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ABSTRACT: We have developed a general theory to predict the scattering profiles in the homogeneous state 
and the phase separation behavior of multiblock copolymers having various architectures such as “linear”, 
“comb”, and “star”. We found that the scattering intensity versus angle in the homogeneous state has a universal 
slope at  small angles independent of the architecture of the block copolymers. The position of the maximum 
intensity is almost independent of the number N of sequences, and its amplitude rapidly reaches a plateau 
value, indicating that the microphase separation for N 1 20 is independent of N. Detailed calculations conceming 
the molecular dimensions and conformations and the thermodynamic behavior of the three types of the 
multiblock copolymer architectures have been performed based on fundamental variables such as the radius 
of gyration of each block, the composition, the degree of polymerization, the number of sequences, and the 
polymolecularity in molecular weight and composition. 

Introduction 
Block copolymers at the homogeneous state have been 

the subject of extensive theoretical studies,’-12 but usually 
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the authors have restricted their interest to copolymers 
made only of a few blocks. 

In this paper we would like to generalize these known 
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results to copolymers made of many blocks, identical or 
not. These types of copolymers correspond to polymers 
prepared by polycondensation or polyaddition of two 
different types of monomer units and are of considerable 
industrial interest. Polymers made of hard and soft seg- 
ments belong to this category, and scattering studies of this 
type of materials in the amorphous state could bring useful 
information allowing a better understanding of their 
structures and properties. 

In the first part we shall summarize what is known about 
general properties of copolymers that are independent of 
their architecture. In the second part we shall discuss the 
properties that are specific of copolymers made of many 
blocks, emphasizing the case where the number of mono- 
mer units can be considered as infinity. 
General Laws of the Scattering and Properties of 
Copolymers in Homogeneous Bulk State 

Scattering Equations of Copolymers. Assuming that 
the scattering due to compressibility is negligible, the in- 
tensity scattered by copolymer chains is given by 
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This formula is written for a system containing copolymers 
made of two kinds of monomers, which shall be called a 
and b, respectively. They are ui molecules of species i 
having ni monomers from which ni, and nib are of types 
a and b, respectively (ni = ni, + nib). These monomers are 
not taken here in the classical sense of polymer chemistry. 
They are subunits having the same volume and charac- 
terized by a scattering length (or index of refraction of 
electron density) a and b, respectively. The quantity x is 
the interaction parameter, following Flory13 between two 
units of different nature. The quantities Pi(q), Pi,(q), 
Ph(q), and pi,b(q) are the structure factors of the molecule 
of type i. Pi(q) corresponds to the whole polymer and is 
defined as 

where ?;k is the distance between the monomeric units j 
and k and is the scattering vector, its module being 4 r / X  
sin ($121, with X the wavelength of the incident beam and 
0 the scattering angle. 

The quantities Pi,(q) and Pib(q) are of the same form 
as Pi(q) ,  the summation being limited to the a or to the 
b type of monomer. piab(q) is a cross term for which j is 
an a segment and k a b segment 

is always obeyed. Equation 1 can be used even if some of 
the molecules of the system are homopolymers. 

In the case of a monomolecular copolymer, we shall 
introduce, in order to simplify eq 1, the composition of the 
copolymer u = n,/(n, + nb) = n,/n, u = (nb/y), 
(u + u = I), and a reduced scattered intensity which will 
be defined as the intensity scattered per monomeric unit 
divided by the square of the contrast factor, (a - b)2  

( 5 )  

With these notations eq 1 reduces to 

or 

nU2u2[Pa(q)Pb(q) - Pab2(q)1 
i (q)  = (7) 

P(q)  - 2 ~ n ~ ~ u ~ [ P , ( q ) P b ( q )  - pab2(q)] 

Scattering by a Monomolecular Block Copolymer. 
1. Behavior at Small Angles. All P(q)'s are equal to 
unity for q = 0, i(0) = 0. This can be explained qualita- 
tively by saying that in such a system there are no con- 
centration fluctuations in a large volume since its com- 
position is always the composition of the copolymer. If 
we expand i ( q )  as function of q we obtain 

i (q )  = nu2u2(q2/3)(2Rab2 - Ra2 - Rb2)  (8) 

where R: and R b 2  are the radii of the gyratiori of parts a 
and b of the copolymer and R,b2 is cross term obtained by 
writing 

(9) 

It has been established'* that the quantity in parentheses 
on the right-hand side of eq 8 has a very simple geometrical 
meaning. If we call G, the center of mass of part a of the 
copolymer and Gb the same quantity for segment b, we 
have 

p a b ( q )  = 1 - (q2/3)Rab2 

G,Gb2 = L2 = 2R,b2 - R: - Rb2 (10) 

i ( q )  = nu2u2(q2/3)L2 (11) 

From eq 8 and 10 we obtain 

The initial slope of the absolute intensity plotted as a 
function of q2 gives the average of the squares of the dis- 
tance between the centers of mass of the a and the b 
segments. This shows clearly that for a copolymer with 
randomly distributed monomer G, and Gb coincide and 
the scattered intensity will be very weak and practically 
nonexistant. 

2. Intermediate Range. If we assume that 1 /R  < q 
< 1 / C ,  C being Kuhn's statistical element, we look at what 
has been called the intermediate range. In this region of 
q the cross term P&(q) can be neglected, especially if the 
sequences are long enough, and we obtain from eq 6 

1 u2Pa(q) + u2pb(q) 
- 2x (12) 

This result has to be compared with the intensity scattered 
by a mixture of two homopolymers of degree of polym- 
erization na and nb and of structue factor P,(q) and pb(q). 
Applying the formula5 of de Gennes, we obtain eq 13 by 
using the same notation: 

_ _ -  - 
i ( q )  nu2u2Pa(q)Pb(q) 

The two formulas (eq 12 and 13) are the same, which 
means that a copolymer at large q behaves like a mixture 
of its sequences. 

A close examination of eq 1 2  shows that the scattering 
intensity is going to zero with a power law characteristic 
of the statistics of the polymer. If the chains are Gaussian, 

We show that for a monomolecular block copolymer the 
scattering intensity at q = 0 starts from zero and then at 
large q tends to zero with a characteristic power law. These 

i(q) - 4-2. 
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results qualitatively indicate that i (q )  versus q or q2 has 
to go through a maximum. A classical example of this fact 
is the two-block copolymer A-B with u = u = 0.5, which 
has a maximum at qR - 2 (ref 6).  

3. Influence of the Interaction Parameter. All the 
results which have been obtained until now are inde- 
pendent of the value of x, as long as x is sufficiently small 
to keep i ( q )  > 0. 

In order to study the influence of x let us assume that 
we know, for a given copolymer, the value of i (q)  (for x = 
0, i ( q )  is io(q)). According to the preceding discussion, io(q) 
has a maximum; its value is m for q = q*, where m = io(q*). 
This allows us to rewrite eq 6 and 7 as 

or 

One sees first that the position of the maximum is inde- 
pendent of x (di(q)/dq = 0 if dio(q)/dq = 0). Its magni- 
tude, however, depends strongly on x 

m 
1 - 2xm 

i ( q * )  = - 

and goes hyperbolically to infinity when x = xc = 1/2m. 
This means that one reaches the spinodal.6 The system 
becomes totally unstable and a phase transition occurs. 
Since the phase transition occurs at  q = q* and not at  q = 
0, it is a special transition where this system goes from an 
isotropic liquid to a mesomorphic state. From the above, 
obviously, it is sufficient to know io(q) to be able to discuss 
with the help of eq 14 or 14’ the effect of x. 

4. Influence of the Solvent. If we introduce a solvent, 
the physical problems become much more difficult, be- 
cause we deal with a three-component system and we have 
to take into account the concentration fluctuations in so- 
lution and not only the fluctuation of component a relative 
to component b. An elegant method to suppress, or more 
exactly to make invisible, these fluctuations consists in 
choosing a solvent having a coherent scattering length s 
equal to that of the polymer mixture s = au + bu. (This 
can be achieved readily in neutron scattering by choosing 
as solvent a mixture of hydrogenous and deuteriated li- 
quids.) This procedure makes, following eq 30 of ref 10, 
I(0) = 0 at  any concentration. If, at  low concentration, we 
define i ( q )  as in the bulk, we obtain 

i ( q )  = n u 2 u 2 [ P a ( q )  + p b ( q )  - 2pab(q ) ]  (16) 

which has to be compared with eq 7 in the case where 
x = o  

Both equations are very similar. We can even show that 
they are identical in the case of a symmetrical copolymer 
for which Pa(q) = p b ( q )  and u = u = This means that 
in this case the peak has the same shape in bulk with x = 0 
and in dilute solution. In fact there are changes of shape 
as a function of the concentration and the quality of the 
solvent with respect to the different sequences, but we are 
not sure that these effects are experimentally observable. 

In the general case the only thing which can be said is 
that a t  the limiting cases, bulk with x = 0 and dilute 
solution, the initial slope and the asymptotical behavior 
are identical. This lets us assume that there is no essential 
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Figure 1. Scattering profiles from a mixtue of two symmetrical 
two-block copolymers (AB, AIBI; u = u1 = 0.5) having radii of 
gyration in a ratio of 4.47. The scattering curves have been drawn 
for different concentrations, = v(n, + nb)/[v(n, + nb) + v1(nal 

difference between the symmetric and the general case. 
It is known (see above) that when x is in the vicinity of 

xc (x, - x, small and positive) one obtains a very large peak 
in the bulk. Its height diminishes when one adds solvent, 
and it can be shown15 that this decrease can be described 
if we replace x by x@, calling 4 the volume fraction occu- 
pied by the polymer. 

Scattering Intensity of a Polymolecular Block Co- 
polymer. Since eq 1 is valid for any polymolecular 
polymer, it can be used for any block copolymer containing 
only a and b units. In order to discuss the effect of po- 
lymolecularity qualitatively we shall consider two cases, 
polymolecularity in molecular weights with fixed compo- 
sition and polymolecularity in composition as well as in 
molecular weight. In this discussion we shall always as- 
sume that x = 0 since it has been shown that knowing &(q) 
one obtains very easily i(q) (see eq 14 and 14’, which are 
general). 

1. With Fixed Composition. Starting from eq 1 we 
obtain io(q) as 

+ nbl)]. 

The scattered intensity is zero for q = 0, which is easy to 
understand. At large q if we assume the p a b ( q )  to be 
negligible, we find again that the intensity is the same as 
for a mixture of a and b homopolymers. 

In order to see more clearly what the shape of the curve 
is, the case of the two identical block copolymers, u = u = 
1 /2 ,  P,a (q )  = P i b ( q ) ,  will be considered. In this case the 
intensity can be written as 

We see that the scattering is just the sum of the scattering 
by the different species present in the solution. Each of 
them will show a peak for qRi = 2. If their radii of gyration 
are very different one can obtain more than one peak for 
io(q). As an example, Figure 1 shows the value of io(q) for 
a mixture of two polymers having a ratio of their radii of 
gyration equal to 4.47 for different compositions of the 
system. We see clearly the existence of two peaks. 

2. In Composition as Well as Molecular Weight. In 
this general case it is difficult to study the complete curve 
since its shape depends very much on the architecture of 
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each of the copolymers in the mixture. The discussion will 
be limited to the value of i(0) summarizing recent results.I6 
We define the following averages: 

Macromolecules, Vol. 21, No. 5,  1988 

Cvin&i Cvin&? 

Cvini2 vini2 
(u) = - (u2) = (20) 

and the quantity (Au2) = ( u 2 )  - ( u ) ~ .  With these nota- 
tions eq l becomes 

io(0) = Nw(Au2) (21) 
calling N ,  the quantity Cvini2/ xvlni, the weight average 
degree of polymerization. 

As soon as the system is heterogeneous in composition 
$0) increases and can become important if ( Au2) is large. 
I t  has been shown,' in the case of a diblock copolymer 
where the average length of each block is the same and 
obeys a Zimm-S~hulz'~J* length distribution, that the 
maximum of io(q) disappears as soon as for each block 
N,/N,,  = 2; above this value the curve decreases mono- 
tonically when q increases. 

Scattering Intensity of a Mixture of a Homo- 
polymer and a Block Copolymer. Qualitatively it seems 
that if one adds to a copolymer a homopolymer of larger 
molecular weight one should have at low q the scattering 
of the dilute solution of the homopolymer, therefore, a 
sharp decrease of the scattered intensity when q increases. 
A t  large q, the scattering of the homopolymer should be 
negligible, and one should obtain the peak characteristic 
of the block copolymer. 

In fact, this is an oversimplification, and, in order to 
study this problem quantitatively, we shall discuss the 
following example. A mixture is made of (a) a volume 
fraction cp of a homopolymer (type a or b) with degree of 
polymerization no and (b) a diblock symmetrical copolymer 
with volume fraction 1 - cp and degree of polymerization 
n: 
ids) = 

(22) 8 

where Po(q) is the structure factor of the homopolymer and 
P(q) is the total structure factor of the copolymer following 
eq 4. If q = 0, then 

1 (1  - 'P)n(Pa(q) - Pab(4 ) )  + 2'Pn8o(q)(Pa(q)/P(q)) - 
1 + (cpno/(l - cp)n)(Po(q)/P(q)) 

This intensity has to be larger than the intensity a t  the 
peak for the copolymer alone, which is of the order of 
'18(n/2). We have to choose, therefore, in order to satisfy 
the inequality 

+(no/ n)  
1 + ( c p / ( l  - cp))(no/d 

> 1  ( 2 4 )  

On the other side, (cpno)/(l - cp)n) has to be of the order 
of unity in order for the copolymer effect to be seen. This 
gives cp a rather narrow bracket in the vicinity of 
p - (n/no) .  As an example, parts a and b of Figure 2 give 
io(q) for the case no = 20n and different values of cp. One 
sees, as predicted qualitatively, a curve presenting a min- 
imum and a maximum (the best one for cp = 0.8n/no). In 
other cases one has either a maximum or a continuously 
decreasing curve. The same behavior as above has been 
observed by a mixture of two block copolymers of the same 
molecular weight but different compo~it ion.~~ These two 
examples show that it is possible, from a theoretical point 
of view, to prepare mixtures of copolymers and homo- 
polymers with almost any desired scattering shape. 

0 08 I I I I '  I I l 

a 

""" ~ ~ ~ 

0 00 4 00 8 00 1200 16 00 20 00 

q ( (2)' 

- 

4 00 8 00 1200 16 00 20 00 0 00 

q ( r 2 Y  

Figure 2. Scattering profiles from a mixture of a two-block 
copolymer AB (u = 0.5) with a homopolymer, having radii of 
gyration in a ratio of 4.47. The scattering curves have been drawn 
for different concentrations cp: (a) cp = 0.0-0.1; (b) cp = 0.1-0.9. 

Phase Separation Behavior of Block Copolymers. 
With eq 14 or 14', it is possible to describe the phase 
separation behavior of the block copolymers when x in- 
creases from zero to the critical value, xc = 1/2m, where 
the scattered intensity becomes infinite and the system 
reaches the spinodal and phase separates. In a monomo- 
lecular block copolymer where there is a maximum q* # 0 
(Figure 4a), the phase separation leads to a mesomorphic 
state with two phases present, one liquid and one meso- 
morphic. However in a polymolecular block copolymer 
when x increases, the scattered intensity for some cases 
becomes infinite first at q = 0, which means that we have 
a classical liquid-liquid phase separation. The above ar- 
guments predict the formation of the two phases, but a 
more rigorous analysis is required to determine their exact 
composition. The phase separation of a polymolecular 
block copolymer could be compared to a kind of frac- 
tionation in the bulk since it  leads to two liquid phases. 
A combination of the above two cases could be present in 
one single system. Figure 3a represents a typical example 
where it is possible that Io(0) = I (q*)  = m, which will lead 
to three phases in equilibrium: two liquid and one me- 
sophase. And a last, more general (but not least) case is 
represented by Figure 3b, where I (q* )  = I(q**)  = m, with 
which we should obtain four phases in equilibrium: two 
liquids and two mesophases. These conclusions are 
speculative, but it should be possible to see them verified 
experimentally. Already observations in the mesomorphic 
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Figure 3. Schematic representation of scattering profile: (a) from 
a mixture of a two-block copolymer and homopolymer with { = 
0.049 where Z(0) = Z(q*) = m; (b) from a mixture of two two-block 
copolymers having u = u1 = 0.5 and r > rl with { = 0.047 where 
Z(q*) = Z(ql**) = m. 

state proved the existence of the two mesophases in one 
case and the liquid and mesophase in another.lg 
Laws of Scattering and Properties of Block 
Copolymers Having a Large Number of Sequences 

General Scattering Laws. As was mentioned in the 
Introduction, we will discuss the scattering behavior and 
the properties of multiblock copolymers made of two types 
of monomeric units, A and B. We consider three different 
architectures: (a) a copolymer made of N identical A and 
B sequences alternately attached to one another in a so- 
called “linear” structure, -(A-B)r; (b) a copolymer where 
the backbone is made out of the B sequences and the A 
sequences are laterally equally spaced, the so-called “comb” 
structure, -(B(-A))x; (c) and a block copolymer with each 
branch made out of an A-B block copolymer the “star” 
structure, (B-A)r.  

Each sequence A and B is made of n, and nb monomer 
units, respectively. The quantities u = n,/(n, + nb) and 
u = nb/(na + nb) characterize the composition of the 
building sequence A-B, a measure of the relative length 
of the blocks and the total composition of the block co- 
polymer. In order to calculate the scattering intensity, I (q) ,  
from the above architectures, the first step is to evaluate 
pA(q), p ~ ( q ) ,  pm(q), and P(q) as a function of the structure 
of the blocks and the number N .  The above exercise has 
been done at  least partially by different au tho r~ ,~ ,~ f ’ -~~  but 
we have made the calculation in a more systematic way: 
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the details of the calculation are given in Appendix I; here 
we will give only the results. In the calculation we assumed 
that there are no correlations between the orientations of 
the blocks, and in the first step we assumed nothing about 
the statistics of the blocks. For the “linear” -(A-B)r block 
copolymer we obtained 

For the “comb” -(B(-A))r block copolymer we obtained 

For the “star” (B-A) r  block copolymer we arrived at  

wpA(q) = Npa(q) + N(N - 1)A:(q) (31) 

PpB(q) = Npb(q) + N(N - 1)Ab2(q)e-2q2r.2 

~ P A B ( ~ )  = NAa(q)Ab(q) + N ( N  - 1)A,(q)Ab(q)e-q2ra’ 
(33) 

In eq 25-33 P,(q) and i$(q) are the structure factor of each 
block, and their definition is similar to the one given in 
the eq 2, where i is either a or b and the sign ( ) indicates 
that the quantity in the bracket has to be averaged over 
all conformations and orientations. The quantities Aa(q) 
and Ab(q) are defined as 

(32) 

(34) 

(35) Adq) = - C (exp(-iq‘?J) 

The vector Yli joins one end of the block to an arbitrary 
point. Moreover 

xa = (exp(-@Fi,.) ) (36) 

1 n* 
Aa(q) = - C (exp(-iGYIJ) 

n, 1=1 

1 nb 

nb j=1 

x b  = (exp(-Qinb)) (37) 

x = x,xb (38) 
Ylna is the vector joining the ends of a block. These general 
formulas, eq 25-38, are valid for any structure of the blocks 
A and B. 

In order to calculate the scattering intensity from a 
multiblock copolymer with a specific architecture, one has 
to specify more precisely the model to arrive at  explicit 
results. We shall envisage two models, the Gaussian one 
where we assume the segments A and B to be both 
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Table I 
Radii of Gyrations for the Three Architectures in the Monomolecular Case for the Gaussian (F-F) and Semiflexible (R-F or 

F-R) Model" 
A-B linear - (A-B)r  comb - (B(-A))r  star ( B - A ) r  
F-F RA2 = N(r: + rb2) - rb2/N 

RB' = N(r: + rb2) - r:/N 
Rm2 = (r: + rb2)(N + 1/2N) 

RA' = (3 - 2/N)r: + (N - 1/N)rb2 
RB2 = Nrb' 
Rm2 = (3/2) r: + (N + 1/2N)rb2 

RA2 = (3 - 2/N)r: 
RB' = 6(1 - 1/N)r: + (3 - 2/N)rb2 
Rm2 = 3(3/2 - l/N)r: + 3/2rb2 

R-F RA2 = (R2/12N)(2(N - l ) N  + 1) + 
RB' = (R2/6)(N - l/N) Nrb2 RB' = Nrb' 
R-' = (R2/12)(2N + 1 /N - 1) + 

RA2 = (B2/12)(4 - 3/N) + (N - 1/N)rb2 R A ~  = (7?'/12)(4 - 3/N) 

RB' = (3 - 2/N)rb2 + (1 - 1/N)R2 
Rm' = (3/2)rb' + ('13 - N/2)W2 

(rb2/N)(R12 - 1) 

Rm' = R2/6 + (N + 1/2N)rb2 
(N + 1/2N)rb2 

F-R RA2 = (3 - 2/N)r,2 
RB2 = (R2/12)(4 - 3/N) + 6(1 - l/N)r: 
Rm2 = 3(3/2 - l/N)r: + R2/6 

"F = flexible; R = ridig. R is the radius of gyration of the rigid block, and the other symbols are as defined in the text. 

Gaussian, and the semiflexible one, where one of the blocks 
is rodlikeZ0 and the other Gaussian. For the Gaussian 
model, we shall distinguish two cases. For one case, where 
the blocks are monodisperse, we have the following func- 
tional dependence for P,(q), Pb(q), A,(q), Ab(q), x ,  x,, and 

where r ,  and rb are the radii of gyration of the blocks A 
and B. 

In the case where the blocks are polymolecular,21~22 as- 
suming a Zimm-Shultzl'Js distribution (see Appendix 11), 
we have 

(46) 
2 P,(q) = -(q2r,2 - 1 + (1 + eq2r,2)-l/<) 

Pb(q) = -(q2rb2 - 1 + (1 + nq2rb2)-l/7) 

q4r2 
2 

(47) 
q 4 b 4  

(49) 

( = 1 + € 

(z)B=l+T 

(53) 

(54) 

where and 7 are the classical heterogeneity parameters. 
For the semiflexible model where half of the blocks are 

rigid, the possibility of using the random phase approxi- 
m a t i ~ n l ~ ~ p ~ v ~  is questionable because of the orientation 
correlation of neighboring rods; however, with our ap- 
proach we are able to calculate the scattering intensity. 
This has to be done cautiously because the dependence 
of the mutual orientation of the rods is not taken into 
account. We believe that if the rodlike segments are short 
and imbedded in a sufficient amount of soft segments the 
error is not large and the formulas below can be used. For 
instance if the block A is a rigid rod with length R, and 
the B block is Gaussian, we have 

sin q 2 ,  
x ,  = - 

QBZ 
(57) 

For the B block, since it is Gaussian, the same formulas 
apply: eq 40,42, and 45 for the monomolecular case and 
47,49, and 52 for the polymolecular case. The definitions 
of n,, nb, u ,  and u in the semiflexible model are not ab- 
solutely straightforward. These quantities do not appear 
in the form factors p A ( q ) ,  PB(q) ,  and P A B ( q ) ,  but they 
appear in P(q)  as well as in the front factor (see eq 58). 
We could define n, as the number of monomers of the 
Gaussian chain which occupy the same volume as the rod. 
In fact, we assumed in these theoretical calculations that 
n, = 2 , / 4 ,  calling k' the length of the statistical element 
of the Gaussian chain and u = r:/(r,2 + rb2) or u = n,/ 
(n ,  + nb). 

Scattering by Monomolecular Multiblock Co- 
polymers. 1. Behavior of Small Angles. We have seen 
in the first part and from eq 11 that i(q) could be expressed 
at small q for the multiblock copolymers as 

i (q)  = nNu2vZQL2 3 (58) 

where L2 is the distance between the centers of mass G A  
and GB. In what follows, we are going to see how this 
quantity, L2, which is the initial slope of i (q )  versus q2, 
depends on N .  In Table I we present the results of the 
radii of gyrations, R A 2 ,  RB2, and RAB2, of the block co- 
polymers having the three architectures and for the 
Gaussian and semiflexible models. From the values R A 2 ,  
RB2, and Rm2 (Table I) and eq 10 we find, for the Gaussian 
model and all three architectures, that L2 has the value 

2 
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(59) 

where r: + rb2 is the radius of gyration of the sequence 
A-B. Inserting eq 59 into eq 58 shows that the scattered 
intensity is independent of N 

i (q )  = 2/3nu2u2q2(r,2 + rb2) (60) 

Therefore, the initial slope should not depend on N. In 
fact, this is not observed (Figure 4a) and has to be related 
to the anomalous behavior of pA(q), p ~ ( q ) ,  p&), and P(q) 
for q = 0. These quantities can be written for small angles 
as 1 - (N/3)q2(r,2 + r:) and have an infinite initial slope. 
The correct value is given by the use of the asymptotic 
limit of eq 64 for N - a 

i ( q )  = f/Gnu2u2q2(r,2 + rb2)  (61) 

which differs from eq 60 by the numerical factor 4. 
2. Influence of the Number of Repeat Units N .  The 

intensity scattered by the system depends on the number 
N. In order to see what this means physically, we shall 
assume that we have a constant number of monomers in 
the scattering volume or that the density of the system 
does not depend on the degree of polycondensation. 
Writing again eq 1, assuming that the number of segments 
is constant (Nun = const), one obtains the scattered in- 
tensity per monomeric unit: 

There, if we keep the molar mass of the monomer constant, 
we plot the quantity 

as a function of q ( r2)1/2, calling ( r2)1/2 the square root of 
the radius of gyration of the building sequence A-B, and 
we see how the scattered intensity depends on N .  In parts 
a, d, and g of Figure 4 we present the results for the three 
architectures: linear, comb, and star, assuming u = u = 
0.528 and a Gaussian model. Very rapidly the intensity 
(Y(q))  becomes independent of N reaching an asymptotic 
value. We see that the peak, well known for N = 1, stays 
around q(?)'/* = 2. Its shape is slightly modified and very 
rapidly reachs a constant form after a few decades of N .  
It  is possible to obtain the equations giving the scattering 
intensity a t  the limiting case N - a. The results for the 
linear block copolymer are 

where A = (q2 t2 ) ( (na  + n b ) / 6 ) .  From Figure 4a and the 
above relation (eq 64) ,  we conclude that as soon as N is 
large the scattered intensity does not depend any more on 
N.  In Figure 5a we plotted the scattering intensity for 
N - a as a function q(r2 ) ' l z  for different values of u 
(0 < u < 0.5), this is sufficient since eq 64 is symmetric 
in u and u = (1 - u).  In the comblike copolymer we have 
also calculated io(q)  for N - a 

"( x %)'( $ - k)] (65)  

and present its variation as a function of q ( r.2)1/2 for dif- 
ferent values of u (0 < u < 1) (Figure 5b) since, in the case 

0 48 I I I I I I I l 

a 
i A - B + N  

0 4 8  r- 
0 36 t 

0 

E c  
- 

0 00 2 00 4 00 6 00 8 00 10 00 

q ( 1 2 9  

Figure 5.  Scattering profiles of multiblock copolymers in the 
limiting case N - m as a function of u: (a) linear and (b) comb 
block copolymer. 

of comblike architecture, we do not have symmetry. For 
u = 0.5 Figure 4d shows that the difference between the 
curves N = 1 and N = is much smaller than in the case 
of the linear copolymer. The height of the maximum 
decreases only slightly with N ,  and its position is going 
toward larger q. We derived also the equation in the lim- 
iting case N - a for a starlike structure: 
idq)  = 

nu2u2 
A:(q)Pb(S) Ab2(q)Pa(q)e-2Au - 2A:(q)Ab2(q)e-'" 

x-2(1 - e-x)2 
(66)  

This is not very meaningful since the radius of the chain 
does not become infinite, and this does not allow enough 
room for the segments. For the semiflexible model when 
N - m and for u = u = 0.5, the results are almost similar 
to the ones depicted in parts a, d, and g of Figure 4. The 
only small difference is a t  the high q region where the q 
dependence of the PA(q) rigid block is different from that 
of the pB(q) flexible block. 

3. Influence of the Composition u .  One sees clearly 
in Figure 4b (linear Gaussian case) that when u decreases 
the maximum becomes less pronounced. This is due to 
the fact that when n, decreases the structure factor pA(q) 
goes very slowly to zero when q increases. A t  very low 
values of n, (u = 0.001) the scattering intensity reaches 
a limiting value at high q range, Figure 4b. Another way 
of looking into the composition influence on the scattering 
intensity is in Figure 5a, where we have plotted for N - 
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the limiting scattering intensity given by eq 64 for different 
values of u (0 < u < 0.5) as a function of = q ( r 2 ) l l 2 .  
Regardless of the value of u one observes the same general 
behavior. It is only for very small values of u that the 
maximum moves to larger values of X and becomes less and 
less pronounced. I t  is easy to see what happens if u is going 
to zero (let us say it is of the order l /n) .  In the range of 
X where e-x vanishes and e-XU is equal to 1 eq 64 can be 
written as 

io(q) = nu2 (67) 
In order to see the physical meaning of this equation we 
go back to I (q) ,  the total intensity scattered by the v chains, 
obtained with u = l /n :  

Scattering Theory and Properties of Block Copolymers 1457 

N 
n 

I ( q )  = u- = M 

calling M the total number of blocks u in the system. This 
has been observed by de Gennes1i5 for diblock copolymers 
and is generalized to multiblock copolymers, showing that 
in this case the scattering can be evaluated as if these 
segments are a perfect gas of independent particles. The 
limiting intensity (Figure 4b) at large q is proportional to 
the molecular weight of the block copolymer (e.g., 67 and 
68). The same behavior is observed for the two other cases, 
comb and star Gaussian, when u - 0.001. In the comblike 
architecture for u < 0.5 (Figure 4c), the maximum of the 
intensity decreases. For u > 0.5 (Figure 4e), the intensity 
increases when N - a. For large u, this height increase 
is much less and the position of the peak is practically 
invariant. There is a large difference between the cases 
where u << 1 and u << 1; they correspond to two different 
architectures. For u << 1, the side chains are very small 
and there is similarity with the linear copolymer; for 
u << 1, the backbone is short and the molecule is similar 
to a star copolymer. We observe always an increase of the 
maximum in the starlike architecture when N - but a 
faster increase for u < 0.5 (Figure 4f) rather than for 
u > 0.5 (Figure 4h). The above observations of the max- 
imum intensity have implications on the phase behavior 
and miscibility of the multiblock copolymers, as we will 
see below. Another model we shall discuss is the semi- 
flexible one in which one of the blocks is rigid. All the 
main features observed in the preceding cases are un- 
changed with some minor differences at the high q range 
due to the fact that the functions of PA(q) (rigid blocks A) 
and PB(q) (flexible blocks B) do not obey the same power 
law. One interesting result is that for u = 0.99 in the 
linear-like and u = 0.9 in the starlike architectures one 
obtains, as soon as N is larger than 2, a succession of 
oscillations due to the sin x / x  factor (Figure 6a). This 
is very interesting because it shows that even in an iso- 
tropic liquid one can obtain a scattering intensity behavior 
much more sophisticated than expected, which could be 
easily interpreted by a crystallographer as a system par- 
tially crystallized. 

Scattering by Polymolecular Multiblock Co- 
polymers. Since the scattering intensity of a multiblock 
copolymer is essentially the same as the diagram of a di- 
block copolymer, all that has been said about mixtures of 
copolymers of the same composition and mixtures of a 
homopolymer with a copolymer remains valid. The only 
point which has to be added is that in this last case in order 
to have a minimum for io(q) the homopolymer of degree 
of polymerization M has to satisfy the inequality M >> n 
and not M >> nN. 

It has been established that i,(q) does not depend on N 
(at least when N > 10). The only point which remains to 
be treated is the polymolecularity of the length of the 
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Figure 6. Scattering profiles of multiblock copolymers as a 
function of N with A-blocks rigid and B-blocks Gaussian: (a) 
linear, with u = 0.99; (b) comb, with u = 0.9. 

segments a and b; this leads as a limiting case to the 
scattering by a statistical copolymer.'2 We show in the 
introduction of this section that it is possible to calculate 
the scattering intensity from a polymolecular system as- 
suming a Zi"-Schultz17J8 distribution, in the case of two 
block copolymers. Equations 46-54 give the results from 
our calculations (see Appendix 11) in the case of Gaussian 
polymolecular A and B blocks. We define the polymole- 
cularity of the blocks A and B by eq 53 and 54 or similarly 
by 

nwb 

nnb 

- -  - l + q  

nw and n, are the weight average and the number average 
molecular weight of each sequence, and and 1 are 
therefore the classical heterogeneity parameters. In the 
following the symbols n, and nb will be used for the num- 
ber average degree of polymerization of the sequences as 
well as 
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and n = nna + nnb. To take into account the polymolecu- 
larity the only thing to do is to replace the quantities e-XU 
and e-XU by the relations 

(1 + xu€)-l/C (73) 

(1 + AUT$'/? (74) 

which are equal to e-XU and e-XU for q = E = 0. The above 
substitution applies to all equations given in this paper 
under the strict condition that the chains are Gaussian. 
For instance the limiting linear case for N - m, eq 64, 
becomes 

i d q )  = 

1 1 (1 - (1 + tAu)-14(1 - (1 + qXu)-l/n) 
nuuz[ 1 - - x xuu 1 - (1 + tXu)-'/'(l + qxu)-'/n 

(75) 

The above equation can be expanded as a function of A, 
giving for the first terms 

idq)  = 

1 x 
6 

( E  + 7) + - (1 - t2u - q2u - 3(q + E ) ~ U U )  + ... 

The first term of eq 76 is independent of the shape of the 
distribution. The result obtained here is therefore quite 
general and can be obtained from the general eq 62 and 
the consequent substitution eq 46-54 for the polymolecular 
Gaussian case of blocks and eq 25-33 for the three ar- 
chitectural structures. One can show then that if N is not 
infinite 

t + q + t q / N  

1 + (u2c + u2q) /N  
io(@ = nu2u2 (77) 

which reduces to eq 76 for large values of N. If one as- 
sumes t = q and u = u = 0.5, one obtain 

(78) 

Regardless of the values of u, u, t, and 7) the intensity io(0), 
which is zero for a monodisperse system, increases when 
t and 7 increase. The initial slope s depends on the shape 
of the molecular weight distribution curve. More general 
formulas could have been established introducing for each 
sequence not only n, and n, but also n,, but this makes 
the equations cumbersome and is useless unless one has 
to explain experimental results. The initial slope is pro- 
portional to the quantity given by 

(79) 

For t = q = 0 one recovers a known result, the slope is 
positive, and when the polymolecularity increases its sign 
 change^.^ This can be considered as a measure of the limit 
between systems giving mesomorphic phases and the 
classical liquid-liquid phase separation. The equation of 
this limit is therefore 

E% + 17% + 3(t + qyuu = 1 (80) 

Assuming u = u = 'Iz and c = q i t  gives t = q = 0.5. This 
means that for t = q < 0.5 one has a peak and for e = q > 
0.5 the peak disappears. The above result is slightly dif- 
ferent from the result obtained by Leibler and Benoit7 for 
the diblock copolymer since in their case (u = u, 7 = t) the 
limit was reached for t = q = 1. It appears that the po- 
lymolecularity affects more the multiblock copolymers 

n io(0) = S€ 

s = 1 - €211 - q2u - 3(q + t)2UU 

0 00 2 00 4 00 6 00 8 00 10 00 
q < r2>1 

Figure 7. Scattering profiles of (a) a diblock copolymer with u 
= 0.5 and (b) a multiblock linear block copolymer: N - m, u = 
0.5, M,/M, = 2, M,/M,, = 1.5. 

Table I1 
Radii of Gyration of the Linear and Comb Multiblock 

Copolymers in the Polymolecular Case 
Linear 

R A 2  = N(1 + 2c/N)r,2 + [ (N - l/N)/(l + f / N ) ] r z  
RE? = N(1 + 2vlN)r,2 + [ (N - l/N)/(l + v/N)lrb2 
RAE* = (NO + 3 / 2 ( c / N ) )  + 1/2Mr,2 + (NU + 3/2(o/N)) 

+ 1/2N)r? 
t2 = (N + l/N)(r,2 + rb2) - ( N  - l/N)(rz/(l + TIN) t 

Comb 

+ e / N ) )  + cr,2 + or? 

R A 2  = [ ( l  + c)(3 - 2 / N  - 2c/N)/(1 + e/N)]r,2 + 
[ (N - 1/N)/(1 + c /N) l r~ ,~  

RE' = N ( l  + 2 v / N ) r b 2  
RAEZ = 3/2(1 + c)r,2 + (N + 1/2N + 3/2v)rb2 

= (Mw/Mn)A - 1; = (Mw/Mn)B - 1 

than the diblock ones. As an example, in parts a and b 
of Figure 7 we give the results for a diblock copolymer and 
a multiblock one, respectively, with u = u = 0.5 and t = q 
= 0.5 in one case and t = q = 1 in another. The initial slope 
is zero for the multiblock copolymer, when M,/Mn = 1.5 
(eq 80) and not 2 as in the diblock case. 

In parts a-f of Figure 8 we present the influence of 
polymolecularity on the calculated intensity for the linear, 
comb, and star (four-arm) architectures in the Gaussian 
model. We observe that the slope becomes zero for Mw/Mn 
values between 1.5 and 2.0. In Table I1 we present the 
values for RA2, RB2, and RM2 in the case of linear and comb 
architectures for the Gaussian polymolecular model. Here, 
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IO 

Figure 8. Scattering profiles as a function of polymolecularity: (a) diblock copolymer, u = 0.5; (b) linear block copolymer, N - m, 

u = 0.5; (c) comb, A-blocks polymolecular, B-blocks monomolecular, u = 0.5; (d) comb, A-blocks monomolecular, B-blocks polymolecular, 
u = 0.5; (e) star (4 arms), A-blocks polymolecular, B-blocks polymolecular, u = 0.5; (f) star (4 arms), B-block monomolecular, A-block 
polymolecular, u = 0.5. 

we d o  n o t  f ind a unified t2 for t h e  two models since i ts  
value is greatly dependen t  o n  t h e  polydispersities of t h e  
two blocks. It is known that the polymolecularity does not  
affect t h e  results in the intermediate  domain (1/R < q < 

formula or  its asymptot ic  form: 

If one plots i0(q)-' as function of q2 using the  classical Zimm 
diagramm, one obtains  in t h e  intermediate  q range a n  
asymptot ic  s t ra ight  line: 

(82)  

Its slope, C2/12uu, gives the  statistical length of the  chain. 
Its intercept  1/2nu2v2 + 1/2nNuu depends  on n a n d  N. 

114) significantly. T h i s  can be checked by t h e  general  q 2 P  1 1 io(q)-l  = - + - - - 
12nuu 2nu2u2 2nNuv 

(81) i ,(q) = - x 
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Figure 9. Phase diagram as a function of N for (a) linear, (b) comb, and (c) star multiblock copolymers. 

If N is very large, the second term disappears and one 
obtains n, the number average of the molecular weight of 
the sequence A + B. If n is known this gives the possibility 
of measuring N ,  the degree of condensation of the co- 
polymer. The above results are valid as well for comblike 
and starlike multiblock copolymers. 

Phase Separation Behavior of Multiblock Co- 
polymers. All the results presented in the preceding 
section were obtained assuming that the interaction pa- 
rameter x between unlike monomers was equal to zero. 
More precisely, what we have plotted on our scattering 
figures is the quantity Y(q) defined by eq 62 and 63. If 

we now take x into account, the intensity i ( q )  will be given 
by eq 14, or using eq 63 we have 

By definition i (q)  is positive. This implies that 

2xnY(q) I 1  (84) 

For all monodisperse systems which have been considered 
in this paper the quantity Y ( q )  present a maximum m for 
a value of q(r2)'I2,  which shall be called (q(r2) ' I2)* .  The 
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Figure 10. Plots of (q* ( r2 )* /2 )2  versus composition u as a function of N for (a) linear, (b) comb, and (c) star multiblock copolymers. 

condition of existence of the system in the amorphous 
liquid is therefore 

2xn I l/m (85) 

If the above condition is not fulfilled, the system cannot 
exist as an amorphous liquid and has to be mesomorphic 
with a characteristic distance of the order of r* = 
(q(r2)1 /2)*q-1 .  (See Figure loa-c for (q(r2)lI2)* as a 
function of u.) In fact, this is only a rough assumption 
because this "mean-field" approach is not valid next to the 
spinodal. 

In all the different architectures studied the quantity 
Y(q) was reaching a value independent of N as soon as N 

was above approximately 20. This shows that the stability 
condition is independent of N and that the parameter 
governing the system is Xn and not xN. This had to be 
expected. I t  could explain the interest of the multiblock 
copolymers. For these systems one can achieve compat- 
ibility between the blocks and keep the advantages of a 
large degree of polymerization. 

1. Phase Diagram of Monomolecular Copolymers. 
It  is possible, as pointed out by Leibler,6 to determine the 
spinodal from eq 83 and from there the phase diagram for 
multiblock copolymers. In parts a-c of Figure 9 we present 
the phase diagrams for the three architectures, linear, 
comb, and star, and for the Gaussian model. The phase 
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diagrams for the semiflexible model have also been cal- 
culated, but they are not presented here mainly because 
they have the same features as the Gaussian model. We 
observe in the linear case (Figure 9a) that when N increases 
the system becomes more miscible, but this effect is rather 
small. In the case of the binodal a similar result can be 
obtained by using the equations established by S. Krause,23 
which show also that when N is large the binodal becomes 
independent of N. The phase diagram in this case is al- 
ways symmetric around the minimum, which is at u = 0.5. 
In the comblike case (Figure 9b), we also observe an in- 
crease of the miscibility when N - m ,  but the minimum 
of the phase diagram moves from u = 0.5 for N = 1 to 
higher values of u when N - m. This phase diagram for 
starlike block copolymers (Figure 9c) has been reported 
earlier." Contrary to the previous examples, here, when 
the number of arms increases, the system becomes less 
compatible and more so for u C 0.5. This behavior lets 
us speculate that, in the case of network synthesis where 
the cross-linking material is different from the chains and 
small in quantity, u C 0.1 could lead to phase separation 
of the junctions at the different states of the reaction, thus 
producing an inhomogeneous system regarding the cross- 
l i n k ~ . ~ ~  It has been shown by Leiblers that the minimum 
of the phase diagram corresponds to the point where the 
spinodal and the binodal are tangent and that it is 
therefore a critical point. We see that the critical point 
for the comb (Figure 9b) is found at  u = 0.58, and the 
corresponding Xn = 10.8, which is slightly higher than the 
value for the diblock A-B (xn = 10.5). It is also interesting 
to point out that the critical point in the comblike struc- 
ture moves from u = 0.58 for N = 2 to higher values of u 
for N - m ,  and also the value of Xn tends to become 
higher. 

2. Phase Diagram of Polymolecular Copolymers. 
As long as the polymolecularity is limited, it changes 
mainly the intensity a t  very low q values and does not 
affect the maximum. When it increases the maximum is 
shifted toward small q meaning, that the characteristic 
distance r,* increases (which is difficult to understand for 
the diblock copolymer). For large polymolecularity the 
maximum is obtained for q = 0. Equation 77, established 
for the linear copolymers, is valid for any structure; com- 
bined with eq 83 it yields 

c 
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suggest strongly that the explanation we are presenting 
here is valid. 

Conclusion 
In this paper, we have presented the generalization of 

what is known on two or three block copolymers to systems 
made of a large number of blocks. The main result is that 
this number N of sequences does not affect drastically the 
thermodynamical properties of the system and its scat- 
tering behavior. It shows also that the transition from 
isotropic liquid to mesomorphic state should occur at ap- 
proximately the same temperature regardless of the num- 
ber of sequences. 
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Appendix I. Structure Factor Calculations for 
Multiblock Copolymers 

Since the problem of the calculation of the structure 
factor of copolymers has already been discussed many 
times, we shall limit this Appendix to a summary of the 
method which we have used. 

P A ( q )  and P B ( q )  for the Linear Multiblock Co- 
polymers. Each molecule is made of N A-B sequences 
in which the A blocks are made of n, monomeric units and 
the B blocks of nb. The structure factor of PA(q) is 

We see also that xc does not depend on N. This result is 
not in contradiction with what has been said in the first 
part. One can say that ( An2) is proportional to 1/N, which 
eliminates N. In conclusion, a polymolecular copolymer 
can always be made self-compatible, which means that it 
has only one phase in the bulk if the average length of the 
sequences is short enough. 

Scattering from Other Structures. Another model 
which can be used is a succession of objects bonded to- 
gether by a free rotating linear chain. These objects are 
made of A and B segments but are such that their centers 
of mass G A  and G B  do not coincide (GAGB) '  # 0. Such an 
object would also give in the bulk a scattering similar to 
what has been described. One can guess that this type of 
scattering should also exist in networks where there is a 
contrast between the junctions points and the chains. If 
one could consider the networks as an infinite chain, this 
would be rigorous, but the existence of loops makes a 
correct calculation very difficult. In fact, early experiences 
of Duplessix and having cross-links labeled with 
deuteriated molecules did show this type of scattering and 

(AI) 

In the expression above Yip - Fjqa is the vector joining the 
ith monomer of the A block p to the j th  monomer of the 
A block q. The sign ( ) indicates that the average is taken 
over all conformations and orientations. 

We now separate the terms for which p = q and p # q .  
In the case p = q one obtains the structure factor n,2Pa(q) 
of one block. When p and q are different one has the same 
result for p > q and p < q as long as Ip - qI is the same. 
Therefore we have 

(-42) 

In order to evaluate the exponential term one has to know 
the number of monomer units J ,  between ip, and jqa. For 
this purpose one refers to the following diagram-counting 
i from the right to the left and j from the left to the right. 

c 4 
P 14 

One sees immediately that the number rl, is 
~ = i + na(q - p - 1) + nb(p - q )  + j 

= i + j  + n(q - p  - 1) + nb (A31 

with n = n, + nb. If the chain has rl, segments, one can 
write in the case of Gaussian statistics 

(exp(-iq'(Tjqa - Fip',,,>> = exp ( -- '.:) (A4) 
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where q is the module of the scattering vector and E the 
length of the statistical element. Writing 

y = exp( -$) 
we obtain for pA(q) 

The summation on i and j is straightforward 

= - - -- A = -  % 1 - yna 1 - e-An.  q 2 E 2  

i=o 1 -y A 6 

This gives for PA(q) 

After making the summation first with respect to p and 
then with respect to q, we replace (1 - e-X"e)/Xn, by A,(q), 
e-'"b by xb, and e - X ( n a + n b )  by x .  We then have 

The expression for p B ( q )  is obtained by exchanging the 
index a by b. 

PAB(q)  for the Linear Multiblock Copolymers. 
With the same notation used previously, the expression 
for PAB(q) is 

1 n. nh N N 

Referring to a diagram similar to the one above one sees 
that the number # of segments between i and j is given 
by 

(-49) # = i + j + n(p - q )  if q 2 p 

# = i + j + n(p - q - I) if q < p  
or 

The summation of i and j leads to A,(q) and Ab(q). To 
evaluate the sum over p and q,  we make a square table 
with N lines corresponding to the N values of p and N 
columns: 

$ 1  2 3 4 * e *  p * * *  N 

1 1 Y  y2 y 3  yP-1 yN-1 

2 1 1 Y  y2 yP-2 e yN-2 

3 Y l  1 y . , . yP-3 . . . yN-3 

YN4 4 Y 2 Y  1 1 . . .  y P 4  . . .  . . .  . . . . 
. *  

P yP-2 vP-3 yP-4 yP-5 . . . 1 . . . p P  

. . . . . . . . . .  
N yN- l  ,,N-2 yN-3 y N 4  . . . . .  1 1 

The above table is not symmetrical and can be written as 
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T =  
(2N - 1) + (2N - 3)y + (2N - (2p + 1)IyP + ... + yN-' 

(-410) 
or 

p=o p = l  

The first sum in the above formula is a geometric series 
C:&P = S1, and the second is the first derivative of S1(S2 
= (d/dy)(Sl) = C;+byP-'. After straightforward numer- 
ical calculations using the notations of eq A7 one obtains 

p p A B ( q )  = 
A.(q)Ab(q)[ *N + 1( N - -) 1 - XN ] ( A l l )  

1 - x  1 - x  1 - x  

 PA(^), PB(q) and Pm(q)  for the Comb Multiblock 
Copolymers. Let us consider the following model. All 
the B blocks are linearly linked together. The A blocks 
are regularly spaced on the B backbone. The evaluation 
of PA(q), p B ( q ) ,  and PAB(q) does not need any new calcu- 
lations. The quantity &(q) is the structure factor of the 
backbone and could be written by using the Debye func- 
tion for it (see eq 40 in text). However, it is more con- 
venient to consider it as the asymptotic value of PB(q) for 
the linear block copolymer when the length of the block 
A is set equal to zero. Starting from eq A7 we have im- 
mediately 

c 

The reason we used this function instead of the Debye 
approximation is that we need precise information on the 
structure of the polymer at  the scale of the radius of gy- 
ration (rb) of the block B. Moreover if the blocks B are 
freely jointed segments a t  the grafting points this can be 
taken into account in this information. 

For PA(q) one can use all that has been written for the 
linear block copolymer up to eq A3. At  this stage $ has 
to be written as 

# = i + j + nb(q - p) ( A 1 3  
Equation A13 is equivalent to eq A3 when n, goes to zero. 
Then pA(q) for the comb architecture is 

The same type of arguments is also valid for P A B ( q ) ,  for 
which one gets 

For the star multiblock copolymers the calculation is 
straightforward and has been reported earlier.11p26 

Appendix 11. Calculations of the 
Polymolecularity Effect 

Assuming that all chains are Gaussian, one must, in 
order to evaluate io(q), take into account the polymolecu- 
larity in the expressions of Wn,2PA(q), wnbzpB(q), 
Pn ,nPAB(q) ,  and W(na + nb)2P(q). For this purpose one 
has to multiply each of these quantities by its probability 
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of occurrence and make an integration. Since it was shown 
that when N is large the value of io(q) does not depend on 
N ,  we can replace this number by its average value. We 
shall therefore assume that polymolecularity comes uni- 
quely from the length of the block or more precisely that 
we have a Zimm-Schultz"J8 distribution for each sequence. 
We now introduce a reduced quantity u = n/  ( n ) ,  with (n) 
the number molecular weight of one sequence (a or b). 
This distribution can be written as 

Macromolecules, Vol. 21, No. 5,  1988 

where r is the function of the parameter k ,  which char- 
acterizes the width of the distribution f(u)du, the proba- 
bility for a molecule to have a molecular weight between 
n/  ( n )  and (n  + dn) / (n). From the above one verifies that 

i W f ( u )  du = 1 (A17) 

i m n f ( u )  du = (n) (Ala)  

Moreover 

showing that the parameter 
t = n,/n, - 1 (-420) 

which characterizes the polymolecularity as being equal 
to l /k .  

We shall need the average value of e-'n, which is 

(e-'") = l f ( u ) e - ' ( n ) U  du = (1 + p(n) t ) - l / f  (A21) 

Let us now discuss the estimation of (PA(?)) .  

i@na2f'A(q) = 

Following eq A17-Al9 

N 
na2Pa(q) + CCn,A,,(q)n,A,,(q)xap-qXbp-q+l (-422) 

Since the last term involves a different segment one writes 
P= 1 P P  

The evaluation of (n:Pa(q)) has already been done 

(n:Pa(q)) = -h (n , )  - 1 + (1 + p(n,)t,)-l'fa] 

The same method gives 

2 
(A241 

P2 

1 
CL 

(naAa(q)) = - (1 + ~ ~ ( n a ) t a ) - " ' ~ I  (A251 

and 

fa = (1 + p(na)€a)-* /~~  (A261 

f b  = (1 + p(nb)tb)-l/fb (A27) 

Here p has been set equal to q2C2/6. One sees on this 
example that the rule which has been suggested is justified. 
I t  is sufficient to write everything as a function of (n,) or 
(nb) except the exponential, which has to be replaced by 
(1 + p ( n ) ~ ) - ~ / ~ .  (It is easy to show that for e = 0 one 
recovers e-'(").) Since the result is independent of N ,  it 
can as well be used for the formulas extrapolated to 
N - - .  
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