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ABSTRACT: The three viscometric coefficients for the disordered phase of a diblock copolymer melt near 
its critical point are calculated from a dynamical mean field theory. The zereshear-rate limits of these coefficients 
are respectively the steady shear viscosity 7, the first normal stress coefficient \kl, and the second normal 
stress coefficient qP We find that aJl three coefficients are singular as the critical point is approached, scaling 
respectively as a9l2, a-5/2, and a-6/2, where a = 2(xMs - 2xN is a measure of the temperature difference from 
criticality. x is the usual Flory interaction parameter, xs  is its value on the classical (Leibler) spinodal, and 
N is the total number of statistical segments on each block copolymer chain. While the critical contributions 
to 7 and \kl are positive in sign and are predictable from previous results for the dynamic shear modulus of 
diblocks, \k2 is an independent measurable that is found to be negative and the of same order of magnitude 
as \kl. These results provide a basis for the quantitative interpretation of mechanical or optical experiments 
on near-critical block copolymers under flow. 

I. Introduction 
In an earlier paper’ (part I), the contributions of critical 

fluctuations to the dynamic shear modulus and the steady 
shear viscosity of the disordered phase of diblock co- 
polymer melts were calculated by a mean field approach. 
We found that near the critical point and at  sufficiently 
low frequencies, the critical contributions to these vis- 
coelastic functions swamp the ordinary contributions from 
reptation or Rouse modes of relaxation. The critical 
contributions become singular as a = 2(xN), - 2xN ap- 
proaches zero. Here, the Flory interaction parameter is 
denoted x, N is the number of statistical segments per 
chain, and (XN, is the value of xiV on the spinodal curve 
predicted by Leibler.2 The most strongly singular function 
is G’(w), the storage modulus, which scales like w2a-5/2 at 
low frequency. It was found that the loss modulus, G”(w), 
shows a weaker singularity, scaling at  low frequency as 
G”(w) - wa-3/2. The storage and loss moduli3 are the 
contributions respectively in phase and 90° out of phase 
with a low-amplitude oscillatory shear strain. The zero- 
shear viscosity, Le., the steady shear viscosity a t  asymp- 
totically small shear rates, was found to scale as a-3/2. 

These singularities are much stronger than those pre- 
dicted by mean field theories for mixtures of small mole- 
c u l e ~ ~ ~ ~  or for homopolymer blends near a critical point. 
While such systems exhibit the critical behavior of the 
Ising universality class, diblock copolymer melts are de- 
scribable by a coarse-grained Hamiltonian that belongs to 
the Brazovskii universality c1ass.2J8~22,23 Systems in the 
latter class have the property that the disordered phase 
becomes unstable at the spinodal temperature with respect 
to composition fluctuations with nonzero wavevectors. 
These unstable modes lie within a particular surface in 
reciprocal space. For example, a t  equilibrium, Leibler2 
predicted that the scattering function of diblocks will 
diverge on the spinodal for all wavevectors of magnitude 
k*, roughly one over the radius of gyration of a molecule. 
Under homogeneous flows, whose velocity gradient tensor 
is characterized by having at  least one eigenvalue that is 
zero or pure imaginary (such as simple shear flow), the 
mean field theory developed in ref 6 predicts that diblocks 
retain a finite band of unstable nonzero wavevectors. In 
contrast, mixtures of small molecules or homopolymer 
blends become unstable a t  the classical spinodal only to 
composition fluctuations with zero wavevector. This 
difference has a profound effect on the structure of the 
respective dynamical mean field theories and leads to the 
prediction of stronger viscoelastic singularities for the 
diblock copolymer case. 

Because of their strong singular character, the critical 
contributions to rheological properties should be much 

easier to observe in block polymers than in conventional 
binary mixtures. Indeed, critical contributions to G’(w) 
and G”(w) may have been observed in the experiments of 
Bates7 with blocks of 1,2- and 1,4-polybutadiene. Although 
a quantitative comparison of his measurements with the 
theory is not possible,’V8 Bates found G’(w) to be more 
sensitive to the distance from the critical point than G ”(w) , 
in agreement with the predicted scaling. We hope that the 
theory developed in part I and extended in the present 
work will stimulate further experiments. 

In this paper, we calculate the critical contributions to 
the low shear rate viscometric coefficients; these are ob- 
tained from the components of the stress tensor in a vis- 
cometric flow. A viscometric flow is a homogeneous simple 
shear flow or a flow that is a homogeneous simple shear 
flow in a suitably rotating frame. For all viscometric flows, 
a frame of reference can be chosen so that the velocity 
gradient tensor, E is 

where T is the shear rate. The viscometric coefficients in 
this frame are the shear viscosity q a12/T, the first normal 
stress coefficient \kl (all - uZ2)/q2, and the second normal 
stress coefficient \k2 (azz - u33)/T2, where aij is the ij 
component of the stress tensor. Only differences in normal 
stress components can be measured because the stress 
tensor for an incompressible fluid is only determined to 
within an isotropic term. (This isotropic term is related 
to the pressure, which in experiments is controlled by the 
boundary conditions.) The normal stresses are even 
functions of shear rate and in a low shear rate expansion 
have leading order terms that are quadratic in 9. In 
contrast, the shear stress is linear in i. at low shear rates. 
Hence, the viscometric coefficients, q, \kl, and \kz, approach 
constant values in the limit of vanishingly small shear 
rates. 

11. Mean Field Dynamics 
The basic premise in the formulation of our theory is 

that sufficiently close to the critical point, the low-fre- 
quency dynamics of block copolymer melts are dominated 
by the slow relaxation of an order parameter field $(x). 
For a diblock copolymer the order parameter2 is frequently 
assumed to be related to the density field for segments of 
component A by the expression, $(x) 1 pa(x)/p - f, where 
p A ( x )  is the local density of A segments at point x, p is 
the overall (A plus B) segment density, and f is the fraction 
of type A segments on each chain. The dynamic shear 
modulus in part I and the viscometric coefficients in the 
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(9) 
1 
2 

X(k) = -NR27-'g(l,x) present paper are calculated from a Fokker-Planck 
equation that describes the time evolution of P[$],  the 
distribution function of order parameter fluctuations. This 
equation can be written6 

where $k = .f dx el+Y/(x) is the Fourier component of $(x)  
with wavevector k ,  P = l/kBT, and we have adopted the 
shorthand . f k  J d k l ( 2 ~ ) ~ .  The magnitude of k is de- 
noted k ,  and all lengths and reciprocal wavevectors are 
expressed in units of p-1/3. In eq 2 H = H[$] is an effective 
Hamiltonian,18 which describes the energy penalty asso- 
ciated with a spatial fluctuation in component density. 
The first term in the braces of eq 2 describes the ther- 
modynamic force that drives P[$,t] to relax toward its 
equilibrium distribution, while the second term describes 
convection of the order parameter by the average velocity 
field u(x) = E-x. The quantity X(k) is a phenomenological 
Onsager coefficient. 

We adopt a mean-field, quadratic approximation for the 
H a m i l t ~ n i a n l * ~ , ~ J ~  

(3) 

where S0-l(k) is the reciprocal of the equilibrium static 
structure factor (So(k)  = ($k$-k)e ). The static structure 
factor (scattering function) has teen  computed in the 
random phase approximation for diblock copolymers by 
Leibler.2 Leibler's result is 

(4) NS{' (k)  = F(k2R2,f)  - 2xN 

where R is the radius of gyration of a molecule, 

F(x, f )  
g(1,x) 

1 
g(f,x)g(l - f ,x) - ,[g(l,x) - g(f,x) - g o  - f , x ) I 2  

(5) 

g( f,x) = 2 r 2 [  f x  + exp(-fx) - 11 (6) 

The viscometric coefficients near the critical point are 
dominated by the behavior of So(k) near its sharply peaked 
maximum at a wavevector k*. To extract the most singular 
contributions to these coefficients, we use the following 
approximation for Leibler's structure factor:'J8J9 

and 

where x = (Rk)2 ,  and x* (Rk*)2 is given by 

In eq 7, a = 2(xN) ,  - 2 x N ,  where ( x N ) ,  is defined as the 
spinodal value of x N  obtained by Leibler.2 [ ( x N ) ,  = 10.5 
in the case of a symmetric melt with f = l />] The above 
approximation for the equilibrium structure factor pre- 
serves the limiting behavior of eq 4 at both large and small 
k and its accuracy for intermediate wavevectors was ver- 
ified in ref 18 and 19. 

In the present calculations, we make w e  of an expression 
derived by Binderg for the transport coefficient X(k) that 
appears in eq 2 

where the terminal relaxation time of the block copolymer 
melt far from the critical point (in the disordered phase)21 
is denoted 7. Equation 9 was employed in earlier calcu- 
lations of the low-frequency dynamics of dib1ocks.'p6 It was 
originally derived, however, for noninteracting (x = 0) 
homopolymer mixtures by Binderg and is numerically very 
similar to an expression given by Pincus.m Arguments can 
be given for its applicability to the present case of diblock 
copolymers.6p21 It turns out, however, that the detailed 
wavevector dependence of X has no effect on the scaling 
exponents of the viscometric coefficients or the dynamic 
moduli at low frequency. In contrast, the prefactors in the 
scaling relations derived below do depend on the choice 
of X(k). 

The above equations define the evolution of the dis- 
tribution of order parameter fluctuations for an arbitrary 
deformation history. In the present paper we are con- 
cerned only with the steady-state distribution in the 
presence of a weak shearing flow (?T << I). The general 
steady-state solution of eq 2 for flows of arbitrary strength 
has been considered in ref 6. 

In part I we derived the shear stress of a near-critical 
diblock melt from the distribution function, P[$], using 
a simple virtual work argument. Other investigators'O have 
derived the complete stress tensor, aiil from related argu- 
ments. For an incompressible material the stress tensor 
is 

to within an isotropic term. Here the angular brackets 
denote an average over the steady-state distribution 
function, P,[$]. For the quadratic Hamiltonian, eq 3, this 
leads to 

where S(k) = ($k$-k) is the steady-state (nonequilibrium) 
structure factor. As discussed in part I, the wavevector 
integral in eq 11 should be cut off a t  large k for the case 
of high strain rates. For the low-shear-rate results reported 
here, however, the cutoff is unnecessary. 
111. Viscometric Coefficients 

To compute 7, \kl, and \k2 to lowest order in 4, we follow 
the procedure in ref 6 and expand S ( k )  in a perturbation 
series in 4, 

(12)  
where Si is ith order in ? and So = So(k) is the equilibrium 
structure factor given in eq 7 .  The first-order term S1 is 
sufficient to compute q ,  but the second-order term is re- 
quired for the leading contributions to \El and *2. Explicit 
expressions for the Si,  obtained from eq 2, are 

S ( k )  = So + S1 + S2 + ... 

-2DR2k,k, dF/ax 
s1 = (13) xgQ3 

where 
Q f NSO-'(k) = F ( x , f )  - 2xN (15)  

and g g(1,x) are given by eq 6 and 7 .  D j/r is the 
"Deborah number", a dimensionless shear rate expressed 
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in units of the terminal relaxation time, 7. When the above 
expansion for S(k)  is inserted into the equation for the 
stress tensor, one obtains the leading order (in i.) contri- 
butions to 7, 9,, and 9'. The most singular parts of these 
viscometric coefficients are found to be 
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ative of D, is zero in homogeneous steady extensional flows, 
i.e., steady flows free of vorticity. Note that when -q2/q1 
> 1/2, as was predicted to be the case for symmetric diblock 
melts sufficiently near the critical point, the coefficient of 
D2 is negative. This means that the first deviation from 
constancy in the uniaxial extensional viscosity will be a 
decrease in the viscosity with increasing deformation rate. 
This prediction also contrasts with the behavior of typical 
noncritical polymeric fluids. 

The above mean field results for the scaling behavior 
of the viscometric coefficients of diblock copolymers are 
expected to be applicable to experiments in the disordered 
phase close to the critical point. Furthermore, because 
such systems are expected to exhibit singular form bire- 
fringence and d i ~ h r o i s m , ~ ~ ! ~ ~  both optical and mechanical 
experiments could be used to test the theory. 

Although dynamical mean field theories for mixtures of 
small molecules are known to break down near the critical 
point," corresponding theories for homopolymer mixtures 
are believed to be good, except extremely close (within 
1/N) to the critical point?J*16 The accuracy of mean field 
theory for the kinetics of block copolymers is not yet 
known. However, we have recently studied corrections to 
mean field theory for the equilibrium properties of diblock 
melts.23 I t  was found that Leibler's prediction of a sec- 
ond-order transition for symmetric diblocks at xN = 10.5 
is correct only for infinite molecular weight. For experi- 
mentally realizable systems with finite N ,  a first-order 
transition at23 (xWt = 10.5 + 41.ON-'l3 was found in place 
of the continuous transition. Although systems exhibiting 
first-order transitions have no true critical singularities, 
the present mean field results likely have some range of 
validity for large N .  In such a case the transition is near 
second order, so it is probable that the scaling laws dis- 
cussed above will be observed in the vicinity of the phase 
transition, except at temperatures very near (xWt. At such 
temperatures the divergences predicted for the viscometric 
coefficients and dynamic moduli will be cut off. It is hoped 
that experiments to test the ideas presented here will shed 
some light on these issues. 
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where 

Here 
D I f/z(E + ET) 

is the symmetric part of the velocity gradient tensor, and 

is the antisymmetric part. D, the substantial time deriv- 

u 27D - 9,b + ( 2 9 ,  + 4\k2)D2 (19) 

6 I D - wT.D - D.w 

w I l/z(E - ET) 
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ABSTRACT The dynamical behavior of a mixture of two narrow molecular weight distribution homopolymers 
is analyzed on the basis of the concepts of reptation and constraint release. We propose that constraint release 
causes not only tube renewal (the relaxation of the tube) but also tube dilation (the enlargement of the effective 
tube diameter). A general scheme of accounting for these effects is given. As an example, the rheological 
properties of the mixture are analyzed in the entire parameter space, which consists of the molecular weights 
of each component and the mixing ratio. It is shown that even though the molecular weight dependence of 
the longest relaxation time is reptation-like the shape of the relaxation modulus can be Rouse-like. 

1. Introduction 
In a melt of polymers of high molecular weight, it is now 

well established that molecular motion is dominated by 
reptation, the slithering motion of a polymer through a 
tubelike region formed by surrounding  polymer^.^^^ For 
polymer melts of nmow molecular weight distribution, the 
diameter of the tube is an intrinsic property of the polymer 
and is characterized by the entanglement molecular weight 
Me. In this case, the tube can be assumed, in the first 
approximation, to be fixed during the characteristic time 
of reptation. 

The fixed-tube assumption becomes invalid if the system 
has a broad molecular weight distribution. Consider for 
example a system having a bimodal distribution of mo- 
lecular weight, Le., a mixture of short (S) and long (L) 
polymers. If the molecular weight of the short polymers 
MS is close to that of the long polymers, ML, the fiied-tube 
assumption will be valid. However, as Ms decreases, the 
constraints imposed by the short polymers must become 
weaker, and in the extreme case of M s  being comparable 
to that of monomers, the constraints that are due to the 
short polymers become effectively null. A natural question 
is how such weakening of the tube takes place when the 
molecular weight MS and the volume fraction & of the 
short polymers are varied. The purpose of this paper is 
to give a qualitative answer to that question. - 0), 
theories for the problem have been presented in the con- 
text of the diffusion of a polymer in a matrix,4s5 and the 
results have been confirmed by experiments using forward 
recoil spe~troscopy.~~~ On the other hand, the case of finite 
concentration, which is particularly important for rheo- 
logical properties, has not been investigated in detail. 

Experimentally, considerable work has been done to find 
"blending laws" for rheological properties.*-lo Although 
success has been achieved in some individual studies, the 
blending laws are empirical and do not seem to have 
general validity. This is not surprising considering that 

In the limiting case of a dilute blend (h = 1 - 
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many parameters are involved in the problem: even in the 
simplest case of a bimodal distribution there are already 
three independent parameters ML, Ms, and h, which leads 
to a rather complex analysis. In general polydisperse melts, 
there is no guarantee that the system can be characterized 
by a few kinds of average molecular weight. In this paper, 
we do not attempt to give a general blending law. Rather 
we offer some theoretical guidelines for this complex 
problem by examining the bimodal distribution case in 
detail. 

According to the pure reptation model, the relaxation 
modulus G(t)  of a blend of two monodisperse samples 
obeys the linear additivity lawll 

where GL(t) and Gs(t) are the relaxation moduli of the pure 
components. This simple relation, however, is inconsistent 
with many experiments?~'~J~-~~ Am endment of the theory 
has been but so far the understandinghas been 
limited to the special cases in the parameter space spanned 
by (ML MS ,h) 

In this paper we shall discuss the behavior of a polymer 
blend in the entire parameter space. We shall divide the 
space into regimes and discuss their characteristiedeatures. 
Such a delineation will be useful to interpret experimental 
data and to plan further experiments. 

The basic proposal of this paper is that the tube diam- 
eter of long chains can change when short chains are added. 
We shall call this effect tube dilation. (Tube dilation 
should not be confused with the concept proposed recently 
by Marrucci20 and Viovy,21 who argued that even in 
monodisperse systems the tube diameter increases as the 
stress relaxes. We do not take this view. In our theory, 
tube dilation takes place only for polymer blends, not in 
monodisperse systems.) 

The idea that the tube in blends may dilate has been 
suggested by several a u t h o r ~ . ' ~ J ~ ~ ~ ~  However, no systematic 
theory has been given to estimate the effect. In this paper 
we shall propose a general method of estimating tube 
dilation and its effect on diffusion and rheological prop- 
erties. Although the method can be applied to a general 
polydisperse system, we shall focus our attention to a 
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