti) = cvlT (24) 

where a1 is the thermal expansion coefficient of either solvent. 
Thus  

GE Q 2 
AY = - (4) [ (:)’ 

RT V3 

This may be contrasted with the Flory-Huggins expression 
with a similar assumption of zero preferential adsorption: 
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2 3p ’ / /’ /’ PIE 

1 ,/’ 

0.50- 0.5 

xc  - C6 xc-c, 
Figure 1. Intrinsic viscosities of polymers in benzene-cyclohexane as functions of cyclohexane mole fraction: ( 0 )  experimental points; lines 
calculated using modified Fox-Flory [q]-Y relation and (FH), Flory-Huggins eq 26 o~ (PF), Prigogine-Flory eq 25 for Y .  (a) Polystyrene of 
881 000 &fv at 34 “C; experjmental data from ref 3a. (b) Polyisobutylene of 490 000 M ,  at 25 “C; experimental data from ref 3b. (c) cis-1,4- 
Polybutadiene of 161 000 M ,  at 25 “C. 

AY = GE/RT (26) 

The  two terms in eq 25 or 22 have a significance analogous 
to  that  of the terms in eq 13 for SL, as shown by referring to 
the three-step process of mixing the polymer with the mixed 
solvent. The  first term corresponds to a net replacement of 
(1-2) contacts by (1-1) and (2-2) as characterized by the Xl2 
parameter or GE. This first term is analogous to the whole of 
the Flory-Huggins eq 26, but-it appears in eq 25 with the im- 
portant multiplying factor ( V1/V3)2(s3/s1)2 which decreases 
with polymer surface/volume ratio. The second term in eq 25 
or 22 depends on the difference of polymer and solvent re- 
duced temperatures, and corresponds to  the effect of the 
polymer on the free enthalpy of the (1-2) contacts. In contrast 
to the situation for AL where the second term of eq 13 is small, 
the  second term in eq 25 or 22 is now important. For the 
(benzene-cyclohexane)/polystyrene system, for instance, the 
second term is 0.7 of the first and the total AY(Prigogine- 
Flory) is only - O.lAY(Flory-Huggins). 

A relation is required to transform the quantity AY into a 
value of [q]  for the polymer coil or into A[q] as defined in eq 
3. The  simplest relation is the Stockmayer-Fixman which 
makes A[77] directly proportional to SY,  Le., 

AY 
1.02Mv3*@ 

A [ a 1 =  NoVl 

where Vi is the molar volume of either solvent. Using the 
Flory-Huggins expression, eq 26, we recover eq 3, already used 
in ref 3c. The  new Prigogine-Flory eq 25 gives values of AY, 
and corresponding values of A[q] from eq 27, which may be 
very different from the Flory-Huggins values. We now believe 
tha t  the linear Stockmayer-Fixman relation over-estimates 
the change of [77] due to a change of Y, particularly for high M. 
Thus, in spite of the attractive simplicity of eq 27, we return 
in the present work to  the modified Fox-Flory relation be- 
tween [q]  and Y, eq 17. 

Comparison with Experiment. Figure 1 shows the com- 
parison between theories and experiment for three systems. 
In each case the mixed solvent is benzene-cyclohexane and 
the polymers are polystyrene, polyisobutylene, and polybu- 
tadiene. Equation 17 relates [a] to Y for which two predictions 
are made, viz., the  Flory-Huggins eq 26 and the Prigogine- 
Flory eq 25. Predictions were also made allowing for prefer- 
ential adsorption in the Flory-Huggins theory, as originally 
done by Shultz and F 1 0 r y ~ ~  or in ref 3b. No significant dif- 
ference in predictions was found and hence the results are not 
shown here. The  calculation procedure involved fitting the 

[a ]  values in the pure solvents. In  the PS and P IB  cases one 
of the solvents was a theta solvent (x = 0.5) and the x pa- 
rameter was known for the other solvent (see ref 3b). The  fit 
then gave values for K O  and CM. In the case of the polybuta- 
diene system, neither solvent was a theta solvent and the x 
parameters were unknown. A value of K O  was obtained from 
the literature and CM was calculated, so that fitting [a]  a t  the 
two ends of the concentration range yielded Y or x values. For 
all three systems, knowing Y at the two ends and using eq 25 
or 26 for AY, values of [a]  were obtained a t  intermediate 
concentrations. Values of GE for benzene-cyclohexane are 
from ref 16. In applying eq 25 one needs values of s, V, T*, and 
P* for the polymers and average values for the solvents. For 
polystyrene,17 s = 0.47 A-l. The  o thers  values are in Table 
I and values of the other quantities wee taken from the ther- 
modynamic literature. 

The Flory-Huggins theory performs worst with the (ben- 
zene-cyclohexane)/PS system (Figure l a )  where the surface 
to volume ratio of the polymer is very low (0.47 A-l) compared 
with the solvent (0.96 A-1). Here the calculated A[77] is about 
six times the experimental and a high maximum is predicted 
in [ q ] ,  but not found. The prediction is slightly better when 
PS is replaced by PIB (Figure I b )  which has a somewhat 
higher surface/volume ratio ( s  = 0.58 A-1). Most polymers 
would appear to have similar surface/volume ratios and ref 
3c gives many other examples where the Flory-Huggins theory 
is badly in error. Figures l a  and l b  show that, in contrast, the 
Prigogine-Flory predictions are good. This is because of the 
s,j/sl term in eq 25 for AY which decreases the predicted AY 
to only 0.1-0.2 of the Flory-Huggins value. It is of interest that  
the second, “free volume” term in eq 25 is not negligible but 
varies little with the polymer. For very low s3/s1 ratios <0.4 
the second term would be larger than the first and negative 
I [ q ]  would be predicted in spite of AGE > 0. 

Figure IC shows the results for polybutadiene which has an 
unusually high surface/volume ratio ( s  = 1.0 A-1), the same 
as that of the solvents. Corresponding to this, the predictions 
of the two theories are now similar, and both are good. In eq 
25 sa/sI is -1 rather than -0.5 for the other two systems. The 
quantity 1Y predicted by the Prigogine-Flory theory is now 
as large as with the Flory-Huggins, so that  both theories 
predict a maximum in [ a ] ,  which is found experimentally. The 
different [q]  and AL behavior of polybutadiene as compared 
with the other polymers is in harmony with the different phase 
behavior of this polymer described in ref 14a. 

The good results with the Prigogine-Flory approach may 
be partly fortuitous. For instance, use of the Stockmayer- 
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Fixman relationship between [q]  and Y would worsen the 
agreement. The same would be true for the Flory-Huggins 
theory, however, so that  whatever the [ql-Y relation the Pri- 
gogine-Flory predictions must be superior. Thus heats of 
solution and intrinsic viscosities of polymers in mixed-solvent 
media provide evidence of the essential validity of the concept 
of interaction between molecular surfaces, as embodied in the 
Prigogine-Flory and Huggins theories. 
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The Generation of True Cosolvency by Pressure. 
Solubility Limits of High Molecular Weight Polystyrene 
in Mixtures of Acetone and Diethyl Ether 
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ABSTRACT: For sufficiently high molecular weights of polystyrene, complete miscibility with mixtures of acetone 
and diethyl ether can never be achieved under atmospheric pressure, irrespective of the composition of the mixed 
solvent. This is in contrast to the situation for low molecular weight samples, which exhibit the phenomenon of true 
cosolvency. It is, however, possible to re-establish this effect by pressure; for M ,  = 2.5 X lo6 critical conditions are 
achieved for the first time at 35 bars under the condition that the temperature is -10 OC and the mole fraction of ace- 
tone 0.4. On further increasing the pressure a critical surface develops out of this point. This surface resembles a 
closed horn and circumscribes the conditions of complete miscibility. The combination of the Prigogine-Patterson 
theory and Scott’s single liquid approximation proves successful again for a theoretical interpretation of the experi- 
mental findings. 

In  the course of our investigations on mixed solvents1** 
we have also reported on a phenomenon we called true cosol- 
~ e n c y . ~  This term was chosen to  indicate that  for the system 
under investigation, namely acetoneldiethy1 ether/polystyrene 
( A C D E E F S ) ,  the polymer is, for given atmospheric pressure, 
a t  no temperature completely miscible with either acetone or 
diethyl ether alone, while this is the case with the mixed sol- 
vent. Ordinary cosolvency, on the other hand, is characterized 
by the fact tha t  a t  least one of the two components of the 
mixed solvent becomes completely miscible with the polymer 
when the temperature is changed under isobaric conditions. 

The effect of true cosolvency was independently also ob- 
served by Cowie and M ~ E w e n , ~  who stated that  this phe- 
nomenon cannot be observed for the above mentioned system 
under atmospheric conditions if the molecular weight of the 
polystyrene exceeds approximately one million. Since we knew 
from our pressure investigations on a polystyrene sample of 
M ,  = 1.1 X lo5 that  the mixing volumes are negative a t  the 
lower critical solution temperature as well as a t  the upper 
critical solution temperature, we asked ourselves whether the 
effect of true cosolvency could be re-established for molecular 

weights higher than one million by the increased mixing ten- 
dency a t  higher pressures. 

In addition it seemed interesting to  check whether our 
hitherto quite successful theoretical a p p r o a ~ h ~ , ~ , ~  also proves 
useful for the prediction of molecular weight influence. 

Experimental Section 
Apparatus. For the investigation of the demixing conditions for 

systems which can only be made homogenous at elevated pressures, 
an apparatus had to be constructed that allows stirring of its contents 
in order to promote dissolution at elevated pressures. For this purpose 
we used a cell, holding a deepening below the light beam passing it. 
The magnetic stirrer contained in this cavity is moved by a strong 
permanent magnet outside the cell. 

A schematic picture of the entire measuring device is given in Figure 
1. Since most of this representation is self-explanatory, a very brief 
statement of the experimental procedure should suffice. Readers 
interested in more details are referred to ref 5. 

Experimental Procedure. Measurements were performed for one 
approximately critical polymer concentration only, since previous 
results5 have shown that the demixing conditions are nearly inde- 
pendent of the precise polymer concentration, as long as one is not 
too far from the extrema in the isothermal or isobaric sections 


