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A classical problem in polymer physics is the mixing free energy of polymer
binary blends. Flory and Huggins!'! have proposed a famous formula
_kf? = %log o+ % log®, +x &, (1)
where @, and @, are the volume fractions of two components; N, and N, are their
chain lengths; x is the Flory-Huggins constant; k is the Boltzmann constant, and 7
is the temperature of the blend. This formula has wide application, but also is
subject to many criticisms due to its mean field approximation. Some new theories
have been proposed, for example, the random phase approximation (RPA) meth-
0d?~%. On the one hand some criticism problems remain to be solved in new theo-
ries; on the other hand, it is difficult and complex for its application to describe the
physical picture and mathematical calculation. To describe the experiment results of
polymer phenomena, an improved theory is needed. We regard the Flory-Huggins formula
as easy to understand and apply in the polymer physics because of its distinct physical
pictures and simple mathematical form. From this point we expect to deduce the mixing
free energy formula on the basis of the new physical concepts which is able not only
to keep the advantage of the mean field theory, but also to extend the mean field
theory from small molecules to macromolecules.

It is well known that the concentration is an important parameter to describe the
character of small molecule solutions. For the solution of macromolecules, however, ex-
cept temperature and the chain length, we consider that only one concentration quantity
for each component volume fraction is not enough. According to the connected prop-
erty of macromolecules we propose here two concentration variables: segmental and
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molecular concentrations. We know that the total entropy is an important
thermodynamic quantity of the polymer solution. But it contributes from two parts:
positional entropy and conformational entropy. The former one is corresponding to
the possible position distribution of the macromolecules and reflects the fact that the
macromolecules as a whole (but not as a crowd of dispersed, individual segments)
have the same rule as a small molecule. The latter one is corresponding to all
the possible configurations which are dependent on the flexibility of the chain. It re-
flects the thermodynamical tendency of forming macromolecular coil. This is a
characteristic phenomenon distinguished from the small molecule solution. In a word,
the two kinds of entropies in the polymer solution come from different physical bases
and they have different physical laws. If the total entropy is not divided into two
parts, it is obvious that the sum of the positional and conformational entropies may
not have any clear physical meaning.

In the case of condense polymer solution and polymer blends, the macromolecular
configurations will interfere with each other. It must be noticed that the positional and
conformational entropies are dependent on the different polymer concentrations. In or-
der to resolve such a problem we propose the concept of two kinds of
concentrations: segmental and molecular concentrations, instead of the traditional
unique concentration volume fraction.

First we should give the definitions of the segmental and molecular
concentrations. The segmental concentration can be defined as the number of the seg-
ment of one component in the unit volume. For convenience, we would take the
segmental volume as the unit so that the segmental concentration is equivalent to the
conventional volume fractions @, and @, But the definition of molecular
concentration is a complex concept, because a macromolecule consists of many
segments and every segment has its own position; a long macromolecular chain occupies
many positions in the space. It is necessary to define the position of macromolecules.
For example, we can define the gravity centre as the molecular position for easy un-
derstanding. However, in Monte Carlo simulation it is the most convenient to take
the first segment of molecular chain, which can be called the chainhead, as the molec-
ular position. In this case the molecular position can be defined as the number of the
chainhead in the unit volume, denoted as C, and C,. Because the chainhead is a seg-
ment itself, when the segmental concentration is taken as a continuous spatial func-
tion, the chainhead concentration (as well as the conecentration of macromolecule gravi-
ty center) can be regarded as a continuous spacial function. If at a position the
chainhead concentration (or of the gravity centre) is C;, we can say that there are C,
macromolecules at this position. So this quantity can be regarded as that number
concentration of macromolecules and can be called molecular concentration for short.

The concepts of the segmental and the molecular concentrations are very




No. 19 CHINESE SCIENCE BULLETIN 1609

important. It should be emphasized that each thermodynamical quantity of the
polymer systems is dependent on only one of the two concentrations, not the other.
This case is the same as in some equations concerning the concentration. It is impor-
tant to distinguish those two concepts. For example, in the scattering experiments
each segment is a scattering centre; therefore the scattering function of the polymer
systems should be the mean square fluctuation of the segmental concentration, but not
the molecular concentration. On the other hand, in polymer blends, the mixing
entropy is the entropy of the mixture of macromolecules of two components, but not
the entropy of the mixture of two groups of dispersive and individual segments. There-
fore the mixing entropy should be a function of the molecular concentration. If the
thermodynamic relations of the polymer blend are based on these concepts, it will
have an advantage of clear physical pictures and a concise mathematical form.

Now we will discuss the position entropy of a component before the mixing. We
assume that in volume V, there are n, macromolecules and the position of each
macromolecule is represented by its chainhead. Because the macromolecular chain is
very long, the chainhead number in the unit volume is very small, like rare gas. For
simplicity we describe. its entropy by use of the formula of ideal gas. Considering the
conformational entropy, we have

vV

Slzknllog(#‘>+nlslcy (2)
1

where S.. is the conformational entropy per chain of the first component. We can

write the same formula for the second component.

After mixing, the total volume of the system is V,+V,. The ideal gas model is
again used, and then the total entropy is

S = knilog (~V‘—:X2— ) +n,S,,
1

V,+V. )
+ kn,log (-——‘——2>+n252c ,
n,
Before mixing, the volumes of the two components are V,=nN, and V,=n,N,,
respectively. If the conformational entropy does not change during the mixing, the

mixing entropy of the unit volume is easily obtained:

= (St~ 51— 5>)
V,+V)

Swm

= —k (Cilog(CiV1) + Cilog(C2N3)), (4)

where C, and C, are the molecular concentrations of two components respectively, de-
fined as the number of the molecules in the unit (segmental) volume
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n n,
v+ 7, v+, )
Since the relationship between the average values of the segmental and the molecular
concentration is @,=N,-C,, ?#,=N,+C,, Eq. (4) is in agreement with the Flory-
Huggins formula. Considering the influence of the mixing on the chain config-
uration, the following term should be added too.

C]= s C2=

AS=C,AS,. +C,AS,. , (6)

where AS,. and AS, are the increment of the conformational entropy of the two
components respectively when they are mixed.

The mixing heat should be proportional to the number of contact points between
the two components. We regard the idea as acceptable that the local contact
number is proportional to the multiplication of the local segmental concentrations of
the two components @,®,. For polymer blends, however, considering that the density
of the segments is not uniform in space, generally they always appear as many indi-
vidual coils in the space. Accordingly a term of the mixing heat should be the mean
value of the total heat amount for the unit volume. From this point we have

H

—k?- =X61'62. (7)

Obviously the quantity @:1®: is not equal to ‘@1 » @; on the other hand,
D,+P,=1;

so we have
H  — = -

T =x(P,+ D,— A@f ), (8)
where the last term is the mean square fluctuation of the segmental concentration of
the first component. It can be calculated from the function of the chain
configuration. From all the contribution terms the mixing free energy can be written

as
Fri=kT{Cjlog(C,N)) + G,log(C,N,) + x &®,} — TAS. 9)

It is well known that the Flory-Huggins formula has been subject to a lot of criticisms for
many years. One is the limited lattice model adopted?; the other is the “ homogeneous
mixing” approximation in their mean field theory® ®. In this work the lattice
model is not applied to calculating the mixing free energy of the polymer blend. The
limitation of the mean field theory does not stem from the homogeneous mixing
approximation, but the confusion between the concepts of the segment and
macromolecule concentrations, which leads to the difficulties of theoretical
interpretation for many problems. For example, in the Flory-Huggins formula (1)
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the parameter x of the last term is a constant, but it is shown by simulation
calculation that x relates to the chain configuation and concentration of the solu-
tion'® 8. It is easy to understand that the mixing term in solution is affected by three
factors: the interaction constant, the number density of macromolecules and the aver-
age contact number of the segments of a macromolecule with the solvent molecules.
If the mixing heat is simply written as the multiplication of the average concentration
and contact x just like in Eq. (1), the effect of a chain length and the configuration
of a macromolecule will be included in the parameter x. This is the reason why
the Flory-Huggins parameter x cannot keep constant. If we introduce two concepts to
describe the concentration of the polymer blend, some confusion concepts will become
clear and simple.
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