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Generalized View of Molecular Weight Dependence of 
Microdomain Size of Block Polymers. Appraisal of 
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ABSTRACT An appraisal of Hadziioannou-Skoulios' data on binary mixtures of block polymers a and p 
has been carried out to derive a scaling rule relating microdomain size with average molecular weight of the 
mixture. The mixtures as well as the pure block polymers CY and @ studied in this work have the lamellar 
microdomain. Hadziioannou-Skoulios' results on the lamellar identity period D of the mixtures are found 
to be summarie_ed as D - ana and SIN - where a = 2/3  to 4 /5  for the molecular weight range covered 
in this study, M, is the number-average molecular weight of the block polymers in the mixture, and SIN is 
the average interfacial area occupied per chemical junction pqint of the block polymers. This result is a 
generalized form obtained for the pure block polymer, for which M,, should be replaced by the molecular weight 
of the block polymer. 

I. Introduction 
We discuss here the relationship between the size of the 

microdomain structure of amorphous block polymers and 
the molecular weight of the block polymer ,composed of 
A and B polymer chains under a strong segregation limit 
where A and B exert a strong repulsive potential, Le., x d  
>> 2 (xm being the Flory-Huggins interaction parameter 
between A and B and Z being the total degree of polym- 
erization for the block chain).'P2 For pure block polymers 
having a very narrow molecular weight distribution, this 
relationship has been extensively studied, and the following 
scaling rule has been derived for polystyrenepolyisoprene 
(SI) and polystyrene-polybutadiene (SB) di- and triblock 
polymers giving rise to the lamellar microdomains3 over 
the range of molecular weights Mt from ca. 2 X lo4 to 2 
x 106: 

D1 = 0.024M,2/3 (nm) (1) 

(S/N), = 0.14M,'/3 (nm2) (2) 

where D1 is the identity period of the lamellar microdo- 
mains, ( S I N ) ,  is the average interfacial area occupied by 
a single chemical junction point of the block polymer, and 
Mt is the total molecular weight. It should be noted that 
for ABA triblock polymers, Mt refers to the molecular 
weight of the diblock polymers A-(1/2)B. It has also been 

0024-929718212215-1548$01.25/0 

shown3 that this rule, obtained for a limited range of 
molecular weight, can be quantitatively explained in terms 
of equilibrium theories based upon statistical mechanical 
treatments of random flight chains in confined 
However, it should be noted that the theories indicate that 
the functional form D - Ma is not very good over the 
whole molecular weight range and a is not exactly equal 
to 2 / 3  even in the high molecular weight limit. Since this 
point is essential, we will clarify it more rigorously below 
in the context of Helfand-Wasserman's narrow interphase 
appr~x ima t ion .~  

The free energy density of the microdomain formation 
f is given by7 

f(Q) = c,(Mt/Dl) + cz(Q/M,"2)p + c3 log D1 (3) 

where the coefficient ci's are constants independent of 
molecular weight Ml and identity period D, but dependent 
on Kuhn's statistical segment length, densities, the in- 
teraction parameter x, etc. The first term on the right- 
hand side of eq 3 arises from surface free energy, the 
second term from the constraint entropy loss (loss of en- 
tropy from confining the chains in their respective do- 
mains), and the third term from the placement entropy 
loss (loss of entropy from confining the chemical junction 
points in the interfacial regions). The constant p was 
numerically evaluated to be 2.L7 In the high molecular 
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weight limit, the first two terms on the right-hand side of 
eq 3 are important. Consequently, minimization o f f  with 
respect to D1 leads to 

D1 - Mt" (4a) 

u = (1 + y . ) / ( l  + p )  9/14 = 0.643 (4b) 

i.e., a value close to 2/3. In the low molecular weight limit, 
the third term of eq 3 is more important than the second 
term, leading to 

D1- Mt (5) 
Consequently, the theory predicts that a is not really a 
constant independent of Mt but rather shifta from 1 to the 
limiting value of 9/14 with increasing molecular weight, 
probably behaving like 2/3 for observations over a limited 
molecular weight range. One must keep in mind, however, 
the limitation of the theory coming from the narrow in- 
terphase approximation. The approximation is good for 
the high molecular weight limit but breaks down in the 
low molecular weight limit. Consequently, the prediction 
of eq 5 and the prediction of increasing a with decreasing 
molecular weight may require further investigations and 
have to be tested with more rigorous theories, possibly in 
terms of a full theory.6 

The same scaling rule has been shown to be applicable 
also to other domain morphologies; e.g., for spherical do- 
mains, the radius RA, the interdomain distance D,, and 
(SIN),  are given by 

RA  MA^/^ (6d  

D, - M?l3 (6b) 

(S/N), - Mt1'3 (6c) 

over the molecular weight range 8 X lo4 to 7 X lo5 covered 
in the experiment: where MA is the molecular weight of 
the constituent block polymer forming the spherical do- 
mains and (S IN) ,  is the average interfacial area per 
chemical junction point of the block chain for the spherical 
domain. This relationship also can be described by the 
equilibrium theory? except for the preexponential factors, 
which are complicated due to the nonequilibrium effect 
encountered in solidification processes of the microdomain 
s t r u ~ t u r e . ~  

In this paper we extend our studies along these lines to 
the case where there exists a molecular weight distribution. 
As a special case of the molecular weight distribution, we 
consider here a special molecular weight distribution 
produced by mixing two block polymers CY and P of ABA 
triblock polymers or AB diblock polymers (A and B being 
polystyrene or polyisoprene). Here we restrict our con- 
siderations to the case hwere both CY and P form lamellar 
microdomains in the equilibrium state. The experimental 
data come from a recent work by Hadziioannoulo and 
Hadziioannou and Skoulios." We will show that the 
scaling rule as given by eq 1 and 2 is valid also for the 
binary mixture in which a and @ are molecularly mixed 
in the lamellar microdomains if Mt is replaced by the 
number-average molecular weight of the mixture. 

11. Experimental Section 
The details of the experimental technique, specimens, and 

results are described in the original paper by Hadziioannou and 
Skoulios" and in the thesis by Hadziioannou.lo We shall briefly 
describe the features related to this report. 

We discuss their results on binary mixtures of SI-5 with SI-3, 

ISI-2 with SI-3, ISI-1 with SI-4, and SIS-2 with ISI-2. All the 
block polymers were prepared by sequential anionic polymeri- 

SI-5 with Sd-7, SI-4 with SIS-3, SIS-2 with SI-5, SIS-3 with SI-3, 
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Figure 1. Schematic diagrams showing the segmental density 
profile of A-block chain (broken lines) and B-block chain (solid 
lines) and the spatial distribution of the chemical junction points 
of the block polymers a having larger molecular weight (marked 
by X) and @ having smaller molecular weight (marked by solid 
squares). 

zation and have an alternating lamellar morphology in the 
equilibrium state (the weight fraction of polystyrene is close to 
0.5 for all the block polymers). The identity period of the domains 
depends on the molecular weight of the block polymer. The binary 
mixtures were prepared as follows. The two block polymers a 
and @ were mixed in dilute benzene solution (concentration less 
than 2%). After vigorous stirring, the solutions were freeze-dried 
until the solvent was removed completely. The solid residue was 
then molded under vacuum and oriented according to their 
technique. Small-angle X-ray scattering (SAXS) from all of the 
film specimens of the binary mixtures showed a series of equi- 
distant peaks, indicating that each mixture also contains a lamellar 
microdomain structure of a single identity period D, the value 
D being between D, and D,, the identity periods of the lamellar 
domains of the respective pure block polymers a and 0. The 
evidence strongly supports that the mixing occurs a t  the molecular 
level as they concluded. It is also important to note that the 
identity period of the lamellar microdomains of the mixture is 
as uniform as those of the corresponding pure block polymers a 
and @. The values D (corresponding to the value d according to 
their notation) are plotted as a function of molar concentration 
for the various mixtures listed above. In the next section we 
further advance the analyses to establish a scaling rule on the 
values D with average molecular weight for the binary mixture. 

111. Model and Analyses 
Since polymeric solids are highly incompressible, in the 

equilibrium state, A-block chains must be packed uni- 
formly in the A microdomains in such a way that the 
segmental density of the A microdomains is identical with 
that of the bulk A polymer. The requirement should be 
satisfied also for binary mixtures of the block polymers a 
and P. The requirement invokes a constraint in the spatial 
distribution of chemical junction points of the block 
polymers having larger molecular weight (a )  and smaller 
molecular weight (P )  such that i t  satisfies the demand of 
the un i form volume filling of the space. 

Figure 1 is a schematic diagram for the segmental den- 
sity profile of A-block chain (broken lines) and B-block 
chain (solid lines) and the spatial distribution of the 
chemical junction points for the a polymers (marked by 
X) and P polymers (marked by solid squares). Due to the 
repulsive potential between A and B, the A and B chains 
are stretched, with their end-to-end vectors preferentially 
oriented normal to the interfaces between the A and B 
domains. The segments of a given polymer A are supposed 
to heavily overlap and interpenetrate those of neighboring 
polymers A, both laterally and longitudinally, to result in 
uniform filling of the space.3 The figure underestimates 
overlaps of molecules for simplicity in drawing. For ex- 
ample, for block polymers having Mt = 1.0 x lo5, we 
estimated that the average nearest-neighbor distance be- 
tween two chemical junction points is nearly equal to 2.6 
nm and is much smaller than (r2)'l2 = [(R,') + (R,2)1'/2 
= 2112(R,2)1/2 = 13.6 nm, the root-mean-square end-to-end 
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distance of the chain molecules in the domain space pro- 
jected parallel to the i n t e r f a ~ e , ~  indicating a heavy in- 
terpenetration of neighboring molecules in the lateral 
direction, Le., in directions parallel to the interface. The 
uniform filling of the space with segments invokes also a 
heavy interpenetration of molecules normal to the inter- 
face. 
Parts a and b of Figure 1 show examples of a special type 

of spatial distribution of the chemical junction points 
which satisfy the demand of uniform space filling, while 
Figure IC shows one which does not satisfy the demand. 
In Figure la ,  the chemical junction points of the a- and 
@-block polymers are arranged in series along the lamellar 
normal and in parallel along the direction parallel to the 
interface, while in Figure l b  they are arranged alternately 
in both directions. The spatial arrangement of Figure IC 
will create regions of excess density and density deficiency 
and be energetically unfavorable. The real system may 
be a random mixture of the two types of packing in Figure 
la,b, i.e., the high and low molecular weight blocks being 
easily interdispersed on the interface, with the probability 
of many small-block chains (or many large-block chains) 
opposing each other on opposite interfaces being small. 

On the basis of the model shown in Figure 1, we may 
assume that the volume V of the microdomain system 
composed of a mixture of polymers a and @ is equal to the 
sum of the volumes V, and V, for the microdomain sys- 
tems composed only of polymers a and @, respectively. 

(7) 

Since V, - SJ,, V,  N S P ,  and V N SD, where D, and 
D, are the domain identity periods of the systems com- 
posed only of polymers a and @, respectively, D is the 
period for the molecular mixture of polymers a and @, S, 
and S, are the interfacial areas of the systems composed 
only of polymers a and @, respectively, and S is the in- 
terfacial area for the mixed system. Thus it follows that 

(8) 

Dividing both sides of eq 8 by the total number of mole- 
cules a and @, N = N ,  + No,  N K  being the number of K 
polymers (K = a or @), 

v = v, + v, 

SD = SJI ,  + SpD, 

where XK is the number fraction of K polymers (K = a or 
8) * 

Now for the system composed only of polymer a 
S a ,  = 2N,0, (10) 

where 0, is the molecular volume of polymer a, which is 
given by 

Da = M>A/Pa (11) 

where Ma is the molecular weight of polymer a ,  NA is 
Avogadro's number, and p a  is the mass density. From eq 
10 and 11, it follows that 

A similar equation is obtained for polymer 0. Now we 
assume that the microdomain formed by the mixture a and 
@ a t  the molecular level is identical with that formed by 
the polymer having an average molecular weight Mx, the 
type of average being determined below. Then 
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$ 
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Figure 2. Functional fit of SIN v9. Mxa, where A& is the number-, 
weight-, or z-average molecular weight. 

where p is the mass density of the mixed system. Noting 
that one may assume with a good accuracy 

P = Pa = Pg (14) 

one finally obtains from eq 9 and 12-14 
M ,  = x&€, + xsMp = Mn (15) 

Consequently, the assumption of no volume change on 
mixing (eq 7) directly results in a prediction that the 
microdomain formed by the mixture of the block polymers 
a and @ at the molecular level is identical with that formed 
by the block polymer having a number-average molecular 
weight of the polymers a and @ (eq 15). From eq 13, it 
follows that 

N N -  
S D = -(U),, - s M n  

- ~ ~ 2 1 3  (17) 

From eq 16 and 17, N / S  scales as 

N / S  - M,,-'I3 (18) 

Figure 2 shows the functional fit of N / S  with various types 
of average molecular weights Mx (an, Mw, and M,). In fact 
M,, gives the best functional fit as shown in the figure. 
These are generalized forms of eq 1 and 2. In the next 
section we check whether we can interpret the data ob- 
tained by Hadziioannou and Skoulios in terms of eq 17, 
derived from eq 7 and 14. 

IV. Results and Discussion 
Hadziioannou and Skoulios plotted the spacing D of 

binary mixtures as a function of molar fraction [C]. We 
replot here their results on D as a function of number- 
average molecular weight Mn. Figure 2 shows the loga- 
rithm of S I N  plotted as a function of the logarithm-of 
various average molecular weights MX (Mn, M,, and M,) 
for the binary mixture SI-5/SI-3. The straight line shows 
a slope of lI3. It  is shown that the number-average mo- 
lecular weight gives the best functional fit of the type N / S  - M3b (@ N if Mx = Mn). Typical plots of D and SIN 
vs. Mn for the binary mixture SI-5/SI-3 are shown jn 
Figure 3, in which the straight lines for log D vs. log M ,  
and log (SIN) vs. log Mn have slopes of 2 / 3  and lI3, re- 
spectively. The good fits of the data points with the 
straight lines verify the scaling rules of eq 17 and 18. 

Figure 4 shows the molecular weight dependence of D 
and SIN for the binary mixtures SI-5/SDI-7, SI-4/SIS-3, 
SIS-2/SI-5, and SIS-3/SI-3. The molecular weights of the 
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Figure 3. Variations of the lamellar spacing D and interfacial 
area occupied by a !ingle block chain SIN with number-average 
molecular weight M,, for the binary mixture SI-5/SI-3. 

I '  SIS-2/ I  ;I-5 - -  1 
0 0 SIS-3/SI-3 

I I / , , I  I 
5 I O  20 

fi  IO-^ 
Figure 4. Variations of D and SIN with Mn for the binary 
mixtures SI-5/SdI-7, SI-4/SIS-3, SIS-2/SI-5, and SIS-3/SI-3. The 
molecular weights of the SIS triblock polymers are converted to 
those of the corresponding diblock polymers S-( 1/2)1. 

SIS triblock polymers are converted to those of the cor- 
responding diblock polymers S-(1/2)1 in Figure 4. Again 
the data points fit straight lines reasonably well, verifying 
the scaling rules of eq 17 and 18. Figure 5 shows linear 
plots of D and SIN vs. Mn or [C] for the mixture SI-5/SI-3. 
The solid and open circles are data points for SIN and D, 
respectively, which fit reasonably well the curves given by 

S/N = 0.14Mn1/3 (nm2) (19) 

D = O.024M2f3 (nm) (20) 

Figure 6 shows plots of D vs. a,, for the binary mixtures 
ISI-l/SI-4, ISI-2/SI-3, and SIS-2/ISI-2. Again the mo- 
lecular weights of IS1 and SIS triblock polymers are con- 
verted to those of the corresponding diblock polymers 
1-(1/2)S and S-(1/2)1, respectively. The data for which 
IS1 block polymers are involved deviate from the rela- 
tionships given by eq 17 and 18, which obviously requires 
further investigations and clarifications. The straight line 
with the slope 2/3 was drawn by connecting the data points 
for pure SI-3, SIS-2, and SI-4. Furthermore, in Figure 4, 
the data points obtained for the mixture rich in SDI-7 in 
S1-5/S~1-7 (where SD refers to the deuterated polystyrene 
block sequence) start to deviate from the straight lines, 
which again requires further investigations. 

We briefly discuss below a possible mechanism that gives 
rise to mixing of the two block polymers a and @ at the 
molecular level. Since polymers a and @ have about the 

K  IO-^ 
Figure 5. Plots of D and SIN vs. M,, or [C] for the mixture 
SI-5/SI-3. The data points (the solid and open circles) fit with 
the curves given by eq 19 and 20. 
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Figure 6. Variation of D with Mn for the binary mixtures ISI- 
1/SI-4, ISI-2/SI-3, and SIS-2/ISI-2. The molecular weights of 
the IS1 and SIS triblock polymers are converted to those of the 
corresponding diblock polymers 1-(1/2)S and S-(1/2)1, respec- 
tively. 

same fraction of A- and B-block chains, the two polymers 
will not undergo liquid-liquid phase separation a t  tem- 
peratures above the critical temperatures (T,'s) for the 
microphase separations of the a- and @-block polymers or 
at  concentrations below the critical concentrations ( Cc's) 
for the microphase separations of a and 8. Rather they 
will mix at  the molecular level. This is simply because the 
effective Flory-Huggins interaction parameter xaB between 
polymers LY and @, which is given by12 

xaa = XAB(fAa  - f@)' = X A B ( f B u  - fB,9)' - 0 (21) 

is close to zero since f A a  = f p s  and f B a  = fBa ,  where fAu  and 
f B a  are the volume fractions of A- and B-block chains in 
the block polymer a, respectively, and xm is the interac- 
tion parameter between polymers A and B. Consequently, 
phase separation of polymers a and @, if it exists, occurs 
merely as a consequence of microphase separation of one 
of the block polymers, similarly to the phase separation 
of the binary mixtures (which are miscible in the liquid 
state) as a consequence of crystallization. 
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Figure 7. Schematic diagrams showing two types of microdomain 
structures (b) and (c) formed by microphase separation of mo- 
lecular mixtures of two block polymers a and /3 in the disordered 
state (a). 

Generally, polymer a (having a high molecular weight) 
has a higher T, and a lower C, than polymer /3 (having a 
low molecular weight). Consequently, polymer a starts to 
undergo microphase separation, prior to polymer 8, during 
a solidification process involving solvent evaporation or 
lowering of the temperature. When polymer a undergoes 
microphase separation, polymer acts as a diluent, de- 
creasing T, or increasing C, of polymer a. One should 
consider an equilibrium structure resulted from this mi- 
crophase separation. The equilibrium domain structure 
may be a mixture of the lamellar microdomain with 
identity period D, inherent to polymer a and that with 
identity period D, inherent to polymer /3 as depicted in 
Figure 7b or the lamellar microdomain with identity period 
D,, D, < D, < D,, as in Figure 7c. In the latter domain 
polymers a and are mixed at the molecular level. We 
think that the domain structure in Figure 7b is the most 
stable one and the structure in Figure 7c is in a metastable 
state. In the structure in Figure 7c, the low molecular 
weight block chains advantageously use the high molecular 
weight blocks to fill the domain center with some chain 
perturbations. The chain perturbations may generally 
involve a loss of conformational entropy and hence an 
increase of free energy. The larger the molecular weight 
difference of the two polymers, the larger the chain per- 
turbations and hence the larger the free energy of the 
structure formation. In fact we have reported evidence13 
that the films cast from a dilute solution of a binary 
mixture of two block polymers a and /3 having widely 
different molecular weights (e.g., 7.7 X lo5 and 8.1 X lo4) 
(each having a lamellar microdomain by itself) exhibit the 
phase-separated domain structure in Figure 7b. However, 
if the molecular weights of the two polymers are very close 
to each other (e.g., 1.0 X 105 and 1.4 X 105), the solvent-cast 
films exhibit the lamellar microdomain structure in Figure 
7c,13 corresponding to case where the molecular weights 
of the two polymers are so close that mixing of the two 
polymers in the same domains does not involve a signifi- 
cant chain perturbation. 

Now let us consider the kinetic effect on the domain 
structure developed by the microphase separation from a 
binary mixture of block polymers a and @ having widely 
different molecular weights, for which the equilibrium 

structure will be the one in Figure 7b, as already discussed 
above. If the rate of the microphase separation is much 
slower than the rate of the translational diffusion of 
polymers a and p, microphase separation of polymer a 
directly results in phase separation between polymers a 
and p. That is, the mesophase of polymer a (i.e., the 
microdomain structure of polymer a) is formed in the 
disordered phase of polymer p, which subsequently un- 
dergoes microphase separation to result in the microdo- 
main structure of polymer p upon subsequent decrease of 
temperature or increase of concentration, resulting in the 
equilibrium structure in Figure 7b. 

On the other hand, if the rate of the microphase sepa- 
ration is much faster than the rate of the translational 
diffusion of polymers a and p, polymer 6 does not have 
sufficient time to diffuse from the mesophase of polymer 
a to the disordered phase of polymer p. Consequently, 
polymer tends to remain solubilized in the mesophase 
of polymer a, resulting in the metastable structure in 
Figure 7c.14 

In the freeze-dried solid residue from the very dilute 
benzene solution of the mixture in the experiment of 
Hadziioannou and Skoulios, the polymers a and p are 
probably molecularly mixed and are in the disordered state 
as in Figure 7a. A subsequent increase of temperature 
above Tg of polystyrene in the molding and orienting 
processes leads to microphase separation of polymer a, 
with polymer remaining solubilized in the mesophase of 
polymer a by either one of the mechanisms discussed 
above; Le., the final structure may be (i) a kinetically 
controlled metastable structure or (ii) an equilibrium 
structure if polymers a and p do not have widely different 
molecular weights. 

Finally we make a brief comment on the exponent a in 
eq 4. Although our experimental results fit with a = 2/31339 
the data reported by Hadziioannou and SkouliosloJ1 and 
therefore those presented in Figures 3-5 in this paper may 
fit also with a = 0.79 as proposed by Hadziioannou and 
Skou1ios.loJ1 In fact, the values a = 4 /5  (-0.79) and 2 / 3  
correspond to the upper and lower limits of a for the 
present data, respectively. Consequently, we obtain for 
the range of the molecular weights covered in this study 

D1 - Mna ( 2 2 4  

S / N  - M 2 - O  

with a = 2 / 3  to 4/5. Further studies will be required for 
justification of curve fitting of the type given by eq 17 and 
for accurate determination of the exponent a by taking into 
account equilibrium and nonequilibrium aspects of the 
lamellar d ~ m a i n s . ' ~ J ~  
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ABSTRACT The zero-shear viscosity of linear chain high polymer melts in the entanglement region is related 
to the molecular weight by the empirical relation 11 a Ma, with the widely quoted viscosity exponent a = 3.4. 
The molecular origin of this power law dependence, in particular the value of a, is a topic of considerable 
interest since it appears to be a basic property of these viscoelastic systems. The reptation model of de Gennes 
predicts an exponent a = 3, and although intriguing theoretical explanations of the discrepancy with experiment 
have been proposed by other workers, none is completely satisfactory. A resolution of this problem is important 
because it seriously questions the correctness of the fundamental reptation model. A new explanation recently 
put forth in an attempt to resolve this issue in favor of reptation theory is that polydispersity effects can 
account for the deviation when M is replaced by M* (MJf2Mz+J1/3. In this paper we have examined this 
claim for a variety of polydisperse systems and have found it to be completely unjustified. General considerations 
show that in systems for which the rate of change of polydispersity with molecular weight is sufficiently high, 
substantial changes in the viscosity-molecular weight relation must occur when reexpressed in terms of different 
average molecular weights, and only one kind of average molecular weight can provide a viscosity exponent 
which is constant. Existing data show that log 11 is linear against log M,, but certainly not against log M,, 
log M,, log M,, or log M*. This result is complemented by our analysis of studies of anionically polymerized 
systems, for which extensive data support an exponent a = 3.4. Due to the very small rate of variation of 
polydispersity in these systems, there are no significant corrections to the viscosity exponent as a result of 
adjusting it to any preferred type of average molecular weight such as M*. Thus the discrepancy in the value 
of the viscosity exponent remains. Although it may have other causes, it cannot be explained by polydispersity 
effects through modification of the choice of average molecular weight. 

1. Introduction 
Molecular theories developed recently for the rheology 

of linear chain high polymer melts give different micro- 
scopic interpretations of the empirical relation' 

q Ma 
between the zero-shear viscosity q and the molecular 
weight M ,  with the widely quoted value a = 3.4 for the 
entanglement regime. The reptation model,2 while very 
appealing, predicts a = 3. Several explanations have been 
advanced to explain this discrepancy. For example, Doi3 
considers the effect of length fluctuations on chain diffu- 
sion and obtains a correction to this value. However, he 
finds that the power law form of eq 1.1 is not strictly 
obeyed and that the local zero-shear viscosity exponent 

(1.2) 

is not a constant but depends on M ,  which disagrees with 
experiment. From a different vantage point Curtiss and 
Bird4 find that their phase-space kinetic theory allows a 
= 3 + (3 with > 0. An exponent differing from 3 can also 
be obtained within the context of reptation theory by 
considering a model of hindered reptational d i f f ~ s i o n . ~  
Unfortunately, these two approaches do not give actual 
values for the exponent. A different explanation has been 
proposed8p9 which suggests that polydispersity effects can 
account for the deviation between the empirical exponent 
and the value predicted by reptation theory, but this claim 
has not been analyzed in detail. Thus the nature of the 

a(M) d In q / d  In M 
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discrepancy in the viscosity exponent between empirical 
data and the reptation model remains an open question. 

In this paper we address the effects of polydispersity on 
the molecular weight dependence of the zero-shear vis- 
cosity. In fact, there are no data for truly monodisperse 
samples and most systems must be characterized by some 
type of average molecular weight M. One can then attempt 
to fit a power law of the form in eq 1.1 with A4 replaced 
by M: 

q . : P  (1.3) 
However, one must recognize that the value of the zero- 
shear viscosity exponent a and, more generally, the form 
of the viscosity-molecular weight relation itself, wil l  usually 
depend on the type of average molecular weight with which 
the viscosity is correlated. 

In an analysis of polydisperse reptating melt systems 
Daoud and de Gennes6 have stated that the viscosity 
should be proportional to  the weight average of the re- 
laxation time provided by reptation theory for monodis- 
perse systems. This relaxation time varies as the cube of 
the molecular weight. Computing this average, one finds7 

9 0: (M*)3 (1.4) 

M* = (M,,MzM2+1)113 (1.5) 
It was recently s ~ g g e s t e d * ~ ~  that observed values of the 
zero-shear viscosity exponent differ from the value a = 3 

where the average molecular weight to be used is 
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