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Abstract For a system of flexible polymer molecules, the concepts of two concentrations, namely the segmental and the
molecular concentrations, have been proposed in this paper. The former is equivalent to the volume fraction. The latter can
be defined as the number of the gravity centers of macromolecules in a unit volume. The two concentrations should be
correlated with each other by the conformational function of the polymer chain and should be discussed in different
thermodynamic equations. On the basis of these concepts it has been proved that the Flory-Huggins entropy of mixing should
be the result of the mixing “ideal gases of the gravity centers of macromolecules”. The general correlation between the free
energy of mixing and the scattering function (structural factor) of polymer blends has been studied based on the general
fluctuation theory. When the Flory-Huggins free energy of mixing is adopted, the de Gennes scattering function of a polymer
blend can be derived.
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INTRODUCTION

A fundamental feature of polymer systems is the connectivity of segments comprising the macromolecule. It
exerts an important influence on the thermodynamic properties of polymer solutions. Flory and Huggins have
proposed a formula for the free energy for mixing of polymer blends!"!
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where £ is the Boltzmann constant, 7T is the absolute temperature, &,,®,, N, and N, are the volume fractions and
the chain lengths for the two polymer components, respectively, and y is the Flory-Huggins interaction
parameter. This formula has been subjected to much criticism due to the mean field assumption, and some
improved theories were proposed[H]. An important task of theoretical studies is to overcome the boundaries of
the mean field method of macromolecules in statistical mechanics. In this work we try to propose a new physical
concept for a polymer system.

TRANSLATIONAL AND CONFORMATIONAL DEGREES OF FREEDOM OF A SYSTEM OF
MACROMOLECULES

As is well known, for particles of ideal gases with no internal structure, only translational degrees of freedom are
to be considered. For complex molecules the free energy will comprise a translational part and an internal part. A
set of variables, some corresponding to the translational state and some to the internal state, will be considered.
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For a polymer blend, two thermodynamic variables are necessary: one describes the translational degree of
freedom of the center of gravity of the macromolecule, and the other is the conformational degree of freedom
describing the flexibility of the polymer chain. For a thermodynamic treatment of a polymer blend, two
concentrations are needed, that is, the segmental concentration and the molecular concentration.

The segmental concentration can be defined as the number of the segments in unit volume. For convenience
the segmental volume is taken as unity, so the segmental concentrations of a polymer blend are exactly equivalent
to the volume fractions &, and @ for the polymer components 1 and 2 of the blend, respectively.

Now we introduce a molecular concentration. First we should define the position of a macromolecule.
Generally, it is easy to understand that the center of gravity of a macromolecule can be taken as the position of
the molecule. The random thermal motion of centers of gravity can be considered to represent translational
degree of freedom of polymer chains. Therefore the molecular concentration can be defined as the number of
centers of gravity of each component of the blend in unit volume, which can be denoted as ¢, and c,, respectively.

Moreover, it should be pointed out that both of the two concentrations are of true importance. In fact, in
different thermodynamic equations or phenomena maybe only one of the concentrations can be used and not the
other concentration. For example, in the scattering experiments, the segments will act as the scattering center,
therefore the scattering function should be the mean square fluctuation of the segment concentration; the
incompressibility condition which represents the exclusive volume effect should be satisfied by the segment
concentration too; the heat of mixing is proportional to the contact points between the segments of the two
component polymers, it should be proportional to the product of the two local segment concentrations. On the
other hand, polymer binary blend is a mixture of two groups of different macromolecules, and is not a mixture of
two groups of dispersed segments, therefore the entropy of mixing should be a function of the molecular
concentrations of the two polymer components; the spinodal decomposition of two polymers is a phase
separation behavior of two polymers, it should be described by the molecular concentration too. So, we should
carefully distinguish the two kinds of concentration in thermodynamic treatments of polymer systems.

RELATIONSHIP BETWEEN SEGMENTAL AND MOLECULAR CONCENTRATIONS
The relation between the average segmental and the molecular concentrations of a solution is very simple:
B =Nyc1. By =Nycy )

When only the average concentrations are considered, the molecular concentration can be represented by the
segmental concentration. Generally the segmental and the molecular concentrations should be correlated by
means of a conformational function for the macromolecular chain. For a polymer blend,

®\(7) = [er(RIG(F.R)JAR, Dy(F )= [ey(R)G,(F,R)AR 3)

where G, (7, R) and G,(7,R) are the conformational functions which represent the number concentration of the

segments of a macromolecule of 1 and 2 species, which are at position 7 with its center of gravity being at
position R . The integral should be performed over the whole space. By this method we can directly introduce the
conformational model reflecting the flexibility or rigidity of the polymer chain into the thermodynamic formulas
of polymer systems.

TRANSLATIONAL ENTROPY OF POLYMER BLENDS

Now we discuss the translational entropy of a binary blend using the above-mentioned concepts. Let us take n,
polymer molecules of chain length N, in a volume ¥; = mN,. Because the polymer chains are very long, the
concentration of their center of gravity is very small, its thermodynamic behavior will correspond to that of a
rarefied gas described as a homogeneous ideal gas. Consequently we can write its entropy using the formula of an
ideal gas as
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S, =k in 1 @)
m
and similarly for the second component:
S, = kny In 22 ®)
m

After mixing, the total volume of the system is V' = V) +V,. The total entropy is given by

Siotal = k[n1 Y2y M%] (6)
n ny

Before mixing, the volumes of the two components should be V, = nN, and V, = n,N,, respectively. If the
conformational entropy does not change during mixing, the entropy of mixing per unit volume is easily obtained
as

S =208 e N )4 e In(e N, )| %

where ¢; and ¢, are the molecular concentrations of the two components, respectively, defined as the number of

molecules per unit (segmental) volume:

—_ nl - n2
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It is obvious that Eq. (7) has neglected the effect of the conformational entropy of polymer chains in the mixing
process.

According to Flory’s assumption, the local heat of mixing can be regarded as proportional to the product of
@, and @,. The heat of mixing of the solution should be written as

Hpix [KT = 21Dy )
Combining Eq. (7) and (9), we have the free energy of mixing in statistical thermodynamic terms:
Foix [T =& In(6N,) + &, In(c, Ny ) + 7 PP, (10)

Replace of ¢, and ¢, according to Eq. (2) gives

F'mix ¢1 ¢2
~E =2 ind +—=Indy, + yO,P 11
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It can be seen that if
Db, = By - By (12)

then the free energy of mixing formula Eq. (11) will be the same as Eq. (1). This means that the Flory-Huggins
free energy of mixing equation implies two hypotheses: First, they only considered the translational entropy and
ignored the contribution of the conformational entropy during mixing. Secondly, their heat of mixing involves the
mean field assumption ie. Eq. (12). However, Eq. (12) is generally not valid for polymer systems, since a
polymer solution could not be treated as a homogeneous system due to the coil structure of the polymer chains.
These two hypotheses are the shortcomings of Flory’s mean field theory for a polymer system.

Fluctuation in Polymer Blend

According to the above-mentioned concepts, we can establish a general method for calculating the scattering
function (structural factor) of a binary polymer blend from its free energy of mixing. Because the heat of mixing
of a polymer blend should be a function of the segmental concentrations of the two components, and the entropy
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of mixing should be a function of the molecular concentrations, the general form of the local heat of mixing and
entropy should be as follows:

Huix = Huix (D, By), Six = Smix (€1, €2) (13)

The structural factor should be the Fourier components of the mean square fluctuation of the concentration!”), The
fluctuation probability @ will be proportional to the following term

@ « exp|-(AH ~TAS )/kT] (14)

where AS and AH are the average deviations of the total entropy of mixing and the heat of mixing from their
mean (equilibrium) values, respectively:

AH = (V) [|H i (81,92 )~ Honio (8,85 )V (15)

AS=(1/V)“5mx(61:02)—5m1x(a,c—z,)]dV (16)

In order to calculate them we shall expand the entropy of mixing and the heat of mixing in power series of the
deviation between the local and the equilibrium concentrations near the equilibrium state. The mean square value
is a measure of the strength of the fluctuation. If the higher moments are neglected, we have

1 (| 8% H » L OMH *H
=—||—5" +2— 5P 5P, + — DX "“" 50, 17
2V{a¢2( 1) obiod, 0 P2 2 (80, a7
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AS = mix ¢ gey ) +2 —SmiX 5 ey + Smix éc dv 18
2V|76q (der)” + Be0c, 8c22(2) (18)
where

8P =B —By, 50 =Fy-B), &y=ci-c|, &=c;-0 (19)

are the differences of the concentrations from their mean (equilibrium) values. Expanding them in the Fourier
series we have

8P, =) 5byzexp(igr ), 6Py =y 0Pyzexp(iGr)
q q

& =) deigexp(iqr ) , &y =Y 8crzexp(igr ) (20)
q q

Substituting Eq. (20) into Eq. (17) and (18), we obtain

% H 2 H
——Z[ "“" (50 ) +za¢la¢ ”“7”2‘7+_5=5?L(5¢2‘7)2J @2n
%S, %Sy 2
=— “‘"‘ (8017 )% +222m% 50 GG+ —22(bcy;) (22)
Zl ac,’ v 0cy0cy 2 dcy? 2
Under the incompressibility condition &+@, = 1, we have:
5@1‘7 +é’<152,7 =0 (23)

then Eq. (17) becomes
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First, in a polymer blend we should consider the relationships between the fluctuation quantities deyz, &y, and
&15,2‘7 , 6(1522,? by using Eq. (3). Here we propose that there are two kinds of fluctuations in a polymer blend. One is

the deviation of the molecular concentration from its equilibrium value, which corresponds to the fluctuation of
the molecular concentration ¢;(R) and ¢,(R) in Eq. (3); the other is the deviation of the macromolecular

conformation from its equilibrium state related to the fluctuation of G,(#,R) and G,(7,R) in Eq. (3). When the
conformational fluctuations are to be considered, the functions G;(7,R) and G,(¥,R) will depend on both 7

and R. If the conformational fluctuations are ignored, the conformational functions will be dependent only on
the combination variable 7 - R, then they would be independent on the spatial positions of the gravity centers of
polymer chains of the blend. In this case the conformational functions can be denoted by G,(7-R) and

G,(F - R) for the two components respectively.

Bi(F)=[ei(R)G(F~R)AV , ®y(F)=[cy(R)Gy(F~R)dV (25)
Their Fourier components could be written as
5¢1‘? = Gl(i&‘](i N &qu = Gzé&zq (26)
We define the structural factors of the components themselves as follows
Giy Gig
Siu=—3r Su=—7 @7
VT

So the mean square fluctuation of the segmental concentration can be written directly.

DE GENNES FORMULA

According to the above discussion, if the change of the conformational entropy during mixing is ignored, the
local entropy of mixing and the local heat of mixing will be:

Smix/k = —cllnc,Nl—czlnczNz, Hm,'x/kT= ,‘{¢/ (D) (28)
Substituting them into Eq. (24) and (22) we have
_ &.2_ &2
AH-TAS 11 %, %50 o), 29)
kT 72 o c2

Putting Eq. (2) and (27) into (29), and using the incompressibility condition, we get the Fourier component of the
free energy fluctuation as:

AH-TAS 1 1
_Z ——2y 545,26 (30)
kT N, ¢1Slq Nz ?)S2
Substituting it into Eq. (14), we have
wocexp -3 ! L 2y o2 31)
-5 17
2 ] lelq 951 N2S2q ‘152 !

the mean square fluctuation 54512,7 is the reciprocal of the term in the bracket.
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—_—= — ——2y (32)
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Using S(q) = const - 5<151?;7 , we get the de Gennes scattering function’® for polymer blends,

1 1 1
= - =+ o
S$(q) NS|(G)P, - NyS,(3)P,

2y (33)

Due to the importance of this formula, several derivations have been proposed®'*. But the advantage of our
derivation is to show its connection with the general thermodynamic fluctuation theory and the relation between
the structural factor and the free energy of mixing. Special assumptions and models are unnecessary. On the basis
of these results the fluctuation theory of a polymer blend could be further developed.
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