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ABSTRACT Concentrated polymer solutions are prepared from blending a nearly monodisperse low molecular 
weight (MW) polystyrene (as the solvent, M, = 10 300 < Me, the entanglement MW) with a series of nearly 
monodisperse polystyrenes with MW much greater than Me. The systems are perfect for testing the proposed 
general linear viscoelastic theory in the concentrated solution regime. The linear viscoelastic relaxation spectrum 
line shapes of the studied samples are analyzed in terms of a combination of the Rouse theory (for the low-MW 
component as the solvent) and the general theory (for the high-MW component as the polymer). It is shown 
that the entanglement MW ( M i )  in the solution scales as M,' = MeWH-I for polystyrene, where WH is the 
weight fraction of the high-MW component. The universality of the proposed theory is as applicable in the 
concentrated solutions as in the pure melts. Very significantly, we have found that, within experimental errors, 
the friction coefficients in the Rouse part and in the part of the general theory are identical as extracted from 
the spectrum line shape analysis. As with some previous results reported in paper 3, this strongly supports 
that the proposed general theory has bridged the gap between the Rouse theory and the Doi-Edwards theory. 

I. Introduction 
A general linear viscoelastic theory' (paper 1) for mon- 

odisperse flexible linear polymer melts and concentrated 
solutions has been developed based on the Doi-Edwards 
theory2" and the chain contour length fluctuation effect 
similar to those p r o p d  by Doi.69' The linear viscoelastic 
relaxation spectra of a wide range of (nearly) monodisperse 
polystyrene samples of different molecular weight (MW) 
have been measured and their line shapes have been 
well-analyzed quantitatively in terms of the proposed 
theorys" (papers 2 and 3). The analysis has explained why 
and how the modulus plateau of the linear viscoelastic 
relaxation gradually diminishes with decreasing MW and 
explained the MW dependence of the zero-shear viscosity 
(qo a iW4 for M > Mc and qo a M for M < Mc) and the 
steady-state compliance, Je. The constraint effect due to 
entanglement as described by the proposed theory persists 
to MW as low as -l.2Me. Further, the pure reptational 
times calculated from the linear viscoelasticity and diffu- 
sion motion data in terms of the theory are in good 
agreement.'O The validity of the proposed general linear 
viscoelastic theory is, thus, extensively and consistently 
supported by the experimental results. 

It has been shown in the line shape analysis of linear 
viscoelastic spectra that the Rouse theory is applicable just 
below Me, while the general linear viscoelastic theory is 
applicable above Me.8*9 The transition point, Me, appears 
quite sharp. A t  Me, the zero-shear viscosity value of the 
Doi-Edwards theory is greater than the Rouse value by 
a factor of 2.4. The general theory has bridged the gap 
to about 30% of difference (ao calculated with K'IK = 1 
in the general theory)? The 30% difference should be due 
to the topological constraint effect imposed on the polymer 
chain a t  Me. 

In this report, we study polymer blend systems con- 
sisting of two monodisperse polystyrene components: one 
having a MW just below Me, while the other a MW far 
above Me. In such systems, the entanglement density 
associated with the high-MW component is diluted by the 
low-MW component. On the other hand, the low-MW 
component is still free of entanglement and maintains its 
Rouse dynamic behavior. Such binary blends provide 
systems equivalent to concentrated polymer solutions. The 
solvent (the low-MW component) has the identical chem- 
ical structure as the polymer (the high-MW component). 
The studied systems, with the solvent M W  being still quite 
high (ML > MHO", where MH is the MW of the high-MW 
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component") and being in the concentrated region, should 
remain in the 8 condition at  different temperatures. In 
other words, the chain configuration of the high-MW 
component is Gaussian in the solutions as in ita pure melt 
state. On the one hand, such concentrated solution sys- 
tems are ideal for testing the universality of the proposed 
general linear viscoelastic theory. On the other hand, they 
represent a special case of binary blend systems. The 
study of such systems can provide us detailed information 
for developing a more complete picture of the molecular 
mechanism for the blending law. 

11. Theory 
Four dynamic modes have been identified in the poly- 

mer linear viscoelastic behavior: the Rouse chain motion 
between two cross-linked points (or fixed entanglement 
points), PA@); the chain slippage through entanglement 
links, p X ( t ) ;  the primitive chain length fluctuation, fig@); 
and the reptational motion corrected for the chain length 
fluctuation effect, p&). Including all the four dynamic 
modes, a general functional form for the stress relaxation 
modulus following a step shear deformation in the linear 
regime has been obtained for a monodisperse system. For 
the polymer blends of two monodisperse components (with 
W, and W, being weight fractions for the low- and high- 
MW components, respectively), in which the low MW (Md 
is slightly smaller than Me, while the high MW (MH) is 
much greater than Me, the theoretical form for the stress 
relaxation modulus can be written as (see the Appendix) 

ML2 - K?rS! 
TRP = 

24 sin2 (rp/2NR) NR2 (3) 

with 
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are predetermined in preparing the solutions. The linear 
viscoelastic relaxation spectrum line shapes of the solutions 
can be calculated from all these known quantities. In the 
comparison with the measured linear viscoelastic relaxation 
line shapes over the entire time or frequency domain, the 
values of the ratios K' /K  and K"/K are the only adjustable 
parameters. From analyzing the linear viscoelastic relax- 
ation line shapes of the monodisperse melts, it was shown 
that K' /K  has a plateau value of about 3.3 (after a 30% 
correction due to the width of MWD) in the high-MW 
region and decreases to a limiting value of 1 with de- 
creasing MW. We will show below that the K' /K  values 
of the concentrated solutions follow the same universal 
curve, when MW is normalized with respect to Me or M l .  

111. Experiment 
The concentrated solutions consisting of a low-MW component 

(Fl, M, = 10300) and a high-MW component X (X = P7, M ,  
= 68000; F10, M ,  = 100000; F35, M, = 355000; F80, M ,  = 
775000) have been prepared a t  the percentage ratios of P7/F1 
= 50150 and 75/25, FlO/Fl= 50150 and 75/25, F35/F1 = 50150, 
and F80/F1= 50/50. F1, F10, F35, and F80 were obtained from 
Toyo Soda Manufacturing Co., Japan. F35 is their later version 
of F40. To avoid confusion with the F40 sample (M,  = 422 000) 
used previously, the new sample is labeled F35 here. P7 was 
obtained from Polysciences, Inc. The details of the linear vis- 
coelastic relaxation measurements and preparation of samples 
are as described be f~ re . ' , ~ ,~  

IV. Line Shape Analysis of Linear Viscoelastic 
Relaxation Spectra 

The G(t) or G'(w) and G"(w) spectra of the studied X/F1 
blend samples (X = P7, F10, F35, and F8O) are calculated 
by convoluting eq 1 (in combination with eq 2-11,13, and 
15) with the same MWDs that have been used to calculate 
the linear viscoelastic spectra fitting to the measured re- 
sults of the F1 sample and the X components in the pure 
melt state. The MWD of F1 is that used in paper 3 (2 = 
120 for the Schulz MWD). The MWDs of P7 (2 = 120) 
and F10 (2 = 60) have been shown in Figure 16 of paper 
2.8 The three-component MWDs of F35 and F80 have 
been obtained from the nonlinear least-squares fitting to 
the G(t) curves of their pure melt samples in the terminal 
region as described previously.'18 Their M,/M,, values are 
1.13 and 1.24 for F35 and F80, respectively. These M,/M, 
values of F35 and F80 are somewhat higher than their GPC 
values. This has been explained as due to the intrinsic 
broader MWD and low-MW components (a low-MW tail 
in the GPC spectrum) in these samples.'Ss The linear 
additivity of contributions from separate MW components 
assumed in the G(t)  line shape analysis is not strictly 
obeyed. As explained in paper 2, this is generally so at high 
MWs. As a result, the parameters K and K' /K obtained 
from the G(t) line shape analysis at high MWs have certain 
systematic errors, which depend on the width of the MWD. 
The errors associated with the studied samples are small 
and their magnitudes have been estimated. 

Because of dilution, the M,' (or N i )  value of the solution 
is increased according to eq 13. The Me value of the 
monodisperse polystyrene melt has been determined from 
its plateau modulus to be 13 500 at 127.5 f 0.5 "C.  The 
corresponding Ne value has been assumed to be 10, which 
is sufficiently large for the data analysis in the pA( t )  process 
region, as explained previously.'18 

Since the M,' and the MWD of the monodisperse com- 
ponents in the X/F1 blend samples have been predeter- 
mined, the only adjustable parameters in the line shape 
analysis of the linear viscoelastic spectra are the K'/K and 
K"/K values. For MW > Me, K' /K  has been shown 
greater than 1 in the monodisperse melts. Its physical 
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with 

and 

with 

All the notations are the same as in the previous reports, 
except M,' is the entanglement MW of the solution, which 
has N,' Kuhn segments, and NR is the number of the Kuhn 
segments associated with the low-MW chain (A Rouse 
chain). 

All the relaxtion times in the above equations are pro- 
portional to the constant K given as 

where {, b, and M / N o  are the friction constant, length, and 
mass associated with each Kuhn segment, respectively. 
For easy reference in comparing the K values extracted 
from the line shape analysis of the linear viscoelastic 
spectra below, the K constants of eq 3 and 5 are designated 
as K" and K', respectively. 
M,' can be determined from the plateau modulus GN of 

the pure melt and the volume fraction (equivalent to 
weight fraction in the present case) of the high-MW com- 
ponent and as shown in the Appendix is given as 

(13) 

where Me is the entanglement MW in the melt state of the 
pure monodisperse component. The plateau modulus, GN', 
of the solution can be defined as 

Both the static quantities, B and C, are expressed in terms 
of the reduced M W  MIM,'. As we normalize and rC 
with respect to 7A1, d l  the relaxation times are functions 
of the reduced MW as well. Thus, the theoretical form 
of stress relaxation for the entangled component is univ- 
ersal in terms of the reduced MW. 

By keeping the universality applicable in the p x ( t )  re- 
gion, we have obtained through a combination of a scaling 
argument and analysis of the experimental results of the 
monodisperse melts 

7x = 0.55KM,'M (15) 
where Me has been substituted by M,' (see papers 1 and 
2). 

GN, Me, and MWD have all been extracted from the line 
shape analysis of the linear viscoelastic relaxtion spectra 
of the studied monodisperse  sample^,^^^ and WL and WH 
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Figure 1. Comparison of the measured (-e) and calculated (-1 
stress relaxation moduli, G(t), for the P7/F1= 50/50 sample. Ale0 
shown are the separate contributions of the p&) process of F1 
and the pA( t ) ,  px(t), p&), and p&) processes of P7. K r / K  = 1.4, 
K"/K = 1, M,' = 27000, N,' = 20, and NR = 8 are used in the 
calculation. 
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Figure 2. Same as Figure 1 except that N,' = 40 and NR = 16 
are used in the calculation. 

meaning has been explained in paper 2. 
The measured and calculated G(t) curves of the P7/F1 

= 50/50 sample are shown in Figure 1. K' /K  = 1.4, K"/K 
= 1, M,' = 27000, N,' = 20, and NR = 8 (equivalent to Ne 
= 10) have been used in the calculation. The contributions 
of the Rouse process, p&) of the F1 component and the 
pA(t), px ( t ) ,  p&), and p&) processes of P7, are shown in 
the figure as labeled. Since 7A > TR, the experimental curve 
and the theoretical curve calculated without the contri- 
bution from the pR(t) process are first matched to deter- 
mine the K ' / K  value. The difference in the shorter time 
region is then matched by including the pR(t) process to 
determine the K " / K  value. The glassy relaxation process 
begins to contribute in the time region of the fast relaxa- 
tion modes of p&). The glassy relaxation process is not 
included in the analysis. Matching the lowest few modes 
of pR(t) to the experimental curve is sufficient to determine 
the K " / K  value. For the other X/F1 blend samples, the 
same procedure is followed in the line shape analysis as 
shown below. In the comparison of theory and experiment, 
all the measured curves are shifted to superpose on the 
calculated curves using K = 1 X 

To show that the K r / K  and K"/K values obtained this 
way are independent of the chosen N,' and N R  values as 

T ime ( s e t . )  

Figure 3. Comparison of the measured G(t )  values with the 
theoretical curves (-) calculated with K"/K = 1 and K"/K = 
1.5 for the P7/F1 = 50/50 example. The rest is the same as in 
Figure 1. 
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Figure 4. Comparison of the measured (A) and calculated (-) 
storage moduli, Gf(w),  for P7/F1= 50/50. The parameters used 
in the calculation are the same as in Figure 1. Also shown are 
the separate contributions of the pR( t )  process of F1 and the pA(t), 
px(t),  p&), and p&) processes of P7. 

long as they are sufficiently large, the theoretical curve is 
also calculated with N,' = 40 and NR = 16 (i.e., doubling 
the number of segments per unit mass) and compared with 
the measured one for P7/F1 = 50/50 as shown in Figure 
2. It is clear from comparing Figures 1 and 2 that the 
change of the N,' and NR values only affects the G(t) curve 
in the short-time region, where the glassy relaxation is 
important. In the time region of our interest, the choice 
of the N,' and NR values has no effect on the K'IK and 
Kr' /K values obtained from the line shape analysis as long 
as they are sufficiently large. Ne = 10 used in the previous 
reports is a reasonable value, and its corresponding N,' and 
NR values are used in all the line shape calculations below. 

In Figure 3, we show the comparison of the theoretical 
curves of K"/K = 1 and K"/K = 1.5 together with the 
measured values for P7/F1 = 50150. This comparison 
indicates the sensitivity of the calculated curve to the 
variation of the K"/K value and the possible error of the 
obtained K"/K value from comparing with the experi- 
mental results. It is fair to say that the possible error of 
K r r / K  = 1 is about 20% according to Figure 3. 

To confirm the G(t) line shape analysis of the P7/F1 = 
50150 sample, the calculated and measured G'(w) and 
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Figure 5. Same as in Figure 4 for the loss moduli, G”(w), mea- 
sured (.) and calculated (-). 
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Figure 6. Comparison of the measured (--) and calculated (-) 
stress relaxation moduli G(t)  for the P7/F1= 75/25 sample. K’/K 
= 1.88, K “ / K  = 1, M,’ = 18000, N,’ = 13, and NR = 8 are used 
in the calculation. 

G”(o) values are compared in Figures 4 and 5, respectively. 
The separate contributions of the p&), p A ( t ) ,  p X ( t ) ,  p B ( t ) ,  
and p&) processes to G’(w) and G”(w) are shown in the 
figures as labeled. The difference between the calculated 
and measured G’(w) values localized in the very high fre- 
quency region is due tQ the glassy relaxation process, which 
has not been included in eq 1. The effect of the glassy 
relaxation process on the G”(w) values extends to the lower 
frequency region. The mathematical reason for this has 
been explained in paper 2. The same effect is observed 
in all the studied samples as analyzed below. 

For P7/F1 = 75/25, the comparison of the calculated 
and measured G(t )  is shown in Figure 6. K’/K = 1.88, 
K”/K = 1, M,‘ = 18000, and N,‘ = 13 are used in the 
calculation. 

For FlO/Fl = 50/50, the calculated and measured G(t), 
G’(w), and G”(w) values are compared in Figures 7-9, re- 
spectively. K’/K = 1.8, K”/K = 1, M,’ = 27000, and N,‘ 
= 20 are used in the calculations. 

For FlO/Fl= 75/25, the calculated and measured G’(w) 
and G”(w) are compared in Figures 10 and 11, respectively. 
K‘/K = 2.3, K”/K = 1, M,‘ = 18000, and N,‘ = 13 are used 
in the calculation. 

For F35/F1 = 50/50, the calculated and measured G’(w) 
and G”(o) are compared in Figures 12 and 13, respectively. 
K’IK = 4.1, K”/K = 1.2, M,’ = 27000, and N,‘ = 20 are 
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Figure 7. Comparison of the measured (--) and calculated (-) 
stress relaxation moduli G(t )  for the FlO/Fl = 50/50 sample. 
K f / K  = 1.8, K”/K = 1, M,‘ = 27000, N,’ = 20, and NR = 8 are 
used in the calculation. 
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Figure 8. Same as Figure 7 for the storage moduli, Gf(w), 
measured (A) and calculated (-). 

10-2 100 102 
Frequency ( rad/sec)  

Figure 9. Same as Figure 7 for the loss moduli, G’’(W), measured 
(0) and calculated (-). 

used in the calculation. The waviness of the calculated 
G”(w) curve in the terminal region is due to the discon- 
tinuity nature of the three-component MWD used in the 
calculation. 

For F80/F1 = 50/50, the calculated and measured G(t) ,  
G’(w), and G”(w) values are compared in Figures 14-16, 
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Figure 10. Comparison of the measured (A) and calculated (-) 
storage moduli G'(w) for the FlO/Fl = 75/25 sample. K'/K = 
2.3, K"/K = 1, M,' = 18000, N,' = 13 and NR = 8 are used in 
the calculation. 
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Figure 11. Same as Figure 10 for the loss moduli, G"(w), mea- 
sured (.) and calculated (-). 
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Figure 12. Comparison of the measured (A) and calculated (-) 
storage moduli, G'(w), for the F35/F1 = 50150 sample. K'/K = 
4.1, K"/K = 1.2, M,' = 27000, N,' = 20, and NR = 8 are used in 
the calculation. 

respectively. K'/K = 4.2, K"/K = 1.3, M,' = 27 000 and  
N,' = 20 are used in the  calculation. T h e  plateau moduli 
of t he  pure  F80 and the  F80/F1 blend are  5 4 %  smaller 
than the corresponding values of the other samples. We 
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Figure 13. Same as Figure 12 for the loss moduli, G"(w), mea- 
sured (.) and calculated (-). 
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Figure 14. Comparison of the measured (e-) and calculated (-) 
stress relaxation moduli, G(t) ,  for the F80/F1 = 50150 sample. 
K'/K = 4.2, K"/K = 1.3, M,' = 27 OOO, N,' = 20, and NR = 8 are 
used in the calculation. 
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Figure 15. Same as Figure 14 for the storage moduli, G'(w), 
measured (A) and calculated (-). 

believe that  t he  lower GN value associated with F80 is due 
t o  t h e  low-MW components existing in this sample as 
observable in  i ts  GPC spectrum (see paper l).l T h e  
measured G ( t )  and  G'(w) values in t h e  X process region 
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Figure 16. Same as Figure 14 for the loss moduli, G"(w),  mea- 
sured (.) and calculated (-). 
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Figure 17. Same as Figure 14. The MWD used in the calculation 
is, however, obtained directly from analyzing the measured G(t)  
line shape of the F80/F1 = 50/50 sample. See the text. K'/K 
= 4 and K"/K = 1.25 are used in the calculation instead of the 
values in Figure 14. 

being slightly lower than the calculated values may reflect 
the relaxation of the low-MW components in the sample. 
In general the low-MW components by the tube-renewal 
mechanism broaden the MWD that can be extracted from 
the G(t) line shape analysis. This effect has been explained 
in paper 2.8 As a consequence, it has an observable effect 
on the obtained K ' / K  and K"/K values, which will be 
further discussed below. 

We have also done nonlinear least-squares fitting di- 
rectly to the measured G(t)  of the F80/F1 = 50/50 sample 
to extract the three-component MWD of F80. The M,/M, 
value of the obtained MWD is 1.2, which is smaller than 
that obtained from analyzing the G(t)  of the pure F80. For 
comparison, the theoretical G(t)  curve over the entire time 
domain calculated with this MWD is shown together with 
the measured values in Figure 17. K' /K  = 4 and K"/K 
= 1.25 are used in the calculation. They are nearly iden- 
tical with those used in calculating the G(t)  curve shown 
in Figures 14-16. The reduced MW (MIM,') of the 
F80/F1 = 50/50 sample is half that of the pure F80. Thus, 
the contribution of its pB(t)  process to G(t )  is greater and 
its modulus plateau is not as wide.'j8 This translates into 
a smaller At/AG in the plateau region. The obtained 
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Figure 18. Comparison of the stress relaxation moduli, G(t) ,  
(both the calculated (-) and measured) of the P7/F1 = 75/25 
(O) ,  P7/F1 = 50/50 (w), and FlO/Fl = 50/50 (A) samples. 

M,/M, value (1.2) being smaller than that (1.24) extracted 
from G(t)  of the pure F80 is, thus, expected. This supports 
the conclusion8 that the G(t) line shape and the MWD that 
can be extracted from it are sensitive to the low-MW 
component at high reduced MWs. There is some artificial 
element in the forced fitting to the G(t) line shape: largely 
due to the low-MW tail and partly due to the intrinsic 
broader MWD in the high-MW sample. The obtained 
values of the parameters K' /K and K"/K have some errors, 
which are not large and leave the important phenomenon 
as discussed in the next section still observable. 

The line shapes of the linear viscoelastic relaxation 
spectra of the studied X/F1 blend samples are well de- 
scribed by the general theory. The uniqueness of the 
theory in describing the line shapes is particularly distinct, 
when we compare the G(t)  line shapes of the P7/F1 = 
50/50, P7/F1 = 75/25, and FlO/Fl = 50/50 samples as 
shown in Figure 18. 

According to eq 14 (or A2) and 13, the P7/F1 = 50/50 
and FlO/Fl = 50/50 samples have the same plateau mo- 
dulus (GNr = pRT/5Me) and entanglement MW (ML = 
2Me). This is reflected by the similarity between their G(t)  
line shapes in the time region of the p R ( t )  and pA(t)  pro- 
cesses. 

On the other hand, the M j M L  values of the P7/F1 = 
75/25 and FlO/Fl = 50/50 samples are about the same 
(-3.7). According to eq 6-11, the G(t)  line shape in the 
terminal region is strongly related to the M / M L  value. 
This is reflected by the closeness of the G ( t )  line shapes 
of the two samples in the long-time region, after taking the 
factor (M1/M2)2  = 2.2 ( M I  and M 2  are MW for F10 and 
P7, respectively) into account. (See eq 11.) 

Because of the different combinations of the ML, M/M,', 
and M values, the G ( t )  line shapes of the three samples 
compared in Figure 18 show up distinctly different from 
each other. Each of them is uniquely described by the 
general theory. 

The uniqueness of the general theory in describing the 
linear viscoelastic relaxation line shapes is further illus- 
trated by the comparison of the calculated and measured 
G'(w) curves of the F10, FlO/Fl = 75/25, and FlO/Fl = 
50/50 samples as shown in Figure 19. With dilution by 
F1, the plateau modulus decreases according to eq 14 and 
at the same time the rubbery relaxation and the terminal 
relaxation are brought closer. This is so because TC, 78, 
and T~ normalized with respect to T ~ '  are functions of the 
reduced MW, MIM,', only. The characteristic line shape 
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Figure 19. Comparison of the storage moduli, G'(w), (both the 
calculated (-) and measured) of the F10 (A), FlO/Fl = 75/25 
(w), and FlO/Fl = 50/50 (0) samples. The arrows indicate the 
frequencies wc = ~ / T c ,  where the TC values are calculated from 
eq 11 using K = 1 x lo4, M = 10OOO0, and M,' = 13500 WH-'. 
The dash lines indicate the separation between the region of pA(t )  
(and p R ( t )  for solutions) and the region of p&), p&), and p&). 

changes with dilution are fully described by the general 
theory. The only adjustable parameter is the K'/K ratio 
in describing the changes; the same MWD and K"/K = 
1 are used in the calculations of the theoretical curves. The 
obtained K'/K values fall on the universal curve of the 
pure monodisperse melts as shown below. 

V. K Values (Equivalent to the Friction 
Constants) 

From studying a series of monodisperse polystyrene 
melts, we have observed that K'/K has a plateau value of 
3.3 in the high-MW region and decreases to a limiting value 
of 1 with decreasing MW and that K is independent of 
MW to as low as 1.2Me.8 It has been proposed that, for 
K'/K > 1, the friction constant for the polymer chain 
segment to move in the direction perpendicular to the 
chain contour is higher than that to move along the chain 
contour. This is a reasonable explanation if we consider 
that a certain local extra free volume is associated with the 
polymer chain end. This extra free volume is always 
available to the p&) and pc( t )  processes, in which the 
polymer chain moves along the chain contour. On the 
other hand, the portion of this extra free volume available 
to the NA(t) process of a polymer chain depends on the 
concentration of chain ends of polymer molecules sur- 
rounding it. Thus, the K' value extracted from the pA(t) 
process is MW dependent. Furthermore, the K'/K value 
approaching 1 at  low MW supports this explanation. 

As we discussed in detail in paper 3: the anisotropy of 
the free volume distribution on the polymer chain de- 
scribed above for K ' / K  > l begins to appear a t  -Me(+) 
like a "phase" transition. Thus, the anisotropic free volume 
distribution has much to do with the topological constraint 
of entanglement. 

A t  Me, the zero-shear viscosity of the Doi-Edwards 
theory is greater than that of the Rouse theory by a factor 
of 2.4 (the same K value in both theories). The general 
linear viscoelastic theory has bridged the gap to -30% 
(using K'/K = 1 in the calculation with the general theo- 
r ~ ) . ~  The spectrum line shape analyses a t  the MWs just 
below and above Me indicate that the 30% difference 
should be due to initiation of the topological constraint 
effect a t  Me. In other words, the results of the line shape 
analysis support that the K values in the general linear 
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Figure 20. K ((A) data from paper 2), K"/K ((0) data for the 
X/F1 blends of the present study) and K'/K ((a) data for the 
monodisperse melts from paper 2; (0) data for the X/F1 blends 
of the present study) values as a function of the reduced molecular 
weight, M / M e  or MIM,'. 

viscoelastic theory and in the Rouse theory are identical 
and the general theory has bridged the gap between the 
Rouse theory and the Doi-Edwards theory. This cannot 
be further tested with the relaxation time determinations 
of monodisperse samples with MW above and below Me 
because of the sensitive MW dependence of free volume 
in this MW region, which affects the K value. However, 
the X/F1 blends actually provide systems for testing this 
deduction. 

Averaged over the distribution of the component con- 
centrations in the X/F1 blend systems, the free volume 
distributions on the chain ends of the high-MW chain as 
well as over the entire Rouse chain of F1 should be sta- 
tistically identical; both are free from the topological 
constraint effect of entanglement. 

In this study, we have found that the obtained K'IK 
values of the studied X/F1 blend samples fall on the same 
curve of the K'/K values of the monodisperse polystyrene 
samples when both sets of data are expressed as a function 
of the reduced MW (MIM,' or MIM,). The results are 
shown together with the K and K'/K values of the mon- 
odisperse components in Figure 20. 

We can conclude that the reduced MW dependence of 
K ' / K  is universal. This is in agreement with the previous 
conclusion that the anisotropic free volume distribution 
associated with K'/K > 1 has much to do with the topo- 
logical constraint effect of entanglement. The result 
strongly suggests that the topological constraint effect is 
the sole reason for K'/K > 1. The decrease of K'/K with 
decreasing MW to reach a limiting value of 1 at  M/Me or 
M/Mi  is caused by the extra free volume associated with 
the polymer chain ends.8 The distribution domain size of 
this extra free volume at  chain ends should be larger for 
the X/F1 blend systems than for the pure monodisperse 
melts. The characteristic size of the extra free volume 
distribution domain should be proportional to the Me or 
M,' value, depending on whether the system is a mono- 
disperse melt or a X/F1 blend. The cause for the initiation 
of the topological constraint effect at Me is a very funda- 
mental problem. It may be related to the microstructure 
and the stiffness of the polymer chain of sufficiently short 
length. 

The reduced MW dependence of K"/K is also shown in 
Figure 20. The sensitivity of the curve fitting in the p&) 
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process region to the chosen K“/K value is shown in Figure 
3 for the P7/F1 = 50150 sample as a representative case. 
In the figure, both the curves calculated with K”/K = 1 
and 1.5 are compared with the experimental results. 

At high MW, the K”/K values tend to be slightly greater 
than 1. As explained in paper 2 and above, the K values 
obtained from the G(t) line shape analysis tend to be un- 
derestimated at  high MWs because of the MWD effect. 
The amount of underestimation expressed as percentage 
is about equal to the deviation of the obtained K”/K values 
from 1. After correcting for this systematic error of the 
K”/K values, we can conclude from the quality of curve 
fittings to experimental results shown in Figures 1-17 that 
K”/K = 1 within an experimental error of about 20% for 
all the studied blend samples. Here, we should also note 
that only one “solvent” polymer is used. Since the re- 
quirement of the sample characterization is very crucial 
in the actual line shape analysis, we think, under the 
circumstance of lacking well-characterized samples in this 
low-MW range, that a very well-characterized sample is 
better than several samples of less quality. We believe that 
the F1 sample used here is very well characterized. For 
K”/K = 1, the error that can be caused by any uncertainty 
of the F1 sample should be well within the possible ex- 
perimental error quoted above. 

In the X/F1 blend samples, the K value should decrease 
with increasing amount of F1 component, because F1 has 
more free volume. Correspondingly, the K”va1ue of the 
F1 component (the K value of the Rouse component) is 
increased by the presence of the high-MW component. 
The observed result that K”/K = 1 in the X/F1 blend 
systems is in agreement with the observation that K‘/K 
reaches a limiting value of 1, when M approaches Me, and 
strongly supports the conclusion that the general linear 
viscoelastic theory has bridged the gap between the Doi- 
Edwards theory and the Rouse theory. 

VI. Implication in the Blending Law 
In this study of polymer blends consisting of two mon- 

odisperse polystyrene components, of which one has MW 
below Me, eq 13 is well followed. Two observations support 
this: (1) The plateau modulus, GN’, of the solution as a 
function of concentration is in good agreement with eq 14. 
The agreement is within *5% for all the samples studied, 
while virtually perfect for most of the low-MW samples. 
(2) The measured G ( t )  line shapes are well described by 
eq 1 in combination with eq 2-11 and 15. In the com- 
parison of theory and experiment, the same MWDs ob- 
tained from the line shape analysis of linear viscoelastic 
relaxation spectra of the monodisperse melts and M,‘ as 
given by eq 13 are used in the calculation. These results 
also strongly support that the universality of the general 
linear viscoelastic theory is as much applied to the con- 
centrated solution systems as to the monodisperse melts. 

The entanglement MW is increased by dilution. Cor- 
respondingly, the entanglement distance or the tube size 
(of the Doi-Edwards theory) is enlarged. As a result, the 
relaxation time 7c as given by eq 11 is shortened by dilu- 
tion, even if the friction constant or the K value did not 
change with increase of free volume. The normalized re- 
laxation time 7c/7A1 becomes even smaller, because of the 
M l z  dependence of 7A1. This is well demonstrated by the 
example shown in Figure 19. 

For understanding the molecular mechanism for the 
blend law that covers a wide MW range, we consider the 
binary blend system, in which both MW components are 
above Me. The basic theoretical form for G ( t )  of such a 
binary blend is given in the Appendix and in ref 21 of 
paper 2.8 If the M W  of the low-MW component is so close 
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to the Me value that T(t)  (see eq Al) decays to zero in a 
time much shorter than 7m (see eq ll), the low-MW 
component will serve as a solvent (similar to F1) to the 
high-MW component in the long-time region (t > and 
the entanglement MW for the high-MW component should 
be given by eq 13. In another extreme, when the low-MW 
component converges into the high-MW component 
(equivalent to a monodisperse system consisting of the 
high-MW component only), the tube-renewal effect that 
could be caused by the low-MW component disappears. 
This has been concluded in the study of the monodisperse 
systems as reported p rev io~s1y . l~~~~  In between, the en- 
tanglement MW at  a certain W, value (denoted as M,”) 
should have a value between Me and M,’ and decrease 
gradually to Me with increasing MW of the low-MW com- 
ponent. M /  being larger than Me should have effect on 
the relaxation time, 7CH, in the terminal region. Pheno- 
menologically, we have observed the shortening of the 
longest relaxation time. On the other hand, TBH is inde- 
pendent of entanglement MW according to eq 9. For 
polystyrene, we have observed that the concentration de- 
pendence of the plateau modulus of the high-MW com- 
ponent in a binary blend with both components having 
MWs higher than Me is well described by that given in eq 
A1 (Le., the plateau modulus after the completion of the 
T(t) relaxation, which is identical with eq 14). The results 
will be presented in a future report. 

For some other kinds of polymers (such as polyisoprene), 
a slightly stronger concentration dependence of the plateau 
modulus (GN a WHx, X = 2.1-2.2) has been observed.12J3 
There is no explanation for it a t  the present time. This 
discrepancy may be related to the microstructure of the 
polymer rather than to the topological constraint of en- 
tanglement as described here. 

VII. Conclusion 
In this study, we have shown the validity and univer- 

sality of the proposed general linear viscoelastic theory as 
applied to the concentrated solution systems, in which the 
solvent is a low-MW homopolymer. The consistency of 
the MWDs used in the theoretical calculations is preserved 
between the melt and solution cases. This is very signif- 
icant, because the universality and applicability of the 
proposed general theory is shown extending beyond ex- 
plaining the well-known 3.4 power law of the zero-shear 
viscosity and the G(t) line shapes of monodisperse melts. 

The K values in the Rouse theory and the proposed 
general linear viscoelastic theory are shown identical within 
experimental error. In other words, the results strongly 
support that the proposed general theory has bridged the 
gap between the Rouse theory and the Doi-Edwards 
theory. 

We have extracted the K‘/K values from the line shape 
analysis of the linear viscoelastic relaxation spectra in 
terms of the proposed general theory. The results K’/K 
> 1 at MWs greater than Me strongly indicate that the 
friction constant for the polymer segment to move in the 
direction perpendicular to the chain contour is greater than 
that to move along the chain contour. When MW is 
normalized with respect to Me or M,‘, the reduced MW 
dependence of K’/K is universal for both the monodisperse 
melts studied previously and the concentrated solution 
systems of the present study. We have concluded that 
K’/K > 1 is due to the topological constraint effect of 
entanglement and that the decrease of K‘/K with de- 
creasing MW to reach a limiting value of l at  M / M e  or 
MIM,‘ - 1 is caused by the extra free volume associated 
with the polymer chain ends. We believe that this is a very 
significant phenomenon and has been discovered only 
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because the proposed general theory can successfully de- 
scribe the linear viscoelastic relaxation spectra of the 
studied melt and concentrated solution samples. 

The proposed general linear viscoelastic theory for 
monodisperse polymers provides a basis for studying blend 
systems consisting of two monodisperse components whose 
MWs are both higher than Me. The present study indi- 
cates that the tube size should enlarge gradually with 
decreasing ML to a limiting value as given by eq 13 at  a 
fixed WH value. This effect should be reflected in the 
variation of 7m with ML. 

To put the presently reported study in perspective, it 
is appropriate to mention here some preliminary obser- 
vations at  a lower concentration, X/F1 = 25/75, as a final 
note. At  this low concentration, the line shapes of the 
viscoelastic spectra deviate from the proposed general 
linear viscoelastic theory. The deviation appears related 
to a too small K value, which can be caused by a tube- 
renewal process a t  sufficient low concentrations. A recent 
study1' as to the reason why the tube renewal process is 
negligible for the viscoelastic properties of a nearly mon- 
odisperse melt does suggest that the tube-renewal process 
can become important when the concentration of the 
polymer solution is sufficiently low yet still in the entan- 
glement regime. Further, X/F1 = 25/75 appears close to 
the concentration region, where the polymer solutions 
transit from the concentrated regime to the semidilute 
regime. It has been suggested that the transition con- 
centration is independent of MW and is around 0.05-0.2 
g/mL.lB At  X/F1 = 25/75, the solutions may already be 
influenced by the good solvent property (the excluded 
volume effect) that can occur in the semidilute regime. It 
is hard to judge now whether the two effects described 
above, tube-renewal process and excluded volume effect, 
are related in a meaningful way. In any case, the deviation 
at  X/F1 = 25/75 may very well be expected, since the 
proposed general linear viscoelastic theory is supposed to 
hold only in melts and concentrated solutions. 

Appendix 
The blending law can be basically described by the 

following stress relaxation function for a blend system 
consisting of two monodisperse components whose MWs 
are both greater than Me and far apart from each other 
(without including the A and X processes) (see ref 21 of 
paper 2) 
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M,. Because it experiences no entanglement, the molecular 
dynamics of the low-MW component is best described by 
the Rouse theory and T(t )  decays to zero very quickly. For 
this case, eq A1 can be rewritten as 

cHpC(t/ 7 C H ) I  (AI) 
where T ( t )  is a decaying function for the tube-renewal 
process with a characteristic time 7 T ,  which is experi- 
mentally larger than the 7 a  value by about a factor of 7. 
The T ( t )  process is caused by the disentanglement of the 
low-MW chains from the high-MW chains. Consider the 
case where the low-MW component has a MW (ML) below 

The prefactor of the second term says that the entangle- 
ment MW is increased to a value, M,' = Me WH-l by dilu- 
tion. 

When the A and X processes of the high-MW compo- 
nent are included, eq 1 is obtained (with the subscript H 
omitted). Because entanglement MW is increased to M,' 
= Me WH-l by dilution, the Me quantity that appears in all 
the relaxation times (7*, T ~ ,  and 7,J and the relaxation 
strengths (B  and C) of the monodisperse system need be 
replaced by M,' for the present blend (or concentrated 
solution) systems. 

is 
somewhat similar to that based on a simple counting of 
intermolecular random contacts of a polymer s~lut ion. '~J~ 
The relation, M,' = MeWH-l, is in agreement with a a 
WH-lI2 (where a is the entanglement step length) obtained 
from computer simulations.16 
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