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ABSTRACT This paper deals with the generalization of the standard equation for scattering, l/S(q) = 
l/So(q) + V, to multicomponent polymer systems and shows that the same result holds if it is written in 
matrix form. Three different methods are used: the Ornstein-Zernike formalism, the Random-Phase 
Approximation, and the Edwards Hamiltonian method. We compare these three methods in order to see 
how they work for multicomponent polymer systems. As a side result, we rederive the Flory-Huggins free 
energy without using a lattice model, and we generalize this to take into account Gaussian fluctuations in 
multicomponent systems. 

1. Introduction 
The properties of multicomponent polymer systems are 

the subject of intensive investigations because of their 
potential applications and the number of fundamental 
questions that are raised when one deals with the 
correlations between various species in the systems.'+ One 
of the most challenging problems comes from the coupling 
of intra- and intermolecular correlations. Several methods 
have been proposed to solve this problem, and the main 
purpose of this review is to present and compare three of 
them. 

(i) The first method is based on a direct extension of the 
Ornstein-Zernike (OZ) formalism to macromolecular 
systems. This method was developed in simple liquid 
theories6 along with diagrammatic techniques and was 
shown to be very useful for macromolecular systems by 
Benoit and co-workers6 and Curro and Schweizer.' 

(ii) The second method uses the Random-Phase Ap- 
proximation (RPA) and was first suggested by Pines and 
Nozibres from strongly interacting electron systems.8 Its 
extension to polymer systems was due to de Gennes' and 
later developed substantially by Leibler.2 

t Permanent address: Physics Department, University of Tlem- 
cen, Tlemcen, Algeria. 

(iii) The third method uses the Edwards Hamiltonian 
and is more familiar among field theorists and functional 
analysts. It has been intensively used to investigate equi- 
librium properties of polymer systems."ll 

In this paper we rederive, using these three different 
methods, the general result for multicomponent polymer 
systems4WU3 

s-'(q) = S()-'(q) + v (la) 
where S(q) and So(q) are the total and bare structure 
matrices, respectively, V is the interaction matrix, q is the 
magnitude of the wave vector q = (4?r/X)[sin (0/2)], X is 
the wavelength of the incident radiation, and 6 is the 
scattering angle. The equation for a binary polymer- 
solvent system was first derived by Zimm by using the 
single contact appro~imation.'~ It can be written in the 
form 

s-'(q) = S,-'(q) + v (1b) 
where V = l/p8 - 2xpa, cps is the volume fraction of solvent, 
and xpl, is the polymer-solvent interaction parameter. In 
the case of a binary mixture of two homopolymers T and 
Q, the corresponding result was derived by de Gennes using 
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the Random-Phase Approximation' 

( I C )  
Equations 1 b and IC are usually referred to as Zimm's and 
de Gennes' formulas, respectively. This review is the first 
of a series that will deal with the applications of eqs la-lc 
to various systems made of polymer mixtures. 

s-'(q) = s;(q)-' + s:(q)-' - 2xu, 
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S0,Iq) =S,.Iq) + 

2. Definitions and Notations 

I(q), which is given by 

where a = col (a, ..., a,) is a column vector whose elements 
a, are the scattering lengths of monomers u, aT is its 
transpose, and z is the number of components. S(q) is a 
z X z square matrix whose elements SeT(q) are defined by 

In a scattering experiment, one measures the intensity 

I(q) = aT*S(q).a (2) 

SUT(Q) = (P;P;) (34  
where 
discrete representation, we have 

is the density of monomers of species u. In the 

" 0  N- 
u - 7- y, eiq.Rai@ 

a i l  iEa 
p, - 

and in the continuous representation 

a=l 

Here RZi or RZ(s) denotes the position of a monomer (i or 
s along the chain) belonging to chain a of type u. There 
are nu chains of type u per unit volume, and their degree 
of polymerization is Ne. Then substituting eq 3b or eq 3c 
into eq 3a yields 

or 

The symbol (...) designates an equilibrium average in the 
interacting system. The elements of the bare structure 
matrix SO have exactly the same definitions, but the equi- 
librium average is taken with respect to the distribution 
function in the noninteracting system (Le., intramolecu- 
lar distribution function). When we deal with a solution 
where the solvent has been taken out of the matrix 
formulation by the use of an incompressibility condition, 
the interaction matrix V represents the usual short-range 
excluded-volume matrix. It can be expressed in terms of 
the solvent volume fraction and the Flory-Huggins 
interaction parameters xUT as 

V = (l/cp,)E - (54  
E is a square matrix where all elements are units; a is a 
square matrix of the same order with elements 

(5b) 
The Kronecker delta function a,, is introduced to ensure 
that xuu = 0, as it should. These quantities will be defined 
later in terms of real potentials. In the first and second 
methods, we shall use the discrete representations, but 
the Edwards Hamiltonian method is used more commonly 
with the continuous representation of monomers along 
chains. Therefore, we shall keep this representation here 
also. 

= Xm + x m  - xu# - L) 

IT) I U )  

Figure. 1. Diagrammatic representations of eqs 7a-7c (two- 
component systems). 

3. Omstein-Zernike (OZ) Formalism 
Here we shall present this method in a slightly more 

systematic way than has been applied before. We note 
that the partial structure factors SuT(q) of eq 4a can be 
written as a sum of two terms: one describes intramo- 
lecular correlations and gives rise to StT(q), and the other 
describes intermolecular correlations. We introduce the 
correlation matrix (intermolecular) H to designate them: 
Therefore, we write the standard equation, which is first 
in the OZ formalism: 

S(q) = S,(q)P + H ( d l  (6) 
where 1 is the unit matrix. For homopolymers, this 
equation gives (z-component system) 

The diagrammatic representation, which illustrates the 
normalization with respect to the intramolecular factor, 
is given in Figure 1. 

For copolymers, the matrix SO has nonzero off-diagonal 
elements, and the interspecies correlations are found both 
in intra- and intermolecular functions. For a two- 
component system, eq 6 gives explicitly 

Suu(q) = S:(q) + S:(q) Huu(q) + S:,(q) HTu(d (84 
and 

STu(d = S:,(q) + S;,(s) Huu(q) + S:(q) HJq) (8b) 

The expressions for STT(q) and S:,(q) can be deduced by 
interchanging the indices u and 7. The diagrammatic 
representation of these two equations is given in Figure 
2. 

The second step in the OZ formalism is to introduce the 
direct correlation matrix C, which is related to H by the 
well-known relationship 

or equivalently 
H C + H*C (94  

H = (I - C)-'.C (9b) 
where we note that factors such as nu and Nu are lumped 
into the definition of C. One can also introduce direct 
and total correlation functions between monomers denoted 
C(u,i; and /qUk TJ),  respectively. (u,i: 7J )  is the correlation 
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approximations that relate C to H in addition to the OZ 
equation (eq 13), thereby closing the set. These methods 
have not yet been extended to macromolecules except for 
a few attempts using the Mean Spherical Approximation 
or the Percus-Yevick Approximation.7J7 Here we use the 
following approximation, which turns out to be good for 
multicomponent homopolymer and copolymer mixtures: 

c = -V*S,(q) (15) 
We see immediately that the combination of eqs 14b and 
15 gives the expected result (see eq la). 

To summarize this method, we note that it is based on 
three equations: eqs 6,9a, and 15. The first two equations 
are basically definitions of H and C. All the approxima- 
tions in this model are in eq 15, which gives C in terms of 
SO and V. We have not used the incompressibility 
condition, and we have not even specified what the system 
is. This is done when we write explicitly SO and V. In the 
next section, we describe another method, the RPA. 

4. RPA 
To illustrate the steps of this method, we shall consider 

the case of a ternary system before writing the general 
equation in matrix form. Aside from pedagogical reasons, 
the resulting equations for the ternary system will be 
particularly useful in forthcoming papers. 

4.1. Ternary Mixtures. Consider a mixture of three 
polymer species u, 7 ,  and y and let us write the density 
fluctuations 6pu(q), ..., in response to the external per- 
turbations 6Uu(q), ..., etc. 

Figure 2. Diagrammatic representations of eqs 8a and 8b 
(diblock copolymer U T ) .  

Figure 3. Diagrammatic representation of eq 11 for homopoly- 
mers. 

between monomer i on chain u and monomer j on chain 
7. These monomer-monomer correlation functions are 
related with the interspecies correlation functions by the 
following equations: 

N- N. 

Furthermore, we assume that h and c are related by the 
usual OZ equations:16 

We can obtain a similar equation for intraspecies corre- 
lations Iqu,k ,,j). This equation can be illustrated by the 
diagram of Figure 3. 

Equation 11 is valid for homopolymers and copolymers 
without distinction. It was illustrated for homopolymers 
in Figure 3 for simplicity. We note the summation over 
all species y present in the mixture including u and 7. If 
only two species, u and 7, are present, then the right-hand 
side of eq 11 contains three terms, two of them corre- 
sponding to y = u and y = 7. Summing both sides of eq 
11 over all monomers i and j and using eq 10 and the 
following approximation16 

(12) 

we obtain 

which corresponds to eq 9a in matrix form. Substituting 
eq 9b into eq 6 yields 

S(q) = S,(q).[I - c1-' (14a) 
The reciprocal form of this equation reads 

s-'(q) = S0-'(q) - C.S0-'(q) (14b) 
Since So(q) is always known for the system under 
investigation, it remains to specify C to solve the problem 
completely. In simple liquid theories: there are several 

The bare response functions are related to bare structure 
factors by the known formula 

kTx!(q) = SO,(q); u = 7, y, ... W d )  
GUo(q) is a potential that acts uniformally on all species 
to ensure the incompressibility of the total system: 

bp,(q) + b,(q) + 6Py(q) = 0 (16e) 
xu,, etc., are the Flory-Huggins interaction parameters 
and should not be confused with the response functions. 
These parameters are conceptually defined in terms of 
real potentials W,, by (the precise definition of the 
potentials Wd will be given later) 

(160 1 

which is proportional to the energy required to break two 
bonds uu and 77 and form bonds UT. Substituting the 
incompressibility condition (16e) into eq 16c gives 

XU, = W g r  - $ W u u  + WJ 

This equation defines the potential that ensures the 



4484 Vilgis et al. 

incompressibility of the system in terms of ita properties. 
Substituting eq 17a into eqs 16a and 16b gives a set of two 
equations relating the two independent variables 6p,(q) 
and 6pT(q): 
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17b and 17c: 

a d  = 11 + U,(d s:(q)l[l+ U,(q) s : (q ) l -  
U,,?q) Sf(cl) S!(q) (22d) 

S;(d = 4 (23a) 

If component y is a solvent 

and we have the known results where U,, etc., coincide 
with the ordinary excluded volume parameters. U = V; 
in this case, eqs 22a-22d can be written in matrix form as 

S(a) = [ I +  v~s~(~)l-’s~(d (23b) 
which leads to eq la. 

4.2. Matrix Formulation of the RPA. This formu- 
lation has already been done by Akcasu and Tombakuglu4 
in its dynamical version, and we only briefly reproduce 
their equations. One notes that eqs l6a-16“ be written 
in a compact form as 

= -Xo(d[6U(q) + 6uo€ + ~ M d l  (24) 
where 6p(q) = col (6pu, 6p,, ... ), 4 = col (1, 1, 1, ..., l), 6U 
= col (6U,, SU,, ...) are column vectors. The incompress- 
ibility condition in eq 16e reads 

p . a p  = 0; p = (1, 1, ...) (25) 
The procedure by which one isolates one component, say 
y, by using the incompressibility condition and writing 
the potential 6Uo in terms of the properties of the mixture 
is done in the same way as in the preceding section (4.1). 
One writes explicitly eq 21 for component y: 

6p,(q) = -x;(s)[6u,(s) + suo + kTx7,6p,(q) + 
kTx,,b,(q) + ... I (2W 

Solving this equation for 6Uo and substituting the result 
into eq 24, one arrives a t  

(26b) = -xO[~U’ + k m ( q )  h(d1 
with 

where 

$ T l ( q )  can be deduced from eq 18a by interchanging the 
indices u and r. The potential 6U’ is defined as 

6U’,,,(q) SU,,,(q) - 6U7(q) (18d) 
One can see the connection between $’s and the direct 
correlation functions in the preceding model by defining 
the quantities 

Equation 18 becomes 

or in matrix form 

w l )  = -U(Q).So(Q) (204 
Solving eqs 17a-l7c, one can obtain the total structure 
factors S,,(q) in the interacting system: 

where the denominator D(q) is the determinant of eqs 

and the elements of U(q) are defined in eqs 19a and 19b. 
Solving eq 26b in the form 

6p(q)  = -x(q)6U’ (274 
yields the result 

s-’(q) = si’ + U ( q )  (27b) 
and if y is a solvent U(q) = V, eq 27b coincides with eqs 
la-lc. To summarize this method, we say that it is based 
on eq 24, which contains the unknown and uniform 
potential 6Uo. This potential is expressed in terms of other 
properties of the system using the incompressibility 
assumption, and this leads to extracting one component 
from the mixture, which will play the role of matrix or 
eventually solvent. The next method is based on the Ed- 
wards Hamiltonian written in terms of the collective 
coordinates or monomer densities. 

5. Edwards Hamiltonian Method 
Our starting point is the Edwards Hamiltonian, which 

is written in terms of the monomer coordinates for a two- 
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components system as 

where 0 in front of the Hamiltonian N is equal to l/kT. 
The first term represents the Wiener measure, which is 
appropriate for Gaussian chains, and the second describes 
the interactions between all chains of the same or different 
components. Usually the interaction potentials are as- 
sumed to be short ranged and replaced by pseudo- 
potentials: 

W,,G((RZ(s) - Ri(s')) (294 

where We, is a constant describing the strength of the 
potential. The formalism, however, works also for long- 
ranged interactions WuT(RZ(s) - Ri(s')). Equation 29a is 
only used for thermodynamic forces, but if we have charged 
polymers in the system, we would have to add a long- 
range. Coulombic potential as 

WuT(RZ(s) - Ri(s'1) 

q 

where W,,(q) varies like qm2 for bare Coulombic interac- 
tions. Equation 28 can be written in a compact form as 

where NO is the Hamiltonian of the noninteracting chains 
(bare Hamiltonian) and H I  represents the interactions 
between chains. {RZ(s)} denotes all monomer coordinates 
in the system and I ,  is the step length of species u. Knowing 
the Hamiltonian, one can write the partition function 

A A  
u-1 

which is a functional integral over all monomer position 
coordinates {RZ). All thermodynamic properties can be 
deduced from Z and in particular the free energy, which 
is given by 

OF = -log Z({RZ(s)}) (31b) 
We shall discuss later in this section the connection of F 
with the Flory-Huggins free energy and its extension to 
include the effects of fluctuations. Our aim now is to write 
the Hamiltonian in terms of the collective variables p i  
because this form is more convenient than N((RZ(s))). 
p i  was already defined in eq 3c, and the argument q is put 
in the index for simplicity in the notations. Here since we 
are essentially dealing with correlations in density fluc- 
tuations, we shall not make a distinction between p i  and 
bpi  unless specified otherwise. We have 

(32) 

where p i  is the mean density of component u, is the 
volume of the system, and b(q) is the Dirac delta function. 
For q # 0, bpi  and p i  are equal. 

1 
bpi  = P i  - P + W  

The partition function Z({RZ(s)}) can be transformed to 
collective coordinates by the following procedureloJlJ8 

The next step is to rewrite the delta function as follows 

U 

J wu e i g ~ ' ( p , u - ~ a . l n ' l d e ~ a . ' ( D ) )  (33b) 

where we have introduced the new field variables g:. 
Combining the last two equations gives 

Z((p'J) = s DR:(s) sa&, X 

This functional integral can be evaluated by standard 
methods. First, we must note that N l  can be immediately 
expressed in terms of collective coordinates p i  (see eqs 
27-29). We have 

e i ~ ~ ~ . ~ ~ " ~ ~ u - ~ ~ u ~ : . l a N ~ e ~ n ~ ' ~ D ~ l e - B f H i l  (334 

We shall assume here that the W,, values are constant, 
confining ourselves to short-range interactions expressed 
by delta functions. The main problem is to transform NO 
and the integral over monomer coordinates in the expo- 
nent. The common procedure consists of expanding this 
term as follows: 

e - i 1 3 9 ~ ~ ~ ~ ~ ~ l ~ N . d r e i c . . " "  % 

1 - '7,Y'u JoN-e-iwW(s) - 
u 

q u  0 

(344 
Putting eq 34a back into eq 33c, one can perform the 
Z)({R:(s))) integral, which involves in addition to eq 34a 
the factor e+% One can easily see that the first term 
gives 1, the second is 0, and the third term gives 

(34b) 

where S;,(q) is defined in eq 4b, the average being 
performed with respect to the bare Hamiltonian 7f0 and 
higher order terms are neglected (Gaussian approxima- 
tion): In a way, higher order terms are not completely 
neglected because of the following approximation, which 
is often used in polymer solution theories (as in the former 
models of sections 3 and 4): 

z 

P UT 

Combining eqs 33c, 33d, and 34c gives the result 

(344 

U 

where the Gaussian integral over the field variable g< hae 
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and 

S;,(q) = s:,(q) = 0 

war + Wll - WI, - W,l = x u ,  - Xla - XI1 

(37d) 

(374 

Using eq 16f, we find that 

Substituting eqs 37c-37e into eq 37b yields 

(38) 

which are identical with the usual excluded-volume 
parameters V,, (see eqs 5a and 5b where s should be 
replaced by 1). Therefore, eq 37a and 38 give the final 
result, which in matrix form is identical with the general 
result (eq la). 

Before closing this section, let us make some comments 
on the free energy that can be obtained fromeq 35 including 
density fluctuations. 

1 
'p1 

Vu,=-- X l o  - x1, + x u ,  

been performed and H({p:J) is finally given by 

87f((p;)) = Cp:l(S!,)-'(q) + Wa,lpa (35b) 
UT 

and 

s,,-'(a) = ( s y ( q )  + w,, (35c) 
To understand eq 35c, let us write the definition of Sa7- 
(d: 

S,,(q) = ( P g q )  (35d) 
where the average is performed with respect to the total 
potential in the interacting system: 

where 

~ ( { p ~ j )  = J - ~ ( ( ~ , J ) ~ + H ( I P Q I )  (35f) 

This functional integral is Gaussian, and the result is given 
in eq 35c or 

(35g) (P;P;) = S,,(S) = {(s:,)-l(q) + 
This is of course the central result we are seeking by using 
the Edwards Hamiltonian method. The remaining task 
is to express the real interaction potentials W,, in terms 
of Flory-Huggins interaction parameters xu, (which has 
already been announced in eq 16f). First, we note that eq 
35c does not take the incompressibility requirement into 
account; the latter is expressed by 

CP; = 0 (Q + 0) (364 
,=I 

or 

P i  + CP; = 0 
7-2 

where we have isolated component 1 whose density is minus 
the sum of densities of all other components (but any of 
the z components can be isolated this way). Eliminating 
p i  from the Hamiltonian in eq 35b gives 

PWIP,J) = P:((s:l)-l+ WlJP4 + 

a,7-2 

Substituting eq 36b into eq 35b, we get the Hamiltonian 
in the new mixture of z - 1 components: 

where we have introduced the interaction parameters U,,- 
(q) defined as 

Ua,(q) = s;l(q)-l - s;,(4)-1 - s;l(Q)-' + w,, + WI, - 
W1, - W,, (37b) 

If the isolated component 1 is a solvent, we have 

(374 

6. Free Energy with Density Fluctuations 

The partition function as obtained in eqs 35a and 35b 
can be written as 

Z( Ip,J) = ,-5Fo J- ~pqe-Z..~~lP~"((s.,o)-l(,)+ W*,)P-.$I (39) 

where we have included the factor e-BFo describing the free 
energy at  q = 0 and collecting combinatorial numbers 
which are given by the Flory-Huggins formulalJg (see 
Appendix A for details) 

Note that to obtain the free energy of mixing a reference 
state has to be subtracted (see ref 1, p 71). This subtraction 
of the reference state is already done if we write down eq 
39. Note further that up to now we have not used the 
incompressibility constraint as has been done by Olvera 
de la Cruz et a1.20 This incompressibility constraint can 
be built in afterwards by using for the potentials W,, = 
WO + tor, where WO is the hard core potential, and taking 
the limit WO --* 03.  This method has been used in a previous 
paper.13 

Introducing the FloryrHuggins interaction parameter 
(see eq 16f), we can derive the free energy of mixing as 

Therefore, the total free energy including the effects of 
fluctuations is given by 

or 

OF = PFo, + c l o g  (Det {S,-,-'(q) + W)) (41b) 

Replacing log (Det 1 ) )  by Tr log { ) (Tr = trace) and 
approximating E, by an integral as 

WJ 
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one can put eq 41b in the form 
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al.6 This required an expression for the direct correlation 
matrix C(q), which was assumed to be given by -V*So(q). 
The second method was a static version of the dynamic 
RPA matrix formulation proposed by Akcasu and Tom- 
bakuglu.' The third method was based on the Edwards 
Hamiltonian representation. This paper gives a unified 
picture on the way to deal with static scattering from mul- 
ticomponent polymer mixtures and hints at  possible 
extensions to more complex phenomena such as spinodal 
decomposition, dynamics near the equilibrium state, etc. 

As a side result, we also derived the free energy of mixing 
the Flory-Huggins without using a lattice model. We 
further extended the free energy to treat Gaussian 
fluctuations above the spinodal transition. Near the spin- 
odds, which are given by det (SO-' + V) = 0, higher order 
fluctuations have to be treated, or alternatively one can 
use the scaling approach that has been applied by BinderB 
to such systems. 

It is interesting to compare this form with the local free 
energy proposed by de Gennesl to investigate spinodal 
decomposition in polymer mixtures, i.e., 

where the gradient term is introduced to describe fluc- 
tuations in the long-wavelength limit. We note that the 
corresponding partition function is 

(44) 

To follow the usual procedure, we expand the free energy 
around the mean Sg and we denote the fluctuation &(r) 
by 

We obtain 

where F h  is the Flory-Huggins free energy of mixing 
(see eq 34b). (Remember that the reference state has 
already been subtracted.) The final form of the free energy 
is 

which is an approximation of eq 42, noting that for a binary 
polymer system 

and 

where Rg, and Rg, are the radii of gyration of polymers 
u and 7 ,  respectively. A generalization of eq 40 was also 
discussed by Akcasu and One must note, 
however, that in order to describe correctly the phase 
separation process, one has to go beyond the Gaussian 
approximation used to arrive at  eq 42. Higher order vertex 
functions have been introduced by Leibler2 to investigate 
the microphase separation transition in block copolymers. 
The same functions were also introduced by Frederick- 
sonz2 to investigate similar phenomena in other systems. 
Such a discussion is beyond the scope of this paper. 

7. Conclusions 
The purpoee of this review was to rederive the general 

result for the static scattering matrix for a multicompo- 
nent polymer mixture by using three different methods. 
The Ornstein-Zernike method was used in a slightly more 
general way than the method orginally used by Benoit et 

Appendix A 
Here we derive the Flory-Huggins free energy from the 

Edwards Hamiltonian, and we show that we have to include 
combinational terms to find the correct expression. We 
start from the partition function for a binary system 
polymer (one component) + solvent 

where n, is the number of polymer molecules (chains) and 
n, is the number of solvent molecules. The appearance 
of n,! and n,! in 2 is due to the classical Gibbs paradox. 
(Molecules of the same species are indistinguishable.) The 
Edwards Hamiltonian 7f((pqJ,(cqJ) is given by 

where So(q) is the bare structure factor of the polymer, 
co is the solvent concentration, W,,, W,, and W,, are the 
polymer-polymer interaction, the solvent-solvent inter- 
action, and the polymer-solvent interaction potentials, 
(pqJ are the concentration fluctuations for the polymers, 
and (cql are the concentration fluctuations for the solvent. 
Note that this Edwards Hamiltonian (eq A2) as well as 
those for the multicomponent systems used in the main 
text, are also appropriate for compressible systems. This 
has been shown implicitly in ref 24 and later in ref 25 
where the corresponding structure factors for compressible 
systems have been calculated. The limit of incompressible 
systems can be taken by using infinite hard core potentials 
as we have shown in ref 13. From the Hamiltonian we 
separate first the q = 0 term, i.e. 

P>O 

with 

where N is the degree of polymerization of the polymers. 
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The partition function is now given by 
= ,-BF = , - B F o J n a p  ac e-B13r>o"WIPqllcqI) E e-BFoe-PM 

P P  

(445) 
P>O 
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where 
@Fo = @Wo + log n,! + log n,! (446) 

We know that 

P o  = n Y / Q  

co = n,/Q (A7) 

where i2 is the volume of the system, which we put equal 
to 1; Le., Q 

log n! = n log n - n (AB) 
we find immediately 

1. Using Stirling's approximation 

which is the total free energy (without fluctuations) of the 
solution. Calculating the free energy of mixing by sub- 
tracting the proper reference state (see de Gennes,' p 71) 
we find the classical Flory-Huggins free energy. 

P o  PJ'o = log PO + co log co + X ~ P O C O  (A10) 

Appendix B 
For readers who are not familiar with the functional 

integral formalism, we derive eq 41b of the main text. 
To find the contribution AF from the fluctuations for 

the free energy of the Flory-Huggins type, we take from 
Appendix A 

We introduce new variables ii by an unitary transfor- 
mation 

where Uih is an unitary matrix, which diagonalizes M. 
Note that det U = 1, soJhat the Jacobian from the 
transformation from pq to pq is one. 

Thus, we get 

where we introduce a new matrix 

AAK = CU:hM:W'.! (B4) 

'A, = W h x  (B5) 

h , ~  
which has now only diagonal elements, i.e. 

Thus, we get 

since 

because 

Thus, we find 

and 

det A = det M 

d e t U = l  

037) e-PhF = e-Zq>dWdetW 

which is the fluctuation term in the Gaussian approxi- 
mation. 
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