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and n (cf. (34)) while (50) and (51) lead to a 4 dependence 
of u and n in that domain. The situation is quite similar 
for the polymer osmotic pressure. A good agreement is 
found for semidilute solutions but for concentrated ones, 
a log (1 - 4) behavior is expected within the lattice model, 
while a d2 or 43f2 dependence is obtained in ref 3. A 
possible solution to this dilemma is that eq 19 and 22, 
being scaling results, are valuable for large n only, and 
concentrated solutions are actually characterized by rather 
low n values. 

What is a bit more surprising is that the lattice model 
expression (15) for the entropy is rather different in its 
structure from the result (49) of field theoretic calculations. 
Since S,  is the analogue of our JY,(u), one sees that within 
the lattice model (i) no isolated 4z term is found, (ii) a 
(un)-l(l- u4) log (1 - u4) term is found instead of (un)-’, 
and (iii) a @/n term is found instead of 4/u. The last two 
discrepancies are probably not crucial insofar as, due to 
(28) or (36b), we get a (un)-l term for the large range 4* 
< 4 < 4 and, due to (291, the 4 /n  term is equivalent to 
~$/u”. But it is hard to see how an isolated Cp2 term could 
be deduced from a lattice model. 
VIII. Concluding Remarks 

The double-lattice model (DLM) pictured in Figure 1 
is a natural extension of the Flory-Huggins lattice; the two 
basic ingredients of the DLM are Flory’s excluded volume 
and de Gennes’ blobs. The entropy of mixing (35) and the 
polymer osmotic pressure (42) deduced from the DLM 
have rather simple expressions; they are moat conveniently 
written in terms of u, the relative excluded volume per 
polymer (or blob). 

The special case of DLM we presented here is very 
simplified. If hypothesis (21) is suppressed and if the 
maximum of N,(u)  is located at  

n = Bua 
then the entropy of the solution becomes 

s d  4 4  
k g N  N N  

-- = - log - + -(A - 1) - A4(1 - P) + 

log (1 - ~ d )  + AB log - 1 - u4 
n n 
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where 

A = log (2 - 1) 

and 
A = log 2 
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Our simple expression (23) corresponds to A = A (cf. (21)) 
and B = 1. The three-parameter expression (53) would 
perhaps better fit with experimental results, but remember 
that B cannot be taken as a true pgameter (at variance 
with the lattice parameters A and A )  and in the absence 
of any firmly established value for B, we deliberately chose 
to work with the one-parameter expression (23) since it 
is very simple and it keeps all the basic features of (53). 

It is rather surprising that the DLM leads to an ex- 
pression for the entropy of mixing which is rather different 
from that deduced with field theoretic methods. Despite 
this, the results concerning the osmotic pressure are quite 
similar, except for concentrated solutions. We have no 
explanation yet for these discrepancies. 

If not perfectly rigorous, the DLM is undeniably simple 
and can prove useful for numerical simulations of polymer 
solutions. I t  now remains to find the energy of mixing 
along the same lines. 

Acknowledgment. D.L. is indebted to J. des Cloizeaux 
for decisive remarks about JY,(x). 
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ABSTRACT: The thermodynamics of a liquid-liquid phase separation as a way of explaining flow-induced 
structure formation in polymer solutions is presented. The effect of the flow field is taken into account by 
using two fundamentally different approaches: the reduced flexibility and the stored free energy approach. 
The basis of both models is clarified, and phase diagrams are constructed for the reduced flexibility case. 
The binodal curves are shown to become broader compared with the quiescent phase diagrams and can be 
shifted to higher temperatures depending on the values of the flexibility parameters. 

Introduction 
It has been recognized for some time that flow-induced 

liquid phase structure formation may be involved in a 
number of phenomena ranging from rheological charac- 
terization to oriented phase transformation. In the latter 
case, studies of high molecular weight polyethylene fiber 
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growth in Poiseuillel and Couette2 flow geometries have 
established that fiber crystallization at elevated temper- 
atures is preceded by the formation of amorphous gel-like 
liquid precursor phases. A similar suggestion has been 
made in studies of rigid systems such as poly(ethy1ene 
tere~hthalate)~ and others4 and could be implied from the 
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observations of fiber formation in poly(ethy1ene oxide) 
 solution^.^ An important implication is that the phase 
diagram for a crystallizable polymer solution can be 
changed qualitatively as well as quantitatively by an ap- 
plied flow. For example, the polyethylene-xylene system 
exhibits a single solidus line for the equilibrium melting 
point under quiescent conditions. Metastable, nuclea- 
tion-controlled lamellar crystallization at  various super- 
coolings in such systems is well established. In order to 
accommodate precursor formation from a thermodynamic 
viewpoint one needs to be able to predict the formation 
of the flow-induced liquid binodal (or gelation) curve in 
the phase diagram as well as account for modifications in 
crystal nucleation caused by the applied stresses.6 In one 
case,’ a study of the effects of deformation was carried out 
on a system (polycapramide-caprolactam) which exhibits 
a liquid binodal in the quiescent phase diagram. However, 
modification of the liquid phase separation was not ana- 
lyzed per se, except for the qualitative suggestion that 
temperatures of transformation should be affected as a 
consequence of entropy reductions upon chain elongation. 

Structure formation during flow of amorphous polymer 
solutions has been reported over the years in a variety of 
circumstances, generally associated with rheological 
characterization studies.8 Explanations of elastic and/or 
rheopectic phenomena, as well as shear-thickening effects, 
have most often been based on shear-induced entangle- 
ment or chain association arguments (e.g., ref 9 and 10). 
These are essentially kinetic arguments which have been 
made without reference to thermodynamic implications 
regarding the existence of stable phases. Recently, Ran- 
gel-Nafaile” and co-workerss have discussed in some detail 
a thermodynamic approach to structure formation in 
flowing solutions, basing their arguments on earlier stud- 
ies12 which indicated that a reversible, liquid-liquid phase 
transformation can be induced by flow. They presented 
a formalism for constructing the phase diagram under flow 
based on a stored free energy argument and showed results 
from their experiments which agreed well with their model 
calculations. However, as will be discussed in this paper, 
there appear to be inconsistencies in the stored free energy 
approach used in these calculations. 

In a number of papers4J3J4 a different thermodynamic 
approach has been taken to explain flow-induced oriented 
structure formation in crystallizable systems which we feel 
is based on a more clearly recognizable thermodynamic 
formalism. However, the assumption needs to be made 
that flexible macromolecules under an applied stress will 
spontaneously form an anisotropic liquid phase prior to 
cry~tallization.’~-’~ Since direct observations of the poly- 
ethylene fiber precursor phase in our Poiseuille flow 
studied clearly indicate that it is randomly oriented rather 
than anisotropic, a modification in the theory appears to 
be needed. We do not doubt that the mechanism of phase 
separation under flow is intimately connected with high 
molecular weight chain entanglements, and whether the 
entire phenomenon is in fact purely kinetic in nature is 
open to argument. The possible formation of crystalline 
network junctions in crystallizable polymers and the 
analysis of the stress field in two-phase flow makes the 
problem more complicated. Nevertheless, thermodynamic 
calculations, based on the existence of stable liquid phases 
in equilibrium, can be quite important for evaluating lim- 
iting conditions under which applied stress fields will 
initiate such phase formation in otherwise homogeneous 
systems. Phenomena such as fractionation during flow- 
induced cry~tal1ization’~J’ might also be more reasonably 
rationalized by such an approach. 
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We feel that a detailed analysis of the two above-men- 
tioned thermodynamic approaches is warranted since, in 
our view, in neither case have clear derivations of the 
proposed equations been presented nor has there been 
adequate recognition of the fact that they are fundamen- 
tally different and can lead to quite different predictions 
for the phase diagram. Since a main goal is to clarify the 
basis of the two approaches in the discussion to follow, we 
shall assume that the conditions normally associated with 
Flory-Huggins theory holdla and that the polymer is 
monodisperse. 

Theory 
On the basis of expressions for the free energy of mixing 

one can write equilibrium relationships between the dilute 
and the concentrated phases, assuming the polymer 
molecules are randomly mixed in both phases. The con- 
struction of the binodal requires that the chemical po- 
tentials be equal in the two phases. Therefore 

P1 = Pl’ (1) 

P2 = Pzl (2) 
where p’s, the chemical potentials, are given by the partial 
derivatives of the free energy of mixing. Subscripts 1 and 
2 refer to the solvent and polymer, and primes are used 
to indicate the more concentrated phase. 

Under flow, frictional forces cause the macromolecules 
to uncoil from their random quiescent conformation to a 
more extended state of lower conformational entropy. The 
effect this will have on the chemical potential of the system 
can be considered in one of two ways. In the first instance, 
a term for the so-called “stored free energy” can be added 
to the Flory-Huggins expression for the free energy of 
mixing polymer and solvent. In the second case, one can 
visualize the effect of chain stretching as equivalent to 
introducing a degree of rigidity to the polymer coils whose 
thermodynamic properties then become those of a system 
of “semiflexible” chains. These two approaches are not 
a t  all equivalent and can produce quite different phase 
diagrams. We begin by considering the case of reduced 
flexibility. 

Flexibility and the Phase Diagram 
Frenke14 first suggested that stretching macromolecular 

coils should be equivalent to increasing their rigidity, thus 
“shifting” the binodal to higher concentrations and a higher 
critical temperature; however, no theoretical justification 
was given, nor were any thermodynamic relationships 
derived. Elya~hevich’~ proposed that the effective flexi- 
bility parameter, f ,  of semiflexible macromolecules 
stretched by a force can be written as 

and 

(2-2)exp  

f =  r I. ’I (3) 
1 + ( ~ - 2 ) e x p  I ;T :;I 

where F is the extending force applied to a segment of 
length 1, and z and t are respectively the lattice coordi- 
nation number and intrinsic segment energy relative to the 
energetically favored configuration prior to the application 
of flow. Though this expression has been discussed in 
several r e f e r e n c e ~ , ~ J ~ J ~  no rigorous derivation has been 
given. A rationalization for its form can be made provided 
one accepts the term F1 as representing the free energy 
increase associated with displacing a segment of the 
macromolecule having some characteristic length 1. In such 
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Figure 1. Schematic illustration of the free energy diagram 
associated with transferring a polymer molecule from the standard 
state to the solvated stretched coil state according to the flexibility 
argument. 

a case the free energy of a system of semiflexible coils in 
solution containing n, polymer molecules and nl solvent 
molecules would be written as follows 

AG = kTn2((l. - 1) - In ( y )  + ( x  - 2) [f In f + (1 - 

1 f )  In (1 - f )  - f In ( z  - 2)] + nztf(x - 2)(t + Fl)}  + 
kT{nl In u1 + n2 In u2 + xxnzul) (4) 

Minimization of eq 4 with respect to f leads directly to the 
expression given by eq 3 for the equilibrium effective 
flexibility parameter. The form of eq 3 is in fact dissat- 
isfying in that no means are given for either evaluating the 
energy term Fl or easily relating this quantity to the 
stress-deformation rate fields associated with the macro- 
scopic flow. On the other hand, an exact correspondence 
between F1 and the actual molecular deformation may not 
be critical, since the fundamental assumption is that the 
thermodynamic mixing behavior of a system of random 
coils under stress will be equivalent to that of a “model” 
system of semiflexible macromolecules in the absence of 
applied forces. And it is the model system for which the 
calculation has been carried out from a rigorous equilib- 
rium, statistical thermodynamic basis. Consequently, a 
link between the model and real systems can be made by 
equating a measurable or calculable macroscopic property 
of the two, such as the mean square chain end-to-end 
separation. In such a case, one has for the semiflexible 
chain having x segments of length 119 

x P ( 2  - f )  

f 
( r 2 )  = (5) 

A measurement or calculation of ( r 2 )  for the real system 
under flow enables determination off. It should be noted 
that the limiting form of eq 5 for complete flexibility (i.e., 
no flow and c = 0) will be given by xz12/(z - 2). Substi- 
tution of eq 3 into eq 4 gives the familiar expression for 
the free energy of mixing as given by Florylg 

nl In u1 + n2 In u2 + xxn2ul - n2 

where nl and n2 now represent numbers of moles. Chem- 
ical potentials are readily calculated from eq 6 by appro- 
priate differentiation. 

Figure 1 illustrates the overall process associated with 
transferring a molecule from the standard state to the 
solvated, stretched coil state. Since the free energy changes 
associated with mixing either a completely random coil or 
partially rigid chain with solvent are the same,19 then the 
former can be obtained from eq 6 by substituting (1 - f )  
= ( z  - 1)-l. Therefore the free energy change per mole of 
polymer associated with the application of flow in this 
calculation is easily shown to be 
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AGf = RT(x - 2) In [(l - f ) ( z  - l ) ]  (7) 
Construction of thermodynamic diagrams requires a 

distinction between the cases of equal flexibility in the two 
phases and unequal flexibility. In addition, the interaction 
parameter can be taken as a function of temperature as 
originally defined by Flory18 

or following the suggestion by Koningsveld,20 a tempera- 
ture and concentration dependent form can be used 

(9) 

in which A,, A,, and B are empirical constants. Equation 
9 is a more general form which encompasses eq 8 as a 
special case and was therefore used in what follows. 

If one assumes that the polymer molecules in the two 
equilibrium phases have the same flexibility, i.e., that they 
are stretched by equal amounts after phase separation 
occurs, then upon equating the chemical potentials one 
finds that the flexibility parameter cancels. The predicted 
phase diagram is given by the already known expression 
for the binodal in the polymer solutions18 and it is limited 
to low polymer volume fractions. 

For the case where the flexibility in the concentrated 
phase, f’, differs from that in the dilute phase, f ,  substi- 
tution of eq 9 into eq 6 followed by appropriate differen- 
tiation and substitutions into eq 1 and 2 give the following 
relationships for the binodal curve 

A2 x = A1 + - + B u ~  T 

[ I -  u2(A + 1) ] l n ( z ) + u 2 ( A - 1 ) x  

u2(A + l)(ln A - a) B(A - l)3u23 
2 

= o  
(10) 

+ 
(1-;)+ 2 x  

where 

and 

+ 2B[1 + u22(A2 + 

As is shown in the Appendix, by considering the roots of 
eq 10, one can readily demonstrate that solutions in the 
range 0 < u2 < 1 will only exist for the case f > f ‘. This 
means that for the change in flexibility to have any effect 
on the binodal, the chains in the more concentrated phase 
must be less randomly coiled. This leads to a somewhat 
different interpretation of the phase equilibrium than that 
considered by Florylg and inherently treated in the pre- 
viously mentioned references.13J4 In those, the equilibrium 
is assumed to occur between a perfectly ordered nematic 
concentrated phase and a completely disordered dilute 
phase of semiflexible molecules. The argument being 
proposed here is somewhat different, in the sense that for 
perfectly flexible coils (e 0) the system can lower its free 
energy by spontaneously forming a second liquid phase in 
which the order is still random and the flexibility (due to 
the applied stress) is lessened but it not necessarily zero. 
Unless the inherent molecular stiffness of the macro- 
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Standaid Rondom Streched 
Stole Coil COl l  

Figure 2. Schematic illustration of the free energy diagram 
associated with transferring a polymer molecule from the standard 
state to the solvated stretched coil state according to the stored 
free energy argument. 

molecule is sufficiently large, it appears to us that the 
assumption of the formation of a disordered concentrated 
liquid phase is more reasonable than that of an ordered 
crystal. 

Stored Free Energy and the Phase Diagram 
As indicated, the fundamental assumption in this ap- 

proach is that a term for the stored free energy can be 
added to the free energy of mixing to account for the 
entropic effect on the overall mixing process. Taking the 
standard states again to be pure ordered polymer and pure 
solvent and noting, as was the case with the semiflexible 
molecules, that the order of calculating the free energy of 
mixing is immaterial (i.e., one can visualize the process as 
first mixing the coils with solvent followed by stretching 
or vice versa), one then has in place of eq 6, the following 
expression for the free energy of mixing 

nl In u1 + n2 In u2 + Xxn2ul - n2 

In - z + ( x  - I) In ($)I} naG, (13) 
2 - 1  

In eq 13, G, represents the free energy change upon 
stretching 1 mol of macromolecules and the first two terms 
represent the free energy changes for the mixing and di- 
sorientation processes, respectively. Figure 2 shows the 
equivalent thermodynamic diagram for this process in 
which it is clear that the effect of flow shows up in the (as 
yet unspecified) term G,. I t  is important to note that this 
term is for the indiuidual polymer molecules and is 
therefore independent of concentration, depending only 
on chain elongation (elastic free energy) and/or average 
orientation. In a similar sense to the rigidity model, one 
can calculate G, from a rigorous equilibrium statistical 
thermodynamic basis (leading for example in the case of 
elastic free energy to the well-known rubber elasticity 
expressions18) for the model system and then compare this 
to predictions for a rheological model (such as the elastic 
dumbbell6). Nevertheless, the fundamental point remains 
unchanged, namely that one is calculating the change in 
energy associated with a given equilibrium conformational 
(or orientational) change for a given molecule independ- 
ently of its surroundings. In our opinion this point has 
not been treated in the previously mentioned free energy 
approaches. 

Starting from eq 13 expressions for the binodal can 
readily be calculated. Thus for the previously assumed 
temperature and concentration dependence of x, one ob- 
tains 

BuZ3(A - 1)3 + 

and 

2B[1’- 2u2(A + 1) + uz2(A2 + A + 111 + 

G,’ - Gs 1 /{2 - uz(A + 1)) (15) 
R T x u ~ ( A  - 1) / 

If G,’ = G,, i.e., if the free energy change upon stretching 
the macromolecules is the same in both phases after phase 
separation occurs, then no shifting of the binodal can be 
predicted. This is in agreement with the case of equal 
flexibility in the two phases, and the constructed ther- 
modynamic phase diagram will be limited to low polymer 
concentrations. If the stored free energy is independent 
of molecular weight, then eq 14 leads to inconsistencies 
a t  high molecular weights, since it does not predict any 
effect of the flow field as x - m. As can be easily seen from 
eq 10, there is no such problem in the flexibility approach. 
A careful selection of a rheological expression for the stored 
free energy is therefore needed. If, on the other hand, G, 
and G,’ are given by eq 7 then 

1 - f ’  G,’ - G, = RT(x - 2) In - 
1 - f  

and eq 14 becomes identical with eq 10. Therefore the 
reduced flexibility and the stored free energy approaches 
become identical when G, is interpreted as the free energy 
of transferring a molecule from the completely random 
state to the stretched, “semiflexible” coil state. Expressions 
for G, used in the past11J2 were based on solution prop- 
erties and were not referred to the individual polymer 
molecules, as a thermodynamic analysis would require. 
Furthermore, no distinction between G, and G,’ was made; 
this is important since shifting of the binodal can occur 
only if G, # Gi .  Arbitrary addition of a “stored free 
energy” term to the free energy of mixing can therefore 
lead to inconsistencies as our derivation showed. 

Discussion 
The main goal of our calculations was to show the de- 

pendence of the thermodynamic phase diagram on the 
parameters involved in the case of the flexibility approach. 
As is shown in the Appendix, a solution for the shifted 
binodal exists only iff > f’. If (9) and (r’2) are the mean 
square end-to-end separations of the polymer molecules 
in the dilute and concentrated phases respectively, then 
it follows from eq 5 that 

The parameter (1 - f)/(l - f’) is very important. As it 
decreases, the ratio ( r t z )  / ( r2) increases and the macro- 
molecules in the concentrated phase become ”stiffer”. The 
effect of (1 - f ) /  (1 - f ’) on the binodal is shown in Figure 
3. In this and in the following figures only part of the 
binodals are sketched for better comparison between the 
curves. The selected values for the parameters Al ,  A2, and 
B are typical of polymer solutions and x = 10000. The 
two-phase region becomes broader as the “rigidity” of the 
polymer molecules in the concentrated phase increases, 
and the binodal is shifted to higher temperatures as (1 - 
f)/(l - f’) increases. 

Figure 4 demonstrates the molecular weight dependence 
of the binodal for x = 1000 and x = 10000. This is the 
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Figure 3. Dependence of the binodal curve on the ratio (1 - f )  / (1 
- f’). The values of the ratio are shown on the graph. Al = -0.6, 
A2 = 500, B = 0, and x = 10000. 
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Figure 4. Molecular weight dependence of the binodal for two 
values of x .  (1 - f)/(l - f ’ )  = 0.95, AI = -0.6, A2 = 500, and B 
= 0. 
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Figure 5. Dependence of the binodal on AI. (1 - f ) / ( l  - f ’ )  = 
0.95, A2 = 450, B = 0, and x = 10000. 
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Figure 6. Dependence of the binodal on A2. AI = -0.6, B = 0, 
(1 - f)/(l - f ’ )  = 0.95, and x = 10000. 
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Figure 7. Dependence of the binodal on B. Al = -0.6, A2 = 450, 
(1 - f)/(l - f ’ )  = 0.95, and z = 10000. 

usual behavior in polymeric systems. 
The influence of the parameters Al, A2, and B is shown 

on Figures 5-7. 
A quantitative phase diagram requires knowledge of A,, 

A2, B, and measurement or calculation off and f’  through 
the mean square end-to-end separation of the macro- 
molecules. A comparison with the stored free energy ap- 
proach needs in addition an expression for G, and cannot 
be made at this point since there are no experimental data 
available. 

Conclusion 
The thermodynamics of the reduced flexibility and 

stored free energy approaches, used to describe flow-in- 
duced liquid-liquid phase separation, is analyzed, and the 
two approaches are shown to be fundamentally different. 
In the case of the reduced flexibility the binodal curves 
give high polymer concentrations for the equilibrium 
concentrated phase, and it can be shifted to high tem- 
peratures depending on the values of the flexibility pa- 
rameters. The stored free energy approach requires the 
use of a rheological model, and it can be equivalent with 
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Figure 8. Behavior of the function fb) vs. y for (a) f < f ’  and 
04 f > f ‘ .  

the reduced flexibility approach under certain conditions. 
A quantitative comparison between the two cannot be 
made because no data are available yet. 
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Appendix 
Analysis of eq 10 indicates that we need values of up such 

that 0 < u2 < 1/A. Substitutions of u2 withy and of the 
function on the left-hand side of eq 10 with the notation 
f(u) give 

where 
(A + l)(ln A - a)  + 2(A - l ) (x  - 1) 

2x 
P, = 

and Pz = A 

A + l  
2 

P3 = - 

ffb) = P, - (Po - 1) - - ___ - 
[ 1 t Y  1-PD p2 . I  

As y - (l/A)-, f(u) - --m since P2 > 1. At  y = 0 

(Pz + l)(ln P2 - a)  + 2(1 - P2) 
2x f ’ (0)  = 

Since P2 > 1 and la1 >> In P2, we have if a > 0, f ’(0) < 0, 
and if a < 0, f ’ (0)  > 0. Also 

Thus since the first term in the second derivative domi- 
nates, we have f“b) 0 for all y between 0 and ( l /A) ,  for 
any a. 

Figure 8 shows the asymptotic behavior of the function 
f(u) vs. y depending on the relationship between the 
flexibility parameters f and f ’. There might be solutions 
of f(u) for values of y greater than 1 because as y - 1+, 
f(u) - +-m and as y - +a, f ( u )  - +a. These have no 
physical meaning though, since u2 and hence y represent 
volume fractions. 

ratio of polymer volume fractions in the concen- 
trated and dilute phases 

parameters describing the temperature dependence 
of the interaction parameter 

parameter describing the polymer volume fraction 
dependence of the interaction parameter 

flexibility parameters in the dilute and concen- 
trated phases, respectively 

function used in the Appendix 
applied force per segment 
stored free energy per polymer mole 
Boltzmann’s constant 
length of segment of a polymer molecule 
number of moles (or molecules) of solvent and 

gas constant 
absolute temperature 
volume fractions of the solvent and polymer, re- 

number of segments in each polymer molecule 
parameter used in the Appendix to represent u2 
lattice coordination number 
free energy of mixing 
intrinsic segment energy prior to the application 

theta temperature 
chemical potentials of the solvent in the dilute and 

concentrated phases, respectively 
chemical potentials of the polymer in the dilute and 

concentrated phases, respectively 
polymer-solvent interaction parameter 
entropic parameter for the x dependence on tem- 

polymer, respectively 

spectively 

of flow 

perature 
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ABSTRACT: The theory previously formulated for the equation of state (PVT) is now extended to the free 
energy change AGm by including the requisite additional contributions to the free energies of components 
and mixtures. As an example of a compatible binary mixture with experimentally known PVT and chemical 
potentials, we consider the n-hexane + n-hexadecane pair. The former data set had previously been discussed 
in terms of the theory. Without introduction of additional parameters, both sets of properties are quantitatively 
described. The very minor corrections in the scaling pressure arise from two facts. First, this parameter is 
predicted by the theory without adjustment to  pressure data of the mixture, and second, AGm is computed 
as a difference between large quantities. This correction leaves the predicted equation of state practically 
unaltered. General procedures for the combined analysis of chemical potentials and PVT are outlined. As 
an example of a polymer solution we consider the polyethylene + n-hexane pair for a low (M = 8000) and 
high (M = 177000) uniform molecular weight. The equation of state of both Components and thus their scaling 
parameters are known, but sufficient information for the mixture is not available, to define the corresponding 
parmeters. Here a relative cross-interaction parameter becomes the important quantity to be explored. Lower 
critical solution temperaturea (TJ and cloud point curvea are computed. Small Variations in the above parameten 
within the bounds suggested by the equation of state analysis of the C6 + Cl6 pair have a significant effect 
on T,. In view of the success of the equation of state it is of interest to  examine the effect of pressure. The 
computed increments of T, conform to an iso-free volume difference condition, where free volume is defined 
in terms of the hole fraction inherent in the theory. Similarly a reduced cloud point curve can be established. 

I. Introduction 
We have recently extended the particular version of 

statistical theory for a homogeneous melt to multicom- 
ponent systems.’ The specific applications were to the 
equation of state of low’ and high molecular weight2 
blends. The essential consequence of this extension is the 
view of the mixture as a homogeneous system with ex- 
plicitly composition-dependent parameters. The depen- 
dence of the scaling parameters of pressure, volume, and 
temperature in particular involves self- and cross-seg- 
mental attractive and repulsive interactions. A particular 
result is the prediction of the scaling pressure without 
further recourse in principle to pressure experimentation 
required. 

The theory has shown quantitative success for a variety 
of fluids and their mixtures in respect to the volume de- 
rivative of the free energy. This implies that the charac- 
teristic parameters, extracted from extensive comparisons 
with PVT experiments at low and elevated pressures, are 
to be regarded as true constants of the system at fixed 
composition. No variations with temperature or pressure 
are permitted to generate acceptable concordance between 
theory and experiment. Admittedly, this agreement is 
obtained a t  the minor price inherent in the model, of 
evaluating numerically transcendental equations. 

Having gone this far, the purpose of this paper is to 
explore the position and some results of the model in re- 
spect to compositional derivatives of the free energy. 
Chemical potentials are to be computed under single- and 
two-phase conditions, arising from the existence of lower 
critical solution temperatures (LCST). As in the instance 
of the equation of state, we begin with a low molecular 
weight mixture. Extensive experimental information ex- 
ists, albeit for free energies of mixing at atmospheric 
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pressure only. The equation of state and thus volume 
changes AV, have been previously analyzed in theoretical 
terms at atmospheric and elevated pressures. We continue 
with an illustration of a polymer solution at low and 
slightly elevated pressures. Here equation of state data 
for the components, but not for the mixture, are available. 
Hence we investigate the influence of variations in certain 
interaction parameters, guided for reasonable magnitudes 
by the results for a low molecular weight analogue. A basic 
question concerns the characteristic parameters. Is the 
set derived from equation of state data adequate for a 
description of compositional derivatives, or if corrections 
have to be introduced, what is their origin and magnitude? 

Starting with the early work of Prigogine and his col- 
laborators on chain-molecular fluids, there have been 
several theoretical approaches connecting equation of state 
and free energy of mixing. We emphasize that the purpose 
here is not detailed comparison of our theory with earlier 
theories. Our concern in this first evaluation of extended 
theory is to make a detailed comparison with experiment 
in one case and to illustrate quantitative reasonableness 
and make some comparison in another. 

11. Theory 

equals3 
Fi/RT = In (y/si) + sy-l(l - y) In (1 - y) - (si - 

The molar Helmholtz free energy Fi of component i 

1) In [(t - l ) /e ]  - 3ci(ln [(M,iV,*/N,)1/3(yn3’/3(l - 
~)(27rM&T/NAh~)’/~l - 

( y / 6 ~ ( y ~ ? - 2 [ l . 0 1 1 ( y ~ - 2  - 2.4091) (1) 

with 
7 = 2-116y(yn-1/3 
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