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ABSTRACT The coupling theoretical scheme has been used to describe the terminal as well as the softening 
dispersion of a miscible blend of 20 w t  % poly(ethy1ene oxide) in poly(methy1 methacrylate). Compared 
with the pure states, the blend has a drastically reduced number of kinetic couplings of PEO chains but a 
slightly increased number for PMMA chains. This modification of kinetic coupling provides insight into 
the breakdown of time-temperature superposition in the blend as observed by Colby. Further use of the 
other consequences of the coupling theory has yielded resulta that are in agreement with several other features 
of the experimental data. 

Introduction 
Rheological properties of miscible (single phase) polymer 

blends are of both basic and practical importance. 
Recently, Colbyl reported dynamic mechanical property 
data for a miscible blend of 20 wt % poly(ethy1ene oxide) 
in poly(methy1 methacrylate) a t  four temperatures well 
above the glass transition temperature of the blend. The 
PEO has a weight-average molecular weight Mw of 235 OOO 
and the PMMA has Mw of 107 000. Both of these samples 
have Mw/Mn < 1.2 and hence are not very polydisperse. 
The molecular weights for effective entanglement coupling 
Mc from the dependence of viscosity q on molecular weight 
M are respectively 28 000 for PMMa and 4400 for PEO. 
Hence Mw/Mc >> 1 for both pure components so they are 
entangled. Colby found that  the principle of time- 
temperature superposition failed dramatically for his 
miscible blend in the terminal region of response, contrary 
to previous data on single-phase blend systems which 
indicated that  time-temperature superposition was 
applicable. Colby explained that this breakdown was not 
found previously because previous experiments were 
carried out with considerably narrower ranges of frequency 
and on blends with polydisperse components and were 
confined to considerably narrower ranges of temperature. 
Polydispersity of the pure components tends to obscure 
the failure. Moreover, Colby has studied a number of 
PEO/PMMA blends of different molecular weights and 
compositions, and time-temperature superposition failed 
for all of these blends. Thus the effect observed appears 
to be real and requires further analysis. 

Let us summarize three essential features observed 
together with the breakdown of time-temperature super- 
position in the PEO/PMMA blends. 

(1)  The terminal relaxation of the blend is due to the 
terminal relaxation of the PMMA molecules, and the 
maximum in G"(w) at  somewhat higher frequencies is due 
to the terminal relaxation of the PEO molecules. The 
terminal relaxation time of PEO is observed to be shorter 
than that of PMMA. However, the path length L (in the 
context of the tube model) and the chain length LO p M/Mo 
of pure PEO are longer than those of pure PMMA, and 
one would expect in the blend the terminal relaxation time 
of PEO to be longer than that of PMMA, contrary to 
experimental data. Henceforth we shall refer to this 
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unexpected feature of the experimental data as reversal 
in time scales. 
(2) The temperature dependences of the shift factors 

UT(PEO) and ~T(PMMA) for the two components in the 
blend are quite different, with adPMMA) having a steeper 
temperature dependence (see Figure 2 of ref 1). 

(3) We notice in the blend time-temperature super- 
position fails not only because the terminal relaxations of 
the two components have different shift factors but also 
because the softening dispersion (i.e., the rapidly rising 
part of the loss modulus curve with G"/105 (dyn/cm2) 1 
30 in Figure 1 of ref 1) has another totally different shift 
factor. This is evident by inspection of Figure 1 of ref 1 
in which loss modulus data a t  four temperatures for the 
blend when shifted by ~T(PMMA) on the frequency scale 
superpose well for the terminal relaxation due to relaxation 
of the PMMA but not for the relaxation of the PEO and 
the softening dispersion at  the highest frequencies. In this 
plot, the local maximum due to PEO moves to lower 
frequencies a t  higher temperatures. On the other hand, 
the softening dispersion moves in an opposite way to higher 
frequencies at higher temperatures. By extrapolating the 
155 "C loss modulus data to higher frequencies, we have 
determined in addition the shift factor for the softening 
dispersion a t  the highest measured loss modulii. The 
results are shown in Figure 1 where against temperature 
we plot the shift factor a&) for the softening dispersion 
and the shift factors for the two terminal relaxations 
previously determined by Colby, using a reference 
temperature of 155 "C. The plot demonstrates that three 
different temperature dependences are involved, with the 
temperature dependence of ads) being the strongest. This 
means that  not only the terminal relaxation of each 
component in this miscible blend has its own effective 
friction coefficient but also the softening dispersion has 
a totally different effective friction coefficient. 

The first feature of reversal in time scales observed by 
Colby in rheology has been seen earlier by Composto et 
a1.2 by measuring tracer-diffusion coefficients D* of deu- 
terated poly(2,6-dimethyl-l,4-phenylene oxide) and deu- 
terated polystyrene diffusing into blends of undeuter- 
ated PS:PXE. D* for the 35 0o0 d-PXE component was 
found to be about a factor of 80 lower than D* for the 
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Figure 1. Temperature dependence of shift factors aT for both 
components in the blend from Colby:l (0) PMMA, (0) PEO. Also 
included is the temperature dependence of shift factor UT for the 
softening dispersion (A). Lines are drawn to guide the eyes. 

255 000 d-PS component in the lower volume fractions of 
PS. 

As pointed out by Colby, current molecular theories of 
polymer relaxation based on chain reptation3 in the 
confining tube made up of other chains assumed that there 
is only one effective friction coefficient. An exception is 
the consideration of the mutual diffusion coefficient of two 
compatible polymers by Brochard-Wyart4 in which three 
microscopic friction coefficients are used. Multiple friction 
factors could result in the reversal in time scales. At  this 
time, the idea has not yet been developed to address the 
problem of our present interest. In all other tube models3 
the rheological temperature dependences in these models 
are determined by one effective friction coefficient. 
However, Colby's data of the miscible blend indicate each 
component has its own individual effective long-range 
friction coefficient. Moreover, we find that these two 
individual friction coefficients are both different from the 
effective friction coefficient of the common softening 
dispersion. Obviously, current molecular theories3 cannot 
explain these three features of the breakdown of time- 
temperature superposition displayed in Figure 1. This 
paper is an attempt to  see if the coupling theoretical 
scheme can interpret these experimental facts. 

In this work we apply the coupling theoretical scheme516 
to the miscible polymer blends studied by Colby to account 
for the three features observed in the breakdown of time- 
temperature superposition. The method we use is a general 
theoretical scheme of treating relaxation problems in 
complex correlated (i.e., mutually constrained) systems. 
Rheological and viscoelastic properties of polymers and 
polymer blends are examples of relaxations in complex 
correlated systems. The correlations are provided by the 
entanglement couplings between polymer chains for 
relaxations in the terminal zone and by crowding coupling 
for relaxations in the softening zone. The present authors 
previously in collaboration with others had applied the 
coupling model to both the terminal relaxation7+ and the 
viscoelasticity of glass-to-rubber transition10Jl (i.e., the 
softening dispersion). The coupling model has been 
described in these publications, and there is no need to 

reproduce this description in its entirety here. For terminal 
relaxation the gist is that the relaxation rates of the Rouse 
modes (in the modified Rouse theory for undiluted 
polymers; see Chapter 10 of Ferry's text)13 are slowed down 
by the mutual constraints between chains due to entan- 
glement couplings. The effect is most important for the 
terminal Rouse mode, which has relaxation rate WO given 
by the reciprocal of its relaxation time 

70 = a2@fO(T)/6?r2MtRT (1) 

W(t) = W o ( W c t ) - n ~  (2) 

This rate is slowed down to the form 

where wC-l is the time scale a t  which entanglement 
couplings start to slow down the Rouse rate and n, is the 
coupling parameter. The subscript tl is used to remind us 
of the terminal shear relaxation. The order of magnitude 
of oc is ca. 109-1010 s-l, characteristic of cooperative 
relaxations that involve entanglement interactions.5J4 For 
a monodisperse homopolymer melt with no distribution 
in WO, the terminal relaxation from the plateau modulus 
GN level is 

G(t )  = G,F(t) (3) 

dF/dt = -Wo(w,t)-nqF (4) 

F(T) = exp[-(t/~,*)'-"q] (5) 

where F ( t )  is the solution of the equation 

for the slowed-down Rouse mode. The solution F(t )  is the 
stretched exponential function 

where the terminal relaxation time T,* is related to the 
Rouse relaxation time 70 by the "second relation": 

Tq* = [(I - n,)oc~7011/(1-nJ (6)  
From the dependences of 70 on molecular weight M and 
temperature T, the latter mainly through the primitive (i.e., 
before entanglement coupling is considered) friction factor 
( o ( T ) ,  the second relation (6 )  provides predictions of the 
M and T dependence of 7,* as 

T* a ~/(1-nq)[fo(T)]l/(1-n~) (7) 
The shift factor UT, for a reference temperature To is 
essentially given by 

(8) 
The coupling scheme obtains general form of the rate 
slowing down, eq 2, from general physical principles, but 
alone it does not provide a calculation of the coupling 
parameter n, for a realistic polymer system. From Monte 
Carlo simulations of the dynamics of dense packed linear 
polymer chains one can calculate the end-to-end vector 
correlation function p ( t )  as an approximation for F(t). 
Remarkably, it wad5 found that p ( t )  is in fact a stretched 
exponential function as predicted by eq 5, and the 
fractional exponent 1 - n, is in the neighborhood of 0.6. 
Prior to  this new development in the Monte Carlo 
simulations that can help us to calculate n,, meaningful 
progress7-11 had been made by the coupling scheme even 
without the help of Monte Carlo simulations. This is 
possible because the coupling scheme has multiple 
independent predictions, e.g., eqs 5 and 7, based on the 
same n,. One can use one of these predictions, say eq 5 
on the shape of the terminal relaxation, to determine n, 
by comparing with experimental measurements of G*- 
(a), J ( t ) ,  or G(t)  of monodisperse polymer melt.5*7-10 With 

l/(l-nJ UT, = rf0(n/sO(~o)l 
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the n, determined (n, lies within the narrow range 0.40 
I n, I 0.45 from previous works) in this manner, other 
predictions such as the molecular weight and temperature 
dependences from eq 7 become explicit (e.g., ibP4 for n, 
= 0.41) and offer themselves as critical tests of the coupling 
scheme. Their good agreements with experimental data 
indicate that this is a viable approach. With the advent 
of Monte Carlo simulations of Skolnick et and Pakula 
et al.15 and molecular dynamics simulations of Kremer et 
al.,17 various correlation functions can be calculated and 
the coupling parameters n, and (for self-diffusion) 
obtained. These recent advances make possible the 
computation of the coupling parameter n of the coupling 
scheme. 

Another example of how we determined the coupling 
parameter n by comparing one prediction with exper- 
imental data and use this same value of n in another 
prediction or predictions to explain additional experimental 
fact or facts can be found in ref 9, which discusses self- 
diffusion in entangled polymer melts. For self-diffusion 
in monodisperse polyethylenes and hydrogenated poly- 
butadienes, the temperature dependence of the diffusion 
coefficient D provided a way9 to determine the coupling 
parameter for self-diffusion, which turns out to be 0.32. 
Using this same value of no, we were able to predict the 
molecular weight dependence of D to be M-2. Monte Carlo 
simulations by Kolinski16 et al. and Pakula et al.15 and even 
the molecular dynamics simulation of Kremer et al.” a t  
the highest molecular weights they respectively studied 
have found the mean-square displacement of the center- 
of-mass g c m ( t )  = ( [ R c m ( t )  - Rcm(0)]2) has the time 
dependence over distances such that gcm(t) is larger than 
the square of a bond distance but less than twice the mean- 
square radius of gyration. It has been worked out that the 
coupling scheme predicts18 g c m ( t )  - t l - n ~ .  Hence on 
identifying the result of gcm(t)  from the coupling scheme 
with that from the computer simulations, we find the 
coupling parameter has the value 0.30, which is in good 
agreement with the value 0.32 we deduced earlier9 from 
real experimental data. 

The shortcoming of the coupling scheme is that it does 
not provide a calculation of the value of the coupling 
parameter n. However, this shortcoming is compensated 
by the multiple and independent predictions it possesses. 
Using any one of the several predictions to compare with 
experimental data, one can determine n. After n is 
determined, the other predictions now having no adjustable 
parameter become explicit. If any of these other pre- 
dictions are in disagreement with the experimental data, 
the coupling scheme can be rejected. On the other hand, 
if these other predictons are in accord with experimental 
data,5ss11J4 then it may be legitimate to claim that they 
and hence the coupling scheme explain the experimental 
measurements. Moreover, we have seen that there are good 
agreements also between the correlation function including 
g c m ( t )  and p ( t )  calculated by Monte Carlo simulations on 
the one hand and the corresponding predicted forms by 
the coupling scheme on the other hand. Hence if we 
augment the coupling scheme by a Monte Carlo calculation 
of the correlation function of interest, then the combined 
effort will provide a calculation of the coupling parameter. 
Then the second relation, eqs 6-8, will yield quantitative 
predictions because n, or no is now known. 

In the present work on the rheology of miscible blends 
we do not calculate from first principles the coupling 
parameters of the terminal relaxations of the PEO and 
PMMA chains. Nevertheless, the conceptual basis of the 
coupling scheme will enable us to arrive logically at a clear 
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prediction of how the coupling parameters will change when 
the pure systems are modified by blending two polymers 
together. As we shall see the predicted change in n for 
PEO is in the opposite direction from that for PMMA. The 
immediate consequences of this result are the breakdown 
of time-temperature superposition in terminal relaxations 
and the reversal in time scales. These, together with other 
predictions, will be discussed in the section to follow. 

Coupling Model for Miscible Polymer Blends 
The principal result of the coupling scheme, eq 2, is the 

slowing down of the Rouse rate of any chain by mutual 
dynamical constraints imposed on all chains by entan- 
glement couplings. In a pure monodisperse polymer, the 
strength of entanglement coupling remains constant 
provided the molecular weight M is sufficiently higher than 
M,, the “critical” molecular weight for entanglement as 
determined in a log (viscosity) versus log (molecular weight) 
plot.13 This is because as the length of the molecule 
increases, the number of kinetic couplings defined by the 
ratio M / M c  increases proportionally. We consider the ratio 
M / M c  instead of M/Me,  where Me is the average molecular 
weight between coupling loci, in accord with the rec- 
ommendation by Ferry:13 “Pending better understanding 
of the relation between Me and M,, it is probably desirable 
to use M ,  or jPc in calculations involving viscosities or 
frequency scales.” In a blend with monodisperse com- 
ponents, each component brings into consideration its own 
number of kinetic couplings Z/Zc from its pure state. Here 
2 is the number of atoms in the backbone of a polymer 
chainlg of molecular weight M ,  and 2, represents the 
characteristic value of 2 corresponding to M,. 2 is twice 
the degree of polymerization P p m  for PMMA and thrice 
PPEO for PEO. The PEO chains20 in the pure state have 
2 = 16 023 and 2, = 300, while the PMMA chains20 in the 
pure state have 2 = 2140 and 2, = 560. The number of 
kinetic coulings per chain in the pure states are 

(z/zc)pMMA = 3.8 (9) 

( z / z c ) p E O  = 53 *4 (10) 

and 

and there is a large differential between these two numbers. 
In the 20 wt 5% PEO/PMMA blend, a PEO chain has in 
its neighborhood many PMMA chains that have a much 
smaller Z/Z,. These PMMA chains cannot provide a PEO 
chain in the blend as many kinetic entanglement couplings 
as other PEO chains can in pure PEO. Let ~ P E O  and 
~ P M M A  be the volume fractions in the binary blend, and 
ZPEO and ZPMMA be the chain atom numbers of the two 
components. Also let Z,,PEO and &,PMMA be the “critical” 
2 ’s  for entanglement of pure PEO and PMMA, re- 
spectively. A reasonable estimate of the number of kinetic 
couplings of a PEO chain and a PMMA chain in the blend 
is given respectively by the expressions 

‘,EO/ [4PEOZc,PE0 + 4PMMAZc,PMMAl (11) 
and 

‘PMMA/ [dPEOZc,PE0 + 4PMMAzc,PMMA] (12) 
For Colby’s blend with 20.2% by weight PEO, expression 
11 evaluates to 31.6 and expression 12 to 4.2. Comparing 
these values of the number of kinetic couplings in the blend 
with their corresponding values in the pure polymers given 
by eqs 9 and 10, we see in the blend there is a large 
reduction of the number of kinetic couplings of the PEO 
chains from 53.4 to 31.6 but a slight increase of the number 
of kinetic couplings of the PMMA chains from 3.8 to 4.2. 
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At fixed chain length, the total strength of kinetic 
entanglement coupling and the coupling parameter n for 
a chain are increasing functions of the number of kinetic 
couplings i t  has. It follows from this reason and the 
analysis given above that the terminal coupling parameter 
npEo for PEO chains in the blend will be reduced sig- 
nificantly from the value of about 0.41 (see previous section 
and references)6J'-lO in pure monodisperse linear polymers 
including PEO. On the other hand, the coupling parameter 
nPMMA for PMMA chains in the blend Will be increased 
slightly from 0.41. Thus we arrive at  the conclusion that 
in Colby's 20% PEO/PMMA blend 

npEO < 0.41 < npM- (13) 
We emphasize that the inequalities given by (13) are 
derived from the conceptual basis of the coupling scheme 
and are not ad hoc assumptions. 

Next we show the appearance of two different coupling 
parameters, one for PEO and another PMMA chains, gives 
rise to two different shift factors UT(PEO) and udPMMA) 
for relaxations of PEO and PMMA, respectively, in the 
blend. This result follows from eq 7 and 8. The Rouse 
friction coefficient { o ( T )  is the same for PEO and PMMA 
chains because the blend is miscible and exhibits one TB' 
The two shift factors given by the expressions 

aT(PE0) = [ l o ( T )  / lo(To)] l/(l-npeo) (14) 
and 

a,(PMMA) = [ ~ O " ) / ~ O ( T O ) ] l ~ ~ l ~ n p ~ ~  (15) 
are therefore different because from inequality 13 npEO 
and npMm are different in the blend. The breakdown of 
time-temperature superposition in the blend is thus 
expected as a consequence of (13), a result derivable in the 
coupling scheme. Furthermore, inequality 13 enables us 
to predict ~T(PMMA) is a more rapid varying function of 
temperature than UT(PEO) because the exponent 1/ (1-  
nPMMA) in eq 15 is larger than the exponent 1/ (1-  npEO) 
in eq 14. This prediction is in agreement with what is 
observed in the experimental data as shown in Figure 1. 
Moreover, in this figure the shift factor of the softening 
dispersion has the most rapid temperature variation 
of all. This will be explained next. 

The variation of the shift factor ads) with temperature 
is determined by the temperature dependence of the 
relaxation time T,* of the segmental cy relaxation time. The 
segmental relaxation in undiluted polymers involves a 
different kind of intermolecular coupling to be dis- 
tinguished from entanglement coupling for terminal 
relaxation. The coupling scheme being a general physical 
principle applies also to the segmental relaxati0n.~110,11,14~~9 
Just as in the case of terminal relaxation the scheme offers 
a number of predictions. The time dependence of the 
segmental relaxation is predicted to be another stretched 
exponential 

+(t) = exp[-(t/7,*)11-"' (16) 
which is better known as the Kohlrausch-Williams- 
Watts (KWW) function for the segmental relaxation. Here, 
n, is the coupling parameter for segmental motion due to 
crowding coupling, the counterpart of n, for terminal 
relaxation due to  entanglement coupling. There is a 
corresponding "second relation" analogous to eq 6 relating 
the experimentally observed relaxation time 7,* to the 
relaxation time 7 0 ~  of segmental motion of a chain before 
rate slowing down by intermolecular coupling is taken into 
account. The second relation for segmental relaxation is 

which also generates multiple predictions and gives rise 
to several The crossover frequency 
oc for segmental relaxation may be different from that for 
terminal relaxation. 

Applying eqs 17 and 6 to the blend, we shall explain why 
the temperature dependence of 7u* described by the shift 
factor aT(S) of the softening dispersion is different from 
that of the terminal relaxation time 7,* and is shift factor 
UT,,. Associated with the softening dispersion contributed 
by the motions of polymer molecular segments in the blend, 
there is a crowding coupling parameter nu. In the past, 
we have determined nu by fitting eq 16 to dielectric, photon 
correlation spectroscopic, and shear creep compliance data 
and found that i t  is significantly larger than n,. For 
example, nu = 0.63 for polystyrene (PS),l0 0.64 for atatic 
polypropylene (PP),21 0.64 for poly(cyclohexy1 methacry- 
late),18 and 0.57 for poly(viny1 acetate) (PVAc).l0 Thus 
from previous works in the pure state,5J0Jg we found that 
n, > n,. Typically, nu N 0.6 and as we have discussed n, 
= 0.41. This result applies also to the blend, and combining 
with (13), we arrive at  the inequalities 

nu > ~ P M M A  > ~ P E O  (18) 
The friction coefficient of 70a in eq 17 is the samelOJ1 as 
that (Le., (0) of the Rouse relaxation time 70 in eq 6. It 
follows from eq 17 

7u * [f.O(r)]l/(l-n.a) (19) 

= [LJb(r)/ roc To11 l'(l%) 

and the shift factor for the softening dispersion has the 
temperature dependence of 

(20) 
Comparing this with eqs 14 and 15 for UT,, it follows from 
inequality 18 that the three shift factors UT(S), UT(PEO), 
and aq-(PMMA) are all different. Among them, UT(S) has 
the most rapid temperature variation because the exponent 
1 / (1 -  nu) is largest. This difference between U T @ )  and 
UT, has been observed for several pure polymers including 
PS, PVAc, PP, and 0thers.~J0~21-25 Previously, weSJOJ1*22 
used eqs 8 and 19, together with the known coupling 
parameters nu and n, for a pure polymer, to account 
quantitatively for the difference of the two shift factors 
in pure polymers. 

The same analysis can be applied to the miscible blend 
PEO/PMMA provided we know nu for the segmental cy 
relaxation. At  present, the shear viscoelastic data of Colby 
in the softening region are not extensive enough in 
frequency for a determination of n, from his experimental 
data. To make progress, we shall assume in this work a 
value of 0.66 for n, in the blend. This value is close to 
the value nu for pure PMMA. We use the same reference 
temperature TO of 155 "C for aT(PEO), UT(PMMA), and 

given by eqs 14,15, and 20, respectively. The data 
for UT(S) as shown in Figure 1 and the value n, = 0.66 
enable us to determine from it the primitive shift factor 
{~(T)/lo(To) for three temperatures, 120,137, and 155 OC, 
by inverting eq 20. With to(  r )  / to (  r )  determined, Col- 
by's data of UT(PEO) and adPMMA) are substituted into 
the left-hand sides of eqs 14 and 15, respectively, and we 
solve for npEO and n p M w  in his blend. The results found 
are 

npEO = 0.16 (21) 

npMm = 0.46 (22) 
and 
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We emphasize that these values for the coupling param- 
eters are not arbitrary but are calculated by using the 
predicted relations (14) and (15) provided by the coupling 
scheme from the measured temperature dependences of 
the three shift factors. 

Obviously, these values of the coupling parameters satisfy 
inequality 13. We recall that (13) was obtained earlier from 
the conceptional basis of the coupling scheme by arguments 
based on large reduction and slight enhancement of the 
number of kinetic couplings of PEO and PMMA chains 
respectively in the blend. Also inequalities 18 are satisfied 
as well because n, is ca. 0.66. Indeed we find a large 
reduction of the coupling parameter of PEO chains and 
a moderate increase of the coupling parameter of PMMA 
chains in the blend from the value of 0.41 for pure mon- 
odisperse entangled polymers. These trends are the 
consequences of the large reduction from 53.4 to 31.6 of 
the number of kinetic couplings of PEO chains and a 
corresponding small increase from 3.8 to 4.2 for PMMA 
chains when going from the pure polymers to the 20% 
PEO/PMMA blend. 

With the values of the coupling parameters ~ P E O  and 
~ P M M A  in the blend determined by the temperature 
dependences of the shift factors, we are now ready to derive 
the reversal in time scales of 7,*(PEO) compared with 7,,*- 
(PMMA) and also to predict the terminal relaxation time 
r,*(PEO) of the PEO chains by knowing the terminal 
relaxation time T?*(PMMA) of the PMMA chains. The 
reversal in time scale is the first in the list of anomalies 
outlined in the Introduction. The second relations for PEO 
and PMMA are given by 
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evaluated immediately. The value calculated for T,*((PEO) 
a t  T = 155 "C is ca. 0.10 s, which corresponds to  a 
frequency of 10 rad/s. This predicted location of PEO 
relaxation in the blend is in good agreement with 6 rad/s 
a t  which the local maximum in G"(w) was observed at  155 
"C by Colby. On the other hand, 7,*(PMMA) at  T = 155 
"C is ca. 10 s, which is much longer than T*(PEO). Thus 
the reversal in time scales as given by the two inequalities 
(26) and (27) follows. 

Conclusion 
By comparing the numbers of kinetic couplings of the 

polymer chains in the pure states and in the blend, we find 
the number is drastically reduced and slightly increased 
respectively for PEO and PMMA chains when going from 
the pure state to  the blend. Within the conceptual 
foundation of the coupling scheme, reduction of the 
number of kinetic couplings of the same chain will lead 
to a decrease in the dynamic constraints and hence the 
coupling parameter n. Thus on physical grounds we expect 
a large decrease in the coupling parameter npm for PEO 
chains and a slight increase in ~ P M M A  for PMMA chains 
in the blend from the value of ca. 0.41 for both pure and 
approximately monodisperse components. Considering 
also the segmental a relaxation and its coupling parameter 
n, in the context of the coupling scheme, we have 
established the inequalities n, > np- > 0.41 > npw. The 
latter leads to three different shift factors ads), aT(PEO), 
and aT(PMMA) for the softening dispersion, the PEO, and 
the PMMA terminal relaxations, respectively, and hence 
the breakdown of timetemperature superposition as Colby 
observed. As happened before in previous applica- 
tions517-11J8J9 of the coupling scheme to problems in 
polymers and other correlated systems, even though we 
do not provide a calculation for the coupling parameters 
npw and n p w  in the 20% PEO/PMMA blend, they can 
be deduced by applying one prediction of the coupling 
model to one aspect of the experimental data. Here we 
use the temperature dependences of ar(S), UT(PEO), and 
aT(PMMA). The coupling parameter n, for the segmental 
relaxation can be determined by fitting part of the 
relaxation or compliance data  of the softening dis- 
persion5J0J1J8J9 with the KWW function, eq 16. The 
determined values of ~ P E O  and ~ P M M A  confirm that ~ P E O  

0.41 < ~ P M M A .  Using these values of ~ P E O  and n p w  
determined by the temperature dependences of the shift 
factors, we can account for yet another aspect of the data, 
i.e., the location of the PEO relaxation relative to that of 
the PMMA relaxation and why PEO relaxation occurs a t  
higher frequencies than that of PMMA. The latter is not 
expected a priori because the PEO chains have a higher 
molecular weight and a greater number of entanglements 
per chain than PMMA. As shown, the predicted location 
of the local maximum in G"(w) due to PEO relaxation is 
in good agreement with experimental data. In a similar 
way, the coupling model can make further predictions such 
as the molecular weight dependences of the terminal 
relaxations of PMMA and of PEO in the blend. Keeping 
the volume fraction of PEO constant a t  20%, the PEO 
molecular weight dependence of the PEO terminal 
relaxation is predicted to have the dependence of M2/(1-"& - M2.4, which will be weaker than the M3.4  for PEO 
relaxation in the pure state, while PMMA terminal 
relaxation will have the W/(1-np=)  - W.7 dependence. 
Also we can predict the trend in the change of behaviors 
of blends with higher or lower PEO weight percentage at  
constant PEO and PMMA molecular weights. Blends with 
higher PEO volume fraction will have the separation 
between T,,*(PEO) and T,*(PMMA) reduced. Ex- 

and 

7,*(PMMA) = 

which are specializations of eq 6 to the binary blend. At 
155 "C, r,*(PMMA) is ca. 10 s estimated from the loss 
modulus data of Colby. From previous works,5J4 an order 
of magnitude estimate of wc is Substituting these 
estimates of T,*(PMMA), wc, and ~ P M M A  from eq 22 into 
eq 24 and solving for 70(PMMA), we find TO(PMMA) = 
1.5 X s. The expression for 70 has been given by eq 
1, where fo(T) is the same for both PEO and PMMA in 
the blend. Taking the ratio, we find 

(25) 
rO(PEO)/ T,(PMMA) = 

The parameters on the right-hand side of this equation 
are known for each individual component of the blend. 
Thus, knowing io(PMMA), we can calculate TO(PEO) and 
find the value of 4.8 X s. Note that 

rO(PEO) >> s0(PMMA) (26) 
is satisfied by the Rouse relaxation times. One may have 
expected this inequality to  be satisfied because PEO has 
a higher molecular weight and also greater number of 
entanglements per chain than PMMA. But Colby found 
that experimentally 

r,*(PEO) << rl*(PMMA). (27) 
This reversal can be shown to follow naturally from the 
second relation. Indeed, with all quantities that appear 
on the right-hand side of eq 23 known, 7,*(PEO) can be 
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perimental data of these kinds are not available a t  this 
time. Experiments may be difficult to carry out in PEO/ 
PMMA blends due to the tendency of PEO to crystallize 
and may have to be done in other blends. When these 
measurements become available in the future, we expect 
the predictions of the coupling scheme that can be made 
a t  this time will be able to account for them. 
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