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ABSTRACT: The random phase approximation method is applied to study the dynamical behavior of 
copolymers in solution. The generalized expressions of the intermediate scattering functions and their relaxation 
modes are given in the Rouse model. Two different types of relaxation are identified. The first one rr is 
characteristic of the copolymer nature of the chain. The second mode rC represents the diffusion of the chain 
as a whole in the solution. Specific equations are given in the case of a diblock 50/50 copolymer. The influence 
of the scattering vector, the thermodynamical parameters of the solution, and the contrast factor is discussed. 
It is shown that experimental conditions can be found for which the two modes should be easily distinguished. 

Introduction 
The dynamic scattering function S(q,t) for scattering 

from multimodal systems was formulated by Akcasu et al.' 
In recent papers we have first investigated the dynamics 
of bulk systems2 made either from pure mixtures of hom- 
opolymers or pure copolymers and later generalized the 
same work to a solution of ternary mixtures3 made of two 
homopolymers in a solvent. In the bulk problem, we have 
shown that the dynamics were characterized by a single 
relaxation process which was attributed to the relative 
motion of the two polymer species. In a solvent, two re- 
laxation modes were identified: the first one is qualita- 
tively identical with the process that appears in the bulk 
case; it was found to be x dependent where x is the fraction 
of polymer 1 in the system; the second mode has been 
called the cooperative diffusion mode. It is dependent on 
the total polymer concentration c and it is the only mode 
that appears when the two polymer species are identical. 
The extrapolation to the bulk limit shows that the coop- 
erative mode disappears and one relaxation process is 
observed as described in ref 2. 

In the present article, we would like to apply the same 
formalism to the case of a copolymer in solution in an 
attempt to characterize precisely the dynamics of such 
systems. In a first part, we present briefly the general 
formalism used to show the modification required by the 
copolymer nature of the chains. In a second part, we 
discuss some applications of this theory showing the con- 
ditions in which one can observe the two modes and the 
influence of the physical parameters on the dynamics of 
these systems. 

General Formalism 
a. Random Phase Approximation (RPA) Equations. 

In this section the RPA equations will be obtained by a 
straightforward generalization of the method described in 
ref 3 for a mixture of two homopolymers in a solvent. The 
fluctuations in concentration of the ith species dpi(q,s) are 
written as a response to an external potential applied to 
all species dUj(q,s), where q is the wave number related 
to the scattering angle 9 and the wavelength X of the in- 
cident radiation as q = 47r/X sin (9/2) and s is the Laplace 
variable conjugate of time t. The Fourier-Laplace rep- 
resentation is chosen for reasons of convenience since the 
RPA equations can be written simply as 
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where xoy(q,s) is the Fourier-Laplace transform of the bare 
dynamical response function corresponding to a single 
copolymer chain made of species i and j and uij is the 
excluded volume parameter for pairs of monomers4 i and 
j. The assumption of incompressibility allows one to 
eliminate U and to rearrange eq 1 in the form 

dpi(q,s) = -Cjxij(q,s)dUj(q,s) (2) 

which defines the response functions xij(q,s) for the in- 
teracting systems. 

For a two monomer species the total dynamical response 
functions are given by 

and 

xZ2(q,s) can be deduced from eq 3 simply by interchanging 
the indices 1 and 2. The denominator D(q,s) is found by 
D ( ~ , s )  = 1 + ullxoll(q,s) + u22~~22(4,~) + 

2u1zx012(q,s) + ( U l l U 2 2  - u122)Axo(q,s) (5) 
and the quantity Axo(q,s) is defined as 

AxO(q,s) = X ~ ~ ~ ( G J , S ) X ~ Z ~ ( ~ , S )  - ~O12~(4,~)  (6) 

The first observation to be made here is that by re- 
placing in these equations ~ ( 4 , s )  and xo(q,s) by the static 
structure factors S(q) and So(q), respectively, one obtains 
the corresponding static relationships between total Sij(q) 
and bare Soij(q) structure factors. In this respect it should 
be noted that 

( 7 )  

where Soij(q) is the intramolecular form factor of a co- 
polymer chain and Qij(q) the intermolecular contribution 
due to interferences between species i and j .  In an earlier 
work,4 we have determined Sij(q) in terms of Soij(q). It 
comes out from this study that the expressions of Si,(q) 
are given by 

Si;(q) = Soij(q) + Qi;(q) (i, j = 1, 2) 

where ASo(q) = S011(q)S022(q) - Solz2(q), and the denom- 
inator D ( q )  is given by 
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D(q) 1 + ullSoii(q) + ~ z 2 S o z z ( ~ )  + 2u12S012(q) + 
(~11~22 - ~ 1 2 ~ ) A s O ( q )  (10) 

Sz2(q) is deduced from Sll(q) by interchanging the ind- 
ices. A second observation can be made concerning the 
limit of a mixture of two homopolymers in a solvent3 which 
can be immediately deduced from the above formulas 
where, from the definition of the response function: xo12(q) 
= xo2,(4) = 0 and So12(q) = S021(q) = 0 since6 So12(q) = 
kTx0iz(q). 

b. Intermediate Scattering Functions and Their 
Eigenmodes. The intermediate scattering functions 
Sij(q,t)  are related to the dynamical response functions 
Xij(q,t) by the known relationship2p3 

kT~ij(q,t) = -(a/at)si j(q$) ( i 7  j = 1, 2) (11) 

where Tis the absolute temperature and k the Boltzmann 
constant. A relationship of this type is applied to both 
total and bare response functions in such a way that, when 
we combine them with eq 3 and 4, we obtain the time 
evolution of the intermediate scattering functions, knowing 
that of their bare counterparts SO,(q,t). In our earlier 
investigations on the dynamics of bulk systems and mix- 
tures of homopolymers in solution, we have focused our 
attention on the first cumulant matrix and its eigenvalues 
rI and rC which we have shown to constitute the relaxation 
frequencies of the intermediate scattering functions. Using 
the same procedure as in ref 3 one can express the partial 
intermediate scattering functions Sij(q,t) simply in terms 
of two exponential decay modes 

Sll(q,t) = + (12) 

Sz1(q,t) = bIe-rIt + bce-rCt (13) 

Neglecting the effect of memory functions, the general 
forms of amplitudes ac,I and frequencies rc,I can be ex- 
pressed in terms of Si j (q)  and n, only. Since these ex- 
pressions are the same as in the mixture case we do not 
rewrite them here (see eq 19-24 of ref 3). 

Furthermore, following the same argumenta used in the 
case of mixtures of homopolymers in solution, we shall 
neglect the hydrodynamic interactions and use the Rouse 
model to calculate explicitly ac,I and I'c,I. 

c. Rouse Model. Without lws of generality, we assume 
that the monomers of both species 1 and 2 are charac- 
terized by the same friction constant {. This leads to3 

where pi = nNi (i = 1,2), n being the number of copolymer 
molecules per unit volume, and Ni is the number of mo- 
nomers of type i per chain. Q22 and n2, can be obtained 
from eq 14 and 15 by interchanging the indices 1 and 2. 

By taking into account their expressions, it can be ob- 
served that l?c,I depend on both species 1 and 2 even in 
the case where u12 = 0. We recall that in the mixture 
problem, the two modes are decoupled in this limit as 
follows:3 
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Application to the Case of a 50/50 Diblock 
Copolymer 

Obviously, the simplest case from a theoretical point of 
view when one considers a copolymer system is to assume 
that the chains are made of two blocks having the same 
radius of gyration. If it is assumed that they have also the 
same number of monomers N with the same volume one 
obtains' 

S011(q) = S022(q) = cpOw",(q)  (16) 

soiz(q) = S021(q) = dN/2)P12(q) (17) 

p12(q) = 2pT(q) - Pl/Z(q) (18) 

where (e = 2Nn is the volume fraction of polymer in the 
solution and Pll2(q),  PT(q), and P12(q) are the intramo- 
lecular form factors for a block and the total chain and the 
intramolecular interference factor between blocks 1 and 
2, respectively. These form factors are normalized to unity 
for q = 0. 

The substitution of eq 16-18 into eq 14 and 15 gives 
n11 = a22 = 

(20) 
where we have let ull and uZ2 = u and u12 = u + x with x 
<< u. In these expressions the excluded volume parameters 
uij are normalized to the volume of a solvent molecule. 

The combination of these equations with the definitions 
of I'c,I gives 

and 

Introducing a generalized q-dependent Flory parameter 
as 

xC(q) = [NdP1/2 - PT)I-l 

One can write rI as follows 

which becomes identical with the bulk result2 if we let cp 
= 1. Finally it is useful to recall the expressions of am- 
plitudes a ~ , ~  in this case of a 50/50 diblock copolymer: 

(24) 

(25) 

nWpT[l - x/xC(q)l 
D 

nWP1/2 - P T ) ( ~  + 2ucpNP~) 

ac = 

D aI  = 

where 
D = 1 + 2UcpNp~[1 - X/Xc(Q)I + X V N ( ~ P T  - (26) 
These quantities (i.e., rc,I and ac,I) characterize completely 
the scattering function if one chooses a solvent which 
masks one block of the copolymer. In this case the in- 
termediate scattering function coincides with Sll(q,t) which 
is given by eq 12. Moreover it can be noted that the 
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expressions of and ac,I become identical with those 
obtained in the single chain copolymer study8 if we let (a - 0. The following limits of rI in various q regions can 
be discussed: 

(i) In the small q region, expanding the form factor as 
a function of q and assuming that the chains are Gaussian, 
one shows that rI is independent of q: 

rr - 3kT/N{RgT2 (27) 

where R, is the radius of gyration of the total chain. 
(ii) In the intermediate q region, using the asymptotic 

development for the Debye function [P(q) = (qRfl)-2] one 
obtains the familiar q4 behavior: 
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-loo. 

where a is the statistical unit length. These limits were 
also found in the bulk state2 and for a single copolymer 
chain8 

It is also interesting to see what happens for high values 
of x or negative values of u in which case a phase sepa- 
ration can occur. 

Discussion 
a. Behavior in the Vicinity of a Phase Separation. 

The theoretical treatment presented in the preceding 
section shows that the diffusion of a copolymer in solution 
can be decomposed into relaxation processes characterized 
by two relaxation frequencies which were called rc and 
rI. Equations 21 and 22 show that the influence of 
thermodynamic interactions on their values is entirely 
different. rc depends principally on the excluded volume 
between monomers and solvent (it was assumed that it was 
the same for both monomers building the copolymer). rI 
depends only on x, the interaction parameter between the 
two kinds of monomers. This shows that the physical 
interpretation of these two relaxations must be quite 
different. 

It has been shown3 that, in the case of a mixture of two 
polymers in a solvent, one has also two relaxation pro- 
cesses. The first one corresponds to the fluctuations of 
the total polymer concentration which has been called the 
cooperative relaxation. The other corresponds to the 
relative fluctuations of the concentration of each polymer 
species with respect to the other and is called the inter- 
diffusion mode. They were identified on the basis of 
different types of phase separation occurring in the mix- 
ture. If the polymers are incompatible two phases will 
appear, one being rich in polymer 1 and the other in 
polymer 2. If the two polymers are compatible and if the 
quality of the solvent is the same for both polymers, in the 
case of a bad solvent one phase will be rich in polymer and 
the second will be practically pure solvent. At  the onset 
of separation between the two polymers (first process) rI 
goes to zero. In the phase separation between polymers 
and solvent (second process) I'c goes to 281'0.~ This type 
of analysis can apply also to the problem of copolymers. 
In this case at  q = 0 

rc = 0 if 1 + 2upN = 0 (29) 
This is the equation for reaching the spinodal in a 

polymer-solvent mixture. Therefore rc corresponds to the 
concentration fluctuations of the polymer and would be 
the same for a homopolymer. We refer to previous work3 
for further discussion of this point. The quantity rI is 
more interesting. In the case of a 50150 diblock copolymer, 
from eq 22, r1 goes to zero for 

= xpN[pl/Z(q) - pT(q)] (30) 
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Figure 1. Variation of the amplitude (aI/n@) and the frequency 
[ rI / (q2kT/2N{)]  of the "copolymer" relaxation process as a 
function of (PRO)* (see eq 23 and 25) for ucpN = 0.5 and x/v = 
5 x 10-2. 

2 
[qRgrl 

This can never be the case for q = 0 since by definition 
the quantities and PT are equal to 1. The influence 
of the scattering vector q has to be taken into account. The 
quantity [PI 2(q )  - PT(q)] reaches a maximum value of m 
N 0.19 for (&io)* N 1.41. At  this maximum rI = 0 if 

1 - mXqN = 0 (31) 

I t  can be showngJO that this condition is, with a good 
approximation, the condition for the appearance of me- 
sophases even in the presence of solvent. This means that 
when rI, given by eq 22, becomes negative, the two species 
are incompatible and form domains with lamellae or cyl- 
indrical or spherical structures. 

One deduces from this that rI is characteristic of the 
motions of one part of the copolymer with respect to the 
other. It is an internal mode in solution and it is also the 
only mode in the bulk. 

Since it is obvious from the preceding discussion that 
rI is strongly q dependent, it was interesting to plot rI and 
aI, the corresponding amplitude, as a function of (qR )z. 
This has been done in Figure 1 where we have plotteg in 
arbitrary units, rI and aI for a given concentration (u(aN 
= 0.5) and assuming x = (5 X 10-2)u. It appears that aI 
goes through a maximum as expected since at  zero angle 
or large distance, the relative fluctuations between the 
monomers 1 and 2 are not seen. In contrast, rI presents 
a strong minimum for practically the same value of qRgT 
where aI is maximum. This is also qualitatively justified 
since in the neighborhood of (qRgT)* where a phase tran- 
sition can occur, the relaxation processes are slower. 
Moreover these quantities depend very little on the con- 
centration which is also evident since it is an internal mode. 

In Figure 2, rI is plotted as a function of (qRgr)2 for 
different values of xpN. If x(aN is too large (for instance 
if the molecular weight of the copolymer is too large), rI 
becomes negative in a given interval of q. This means that 
the system cannot exist for these values of x, N, and (a as 
a single phase. 

It is evident that in order to check this theory, it would 
be quite interesting to be able to observe simultaneously 
the two relaxation modes. This is possible if AI and Ac, 
which are the amplitudes of the two modes in the ex- 
pression of the total intermediate scattering function S- 
(q,t),  are of the same order of magnitude and for experi- 
mental convenience rI and rc very different. In order to 
do so one has to adjust the contrast between the solvent 
(s)  and the two components (bl, b,) of the copolymer (s 
and bl,z are the refractive indices in light scattering or the 
scattering lengths in neutron scattering). 
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Figure 2. Variation of I’1/(q2kT/2N{) as a function of (qR )* 
at different xqN values; from top to bottom XQN = 2.5 X l%, 
5,  and 8. 

3. 9. 

[ d W ‘  
Figure 3. Relative contribution of the “copolymer” mode to the 
amplitude of the total intermediate scattering function S( ,t) (one 

top to bottom XQN = 5,  2.5, 0.5, and 0. 
block is masked by the solvent) as a function of ( q R 0 )  B . From 

If one of the sequences of the copolymer is not “seen” 
in the solvent (for instance b2 = s), S(q,t)  reduces to Sll- 
(q,t). In this case AI = aI and Ac = a0 In Figure 3 we have 
plotted the ratio aI/(aI + ac) as a function of (qRgT)P. It 
comes out that a t  small q values, aI N 0; while in the 
intermediate q range, aI is predominant. At large q values 
aI N ac. If we increase the polymer concentration the 
contribution of the internal fluctuations increases espe- 
cially in the range qRfl  N 1 as it should be according to 
our model. 

In fact there is a very interesting case where the yco- 
polymer” relaxation mode has a major contribution to the 
total intermediate scattering function S(q,t) .  Indeed in 
a solvent such that s = (b ,  + b2)/2 there is no scattered 
light by a 50/50 diblock copolymer at  zero angle. It cor- 
responds to the case where the concentration fluctuations 
of the copolymer as a whole are not visible. Therefore at 
any q values the amplitude Ac must be zero, as appears 
to be the case from theoretical equations. 

Figure 4 shows the evolution of I’c and rI as a function 
of (qRp)2 for VVN = 0.5 and x / v  = 5 X At higher 
values of VVN, becomes negative. As has been already 
discussed, this corresponds to a phase separation. 

In order to be complete we should have introduced a 
discussion on the effect of polydispersity. This can be done 
by a generalization of what has been done for a mono- 
disperse system but would need long developments. The 
only thing that can be said qualitatively is that as soon as 
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Figure 4. Variation of I’c,I/(q2kT/2N{) as a function of (qRfl)2;  
vqN = 0.5 and x / v  = 5 X 

polydispersity in composition appears, FI will not go to 
infinity and aI to zero for q = 0. The maximum of aI as 
a function of q will become less and less pronounced and 
disappears completely if each block has a polydispersity 
larger than M,/M, = 2. 

b. Influence of the Structure of the Block Co- 
polymer. This discussion has been limited to a two-block 
copolymer with blocks of equal length. It could be in- 
teresting to extend the results to polymers with another 
architecture. This is difficult and will not bring very 
different results in general but is particularly simple for 
a multiblock copolymer (A-B), made of r successive 
identical blocks A and B (one can think, for instance, of 
a copolymer made by polycondensation of hard and soft 
segments). This kind of polymer has exactly the same 
symmetry as the two-block copolymer and therefore the 
results can be applied after modification of the meaning 
of P112(q) which becomes P’1,2(q), the form factor of all 
blocks of one species, and replacement of N by Nr. Fur- 
thermore Benoit and Hadziioannou’l have shown that the 
quantity X’(q) = r [ P l j 2 ( q )  - Pr(q)] is practically inde- 
pendent of r for r I 10 and, by examining the expressions 

and 

(33)  

one observes that the two modes behave quite differently. 
While r c  remains the same regardless of the copolymer 
structure, rI is found to be independent of the number of 
diblocks r and therefore independent of the length of the 
chain. This shows that rc characterizes the diffusion of 
the polymer as a whole, since it depends on the total length 
Nr, whereas PI is independent of the number of blocks and 
has to be attributed to the relative motion of one species 
of blocks with respect to the other since it depends only 
on their size N .  This is another way of justifying the notion 
of an internal mode. These observations suggest the use 
of a multiblock copolymer for establishing the existence 
of the two modes. With r c  proportional to l / r ,  the ratio 
rI/rC becomes proportional to r at a given, concentration 
which makes the distinction of these two modes easier. 

Conclusion 
In this paper we have tried to give a systematic analysis 

of the intermediate scattering function S(q,t), as it can be 
measured on a copolymer in solution. The main feature 
which appears in this study is the possibility of having two 
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relaxation mechanisms. The first relaxation mode is 
characteristic of the motion of the copolymer as a whole. 
The second mode is due to the internal concentration 
fluctuations. We have shown that it is possible from an 
experimental point of view to detect these motions in one 
experiment. We hope to be able in the near future to see 
if there is agreement between these theoretical results and 
experiments. 
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ABSTRACT The distribution function of chemical compition describing the statistical chemical heterogeneity 
of statistical copolymers derived by Stockmayer is adapted to cover the case of (a) copolymers with any 
Schulz-Zi" distribution of degrees of polymerization and (b) copolymers with monomeric units of different 
molecular weights. The variance of the molar chemical composition is independent of the width of distribution 
of degrees of polymerization. The derived expressions can be applied to graft copolymers prepared by statistical 
copolymerization of an ordinary monomer with a macromonomer. In this case, the chemical composition 
distributions are asymmetrical and much broader than those of common statistical copolymers with identical 
average composition. 

Introduction 
The statistical chemical heterogeneity of copolymers 

prepared by statistical copolymerization of two monomers, 
A and B, which can be described in terms of the simple 
scheme with two monomer reactivity ratios, rA and rB, has 
been analyzed by Stockmayer in his classical paper.' The 
two-dimensional differential weight distribution2 of degrees 
of polymerization P and of deviations y = F - P of the 
chemical composition of the individual chains, F, from the 
average copolymer composition, P, was derived as 

on assumption that the termination is by disproportion- 
ation. A similar equation has also been derivedl for a case 
when recombination of radicals is involved. P, is the 
number-average degree of polymerization and the param- 
eter u2 is defined by 

u2 = (2) 
F(l - F)k 

P 
where 

k = [l + 4F(1 - F)(rArB - 1)]1/2 (3) 

The compositions F and E are expressed in mole fractions 
of component A. 
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The distribution function (eq 1) describes the statistical 
(also called instantaneous or natural) chemical heterog- 
eneity of statistical copolymers. It does not cover the effect 
of chemical heterogeneity caused by a drift in the com- 
position of the monomer mixture with conversion during 
cop~lymerization.~ Function 1 formally consists of two 
factors. The first one is immediately recognized as the 
weight distribution of degrees of polymerization for a_ 
polymer prepared by a polymerization where termination 
of growing chains occurs entirely by disproportionation, 
i.e., as the most probable distribution, 

The second factor represents a normal (Gaussian) distri- 
bution, 

and statea that the compositions of chains of a given degree 
of polymerization, P, are normally distributed about the 
mean value with standard deviation u. Function 5 is de- 
noted here as a conditional distribution function, W(ylP), 
i.e., as the distribution of deviations y on condition, that 
the degree of polymerization has a value of P. 

By integration of the two-dimensional function 1 over 
all degrees of polymerization, P, Stockmayer derived also 
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