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ABSTRACT Viscoelastic and diffusion properties of blends of short and long polystyrene (PS) chains 
(designated as 1- and 2-chains, respectively) with the molecular weights M,, and Mw2 were compared. The 
content of the 2-chains was small, and no entanglements between them existed in the blends examined. If 
Mw2 >> Mwl > Mco with Mco being the characteristic molecular weight, the relaxation time of the 2-chain in 
the blends was proportional to the diffusion time of the 2-chain evaluated from the diffusion coefficient data 
in the literature. Both times were almost proportional to MWl3Md2, suggesting that the 2-chain relaxed and 
diffused by the retarded Rouse-like mode due to tube renewal. However, the ratio of the two characteristic 
times did not coincide with that for the Rouse chain, indicating that the dynamics of the dilute 2-chain in 
the blends with M,, >> MWl > Mco is not completely the same as that of the Rouse chain. If Mw2 >> Meo > 
MWl with Meo being the entanglement spacing and if the 2-chains were not entangling but still overlapping 
with one another, their relaxation time (a <J4,10Mw22 with lo being the monomeric friction coefficient) agreed 
reasonably well with the intrinsic Rouse diffusion time evaluated from the diffusion coefficient data for 
monodisperse PS. On the other hand, an analysis on the data of Green and Kramer suggested that the diffusion 
time of the infinitely dilute 2-chain was proportional to J-dMw10Mw21.b1.6, and the Stokes-Einstein diffusion 
(having the characteristic time a{,,Mw11MW21.5) was not observed for the blends with 2100 < M,, 5 Meo. 

Introduction 
The entanglement interaction is one of the most sig- 

nificant features in condensed long-chain polymer systems. 
The dynamics of such a chain molecule is strongly affected 
by the surrounding chains. Thus, binary blends composed 
of narrow molecular weight distribution (hereafter desig- 
nated as monodisperse) polymers are a simple but very 
important model system for clarifying the entanglement 
effect on polymer dynamics. Viscoelastic as well as dif- 
fusion measurements are convenient for such studies. 

We have examined the viscoelastic properties of blends 
of linear and monodisperse polystyrenes (PS) and found 
the following If the weight-average molecular 
weight Mw2 of the longer chain (hereafter designated 2- 
chain) is much larger than MWl of the shorter chain (1- 
chain) while M,, is still larger than the entanglement 
spacing Meo ( ~ 1 . 8  X 104)4 and if the content w2 of the 
2-chain is smaller than a critical value (wJC E Mco/MWz 
corresponding to the onset of the entanglements between 
the 2-chains, the relaxation time of the 2-chain strongly 
increases with increasing Mwl. (Here, Mco = 3.1 X lo4 is 
the characteristic molecular weight for bulk PSe4) In the 
framework of the generalized tube model, this relaxation 
process corresponds to tube renewal.&' 

The diffusion of PS chains either in the monodisperse 
state or in blends has also been examined.&16 In blends 
with M,, >> M,, > Mco and with small w2, the diffusion 
coefficient of the 2-chain strongly increased with decreasing 
MW1.l1J3 Namely, the molecular motion attributable to 
tube renewal is observed also in diffusion measurements. 

A comparison of the viscoelastic and diffusion data may 
provide more information on polymer dynamics. In this 
paper, we present the results of such a comparison and 
discuss the dynamic modes of the 2-chain in the blends. 
Results and Discussion 

Viscoelastic Data. We have already obtained viscoe- 
lastic data for PS/PS blends with 10-4M,1 ranging from 
0.52 to 17.2 and 104Md from 31.5 to 281.1-3 The viscosity 
(72,bB), elastic coefficient (AP,bB), and compliance (J2,bB) of 
the 2-chain in the blends with small w2 were evaluated by3 

72,bB = TbB - Wl?ll,m ( la)  
A2,bB = AbB - WIAl,m (1b) 
J2,bB = A2,bB/(q2,bB)2 ( I C )  

where the subscripts bB and l,m respectively represent 
the quantities of the blend and monodisperse 1-chain and 
w1 is the content of the 1-chain. The terms and 
wlAl,m in eq laband l b  represent the contribution of the 

As shown previously,l 72,bB and A2,bB were proportional 
to w2, and hence J2 ,bB  to w2-l (cf. eq IC) for blends with w2 
< ( w ~ ) ~ ,  suggesting that no entanglement existed between 
the 2-chains, which thus behaved as in a dilute solution. 
We call such blends the dilute blends. For such blends, 
the quantities J2,bBq2,bB, the weight-average relaxation time 
of the 2-chain, and wZJ2,bB,  the compliance of the 2-chain 
reduced to its unit volume, are independent of w2. (We 
assumed the weight fraction w2 to be equal to the volume 
fraction of the 2-chain in the blend.) 

Figure 1 shows the Mw2 dependence of (a) J~ ,bBq2 ,bB and 
(b) w d 2 , b B  for the dilute blends. The open and filled circles 
are the data for the blends with large and small M,,/M,, 
ratios, and the triangles represent the data for the mon- 
odisperse PS. All these data are compared at  an iso- 
free-volume-fraction (f,) state with f, = 0.0644. The ref- 
erence temperatures are 146, 155, and 167 "C for the 
blends with 10-4M,1 = 0.52 and 1.05 and 12.34, respec- 
t i ~ e l y . ~  

As seen in Figure la,  the relaxation time of the 2-chain 
in the dilute blends with 5200 I M,, < Meo is independent 
of M,, and close to the intrinsic Rouse relaxation time (the 
solid line with the slope of 2) evaluated from the data for 
the monodisperse PS with small M,. For Mw2 >> M,, > 
Meo, J2,bBq2,bB strongly increases with increasing M,, and 
is almost proportional to Mwl3MW,2, as shown previ~usly.~ 
This dependence may be explained by the tube renewal 
me~hanism.~-~J '  As M,, approaches Mw2, Jz,bBVZ,bB be- 
comes more weakly dependent on Mwl and approaches the 
relaxation time of the monodisperse 2-chain (triangles). 

The broken line in Figure l a  represents the virtual tube 
renewal time for monodisperse PS estimated from the data 
for the  blend^.^ This virtual time is longer than the actual 
relaxation time (triangles) for the monodisperse PS with 
M ,  > M,", and the difference between these times in- 
creases with increasing M,. As a crude approximation, 
the tube may be assumed to be fixed in space for highly 
entangled monodisperse PSa3 

In Figure lb,  we notice that Wd2 ,bB for the dilute blends 
with M,, >> M,, (open circles) is almost independent of 

1-chains to VbB and AbB. 
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Figure 1. Md dependence of (a) Jz,bBIz,bB and (b) w d 2 , b B  of the 
2-chain in the dilute blends at an iso-fr state with f, = 0.0644. The 
open circles represent the data for the blends with a large Md/Mwl 
ratio, and the filled ones the data for those with smaller Md/Mwl. 
The direction of the pips attached to the circles specifies Mwl, 
as indicated in the figure. The triangles are (a) the weight-average 
relaxation time and (b) the compliance of monodisperse PS. The 
solid line for the compliance data represents the Rouse equation 
J2 = 0.4Mz/wzpRT. Note that the scales for the left and right 
axes are not the same. 

M,, and described approximately by the Rouse equation43O 
(the solid line with the slope of unity) 

Jz = 0.4M,/wZpRT (2) 

with p (=1 g ~ m - ~ )  being the density of PS, R the gas 
constant, and T the absolute temperature. As M,, ap- 
proaches Mw2, w ~ J , , ~ ~  (the filled circles) deviates downward 
from the Rouse line toward the compliance of well-en- 
tangled monodisperse 2-chains dyn-I cm2, repre- 
sented by the horizontal broken line). 

These results indicate that the 2-chain in the blend with 
Md >> M,, > Meo and w2 < (w2Ic relaxes by the retarded 
Rouse-like modes (presumably due to tube renewal) at low 
frequencies. With decreasing M,,/M,, ratio below a 
certain critical value (dl for the blends with M,, = 31.5 
X lo4; cf. Figure lb),  the slow relaxation modes of the 
2-chain are no longer Rouse-like but become close to those 
of the monodisperse chain. 

Diffusion Coefficient Data. Figure 2 summarizes the 
data for the self-diffusion coefficient D, of monodisperse 
PS (open circles) taken from the literature.g11J5 FleischerlO 
reduced and compared the data for M ,  5 Meo at Tg + 125 
"C with Tg being the glass transition temperature. The 
monomeric friction coefficient lo would be the same at  his 
reference temperature. Thus, we compared the data of 
FleischerlO and other a u t h o r ~ ~ ~ ~ J ~ ~ ' ~  at  Tg + 125 "C (=225 
"C for large M,). 

Antonietti and co-workers15 reported the data for M ,  
2 Meo at 212 "C .  They14 showed that the temperature 
dependence of D, agreed well with that of the viscosity 
)I, of monodisperse PS.21 Thus, their datal5 were reduced 
by the WLF equation of Allen and The data of 
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Figure 3. Comparison of the characteristic relaxation and dif- 
fusion times of the 2-chain in the dilute blends with M >> Mw1 
> M," at 167 "C. The open symbols represent our data, and the 
filled ones those of Montfort and co-worker~.~~ The meaning of 
the pip for the open symbols is the same as in Figure 1. 

Here, Meo is evaluated to be 1.8 X lo4 by the relation of 
rubber elasticity,"~20 GNo = pRT/Meo and is found to be 
1.44 X lo4 by the Doi-Edwards relationz2 G N o  = 4pRT/ 
5Me0 with G N o  = 2 X lo6 dyn cm-2 being the plateau mo- 
dulus. The result, especially eq 5a, agrees with eq 4 very 
well. Thus, not only the M ,  dependence but also the 
magnitude of the D, data (of Green and co-workers") for 
well-entangled monodisperse PS appears to be described 
satisfactorily by the reptation mechanism alone.23 

Green and co-workers'l also reported the data for the 
diffusion coefficient D2,bB of the long diffusant (2-chain) 
in the short-matrix chains (1-chains) a t  174 OC.l3 Some 
of their data for M,, >> Mwl > M," reduced at 225 "C are 
shown by the filled circles in Figure 2. D2,bB is significantly 
larger than D, of monodisperse 2-chain (open circles) and 
strongly increases with decreasing Mwl. 

Comparison of Characteristic Relaxation and Dif- 
fusion Times. 1. Blends with Mwz >> MW1 > Mco.  
Here, we compare the relaxation and diffusion times of the 
2-chain in the dilute blends with Md >> Mwl > Mco at the 
reference temperature (167 OC) we employed in Figure la. 
For such blends, to is practically constant and independent 
of M,, and Mwz at a constant temperature (167 "C) well 
above Tg. 

We defined two characteristic diffusion times, ( r,2)/Dz,bB 
and Nz2(r12)/Dl,bB. Here, N2 = Mwz/Meo is the number 
of entanglements per 2-chain, Di,bB is the diffusion coef- 
ficient of the i-chain in the blend, and ( r i 2 )  is the mean- 
square end-to-end distance of the i-chain (i = 1, 2). 

Green and co-workers" reported an equation, which 
described well their Dz,bB data for M,! > Mwl > M," at 174 
OC.l3 Reducing that equation by their Vogel equation,12 
we obtained 

3.7 X 10-3M,-2 + 1.58 X 107Mw1-3Mw2-1 

'52 

D2,bB = 
(in cm2 s-l) 

(6) 

This dependence can be explained by the tube renewal 
me~hanism.~-'Jl) 

For the dilute blends, D1,bB should be very close to D, 
of the monodisperse 1-chain. Thus, reducing eq 4 by the 
Vogel equation of Green and co-workers,12 we evaluated 

D1,bB r 3.8 x 10-3Mw1-2 (in cm2 s-') (4') 

(r:)  (i = 1, 2) was evaluated by the empirical equation 

a t  167 "c. (Note that Dz,bB 0: Mw1-3M,2-1 for Mw2 >> MW1. 

Dl,bB a t  167 "c asz5 

for PS chains a t  the 

( r i z )  = 52.8 X 10-18M,i (in cm2) (7) 

- &  - 2  0 2 4 

l og  ( waT / s-' ) 

Figure 4. Comparison of the storage moduli G 2 , b ~ '  of the 2-chain 
in dilute blends with Mw2 = 281 X lo4 and w2 = 1 wt % at an iso-fr 
state with f r  = 0.0644 (circles and solid curves). The numbers 
attached to the Gz,bB' curves indicate 10-4Mw1. The broken and 
dotted curves respectively represent the storage moduli of the 
blends (GbB') and monodisperse 1-chains (GI,"). 

Figure 3 compares the characteristic diffusion times 
evaluated by eq 6, 4', and 7 with our weight-average re- 
laxation time JZ,bB??z,bB (open symbols). The Meo value 
used for the evaluation of Nz was 1.8 X lo4. Some data 
of Montfort and co-w~rkers'~ are also shown by the filled 
circles. They evaluated the viscoelastic relaxation time 7 
from Cole-Cole plots of the complex viscosity at 160 "C 
and reported that 7 was smaller by a factor of about 1.5 
than the weight-average relaxation time for monodisperse 
PS.19 Thus, we reduced their data to 167 "C by their WLF 
equation and plotted 1.51 against the diffusion times. 
Their data agreed with ours fairly well. 

In Figure 3, we find proportionality between the relax- 
ation and diffusion times (the solid lines in the figure) 
described by 
JZ,bB??Z,bB 4*4 

10-2( r ,2) /D~,b~ ( M w z  >> M ~ I  > Mc") (8) 

J2,bB??Z,bB 3.0 
10-3N,2(Ti2)/Di,b~ (MWZ >> M w ~  > Mc") (9) 

The broken line in Figure 3a indicates the theoretical 
relation for the Rouse chainz0 (2-chain) 

Jm = (1/90)(r22)/D2 (10) 

The numerical factor in eq 8 is about 4 times larger than 
that in eq 10. One possible (but yet uncertain) interpre- 
tation for this difference can be obtained from Figure 4. 
Figure 4 shows the storage moduli GPbB' of the 2-chain in 
the dilute blends with wz = 1 wt %, 10-4Mwz = 281, and 
10-4M,1 = 0.52 and 12.4. These GZ,bB' were obtained by 

(11) 

where GbB' and Gl,,' are the storage moduli of the blends 
and the monodisperse 1-chains, respectively (cf. eq 1). 

As can be seen from Figure 4, no rubbery plateau ap- 
pears in the Gz,bB' curve for the blend with Mwl = 0.52 X 
lo4 (<Meo) ,  while the rubbery plateau and successive 
(wedgelike) shoulder are observed for the blend with M,, 
= 12.4 X lo4 (>>Meo). These results indicate that the 
constraints on the 2-chain due to the surrounding 1-chains 
with M,, > Meo are still effective at short time scales and 
released by the Rouse-like modes a t  long time scales. 
Namely, the dynamics of the 2-chain is not completely the 
same as that of the Rouse chain, suggesting that the nu- 
merical factor in eq 8 should not necessarily equal the 

Gz,~B'(w) = GbB'(W) - W1Gl,m'(W) 
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Rouse factor, l/w, given in eq 10. (Since J2,bB determined 
by eq IC is insensitive to the behavior of the 2-chain a t  
short time scales, the Rouse equation (eq 2) is approxi- 
mately valid, as seen in Figure lb.) 

Now we analyze eq 9. This equation suggests that the 
diffusion of the 1-chain determines the rate of mechanical 
relaxation of the 2-chain. The comparison of eq 4 and 5 
suggests that reptation is the dominant diffusion mecha- 
nism for the well-entangled 1-chains. Then eq 9 may be 
rewritten as 

J~,$BT)~,~B 0.089N2271rep (9' 1 
where T~~~~ = (r?)/(3r2Dl,b~) is the reptation time of the 
1-chain.22 Assuming the Rouse relation J2,bBT)2,bB = (r2/ 
15)72,bB with 72,bB being the longest relaxation time of the 
2-chain in the blend, we can rewrite eq 9' further 

72,bB 0.14N22~1Tep (9" ) 

On the basis of the random jump model, Graessley' 
calculated the time rt required for the tube renewal process 
as 

7t = (2A/.~')N2~71'~" (12) 
where A = (3/12)2/2 is a factor determined by the number 
z of the local jump sites in an entanglement spacing. 
(Although Graessley used the Rouse equation similar to 
eq 10 in deriving eq 12, the comparison of eq 9" and 12 
seems to be reasonable because only the Rouse-like be- 
havior of the 2-chain a t  long time scales is incorporated 
in the Graessley theory.) The numerical factor in eq 9" 
is close to the Graessley factor 2A/7r2 (~0 .17 )  for z = 1 in 
eq 12. However, the factor in eq 9" depends on the Meo 
value used for the evaluation of Nz. If we use Meo = 1.44 
X lo4 instead of 1.8 X lo4 (cf. eq 5), the numerical factor 
in eq 9" becomes 0.086, which is close to the Graessley 
factor (~0.069)  for z = 2. 

2. Blends with Mwz >> Meo 2 Mwl. Here we turn our 
attention to the dilute blends with Mw2 >> Meo 2 Mwl, in 
which the 2-chain entangles neither with the 1-chains nor 
with the other 2-chains and to depends on both tempera- 
ture and Mwl. In Figure la,  we showed the weight-average 
relaxation time of the 2-chain in such blends a t  the 
Mwl-dependent iso-lo temperatures. Those data were 
summarized as3 
Jz,~BT)~,~B E (1.6 f 0.3) x 10-12Mw10Mw~2 (in S) (13) 

( M d  >> Meo > Mwl 2 5200; f, = 0.0644) 
First, we compare this relaxation time with the diffusion 

time evaluated from the D, data. Applying the Vogel 
equation of Green and co-workers12 to eq 3, we estimated 
the Rouse diffusion coefficient of the 2-chain at our iso-fo 
state as 

DR2 = 5.7 X 10-7Mw2-1 (in cm2 s-l) (3') 

and the intrinsic Rouse diffusion time of the 2-chain as 
(1/90)(r22)/DR2 E 1.0 X 10-12Mw22 (in s) (14) 

This agrees with eq 13 reasonably well, suggesting that the 
dynamic modes of the 2-chain in our blends are close to 
the intrinsic Rouse modes. 

Now we compare our relaxation time also with the 
diffusion time evaluated from the data. Green and 
Kramer13 examined the diffusion of the 2-chain in the 
blends with M& >> Meo 2 Mwl. To compare the D2,bB data 
at an iso-to state, they chose the Mwl-dependent reference 
temperatures Tr,GK cited in Table I. They showed that 
@,bB a Mw~1Mw2-(0~w~s) a t  these T, ,G~ and concluded that 
the Stokes-Einstein diffusion5 of the 2-chain was observed. 
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Table I 
Reference Temperatures at Which the Dilute Blends with 
Mw2 = 52 X lo4 and M,, 5 Meo Have the Same Monomeric 

Friction Coefficient 
Md T. c.u 1°C" T. r p l ° C b  
2 100 90 83 
4 000 104 101 

10 000 116 115 
20 400 119 120 

"Reported by Green and Kramer.13 *Tr@ = Tg + 25 "C;" Tg 
was evaluated by the empirical equation T i 1  = (1/373) + 0.72/M 
(in K-I), which gave Tg values very close to those reported by 
Green and Kramer.13 

Antonietti and co-workerslS compared the D2,bB data for 
the blends with Mwl 5 Meo at a constant temperature 212 
OC. They showed that D2,b~ was almost proportional to 

if Mwl was kept constant and that D2,b~ = Mwl-a for 
constant Mw2 with a being somewhat larger than unity. 
They also concluded that the Stokes-Einstein mechanism 
largely contributed to the diffusion of the 2-chain. Since 
lo at 212 O C  would be the same for the dilute blends with 
the same Mwl, we may say that their relation D2,bB = 
is the relation at an iso-fo state. (The Mwl dependence of 
their Dz,bB data at an iso-to state was still uncertain, how- 
ever.) 

The diffusion time (r,') / DZ,bB evaluated from the data 
of Green and Kramer13 is proportional to Mw21.5-1.6, while 
that from the data of Antonietti and co-workers15 is pro- 
portional to Mw2. Our relaxation time (eq 13) is also 
proportional to Mw2 a t  an iso-fo state. This difference 
seems to be related, at least partly, to the difference in w2: 
In most of the blends examined by Antonietti and co- 
w o r k e r ~ ~ ~  and also in our blends, the 2-chains were not 
entangling but still overlapping with one another. On the 
other hand, although not reported, Green and Kramer13 
seem to have examined the blends containing infinitely 
dilute 2-chain: They measured the concentration profile 
of the 2-chain diffusing from its very thin layer into a much 
thicker matrix of the 1-chains. 

The polymer chains in a low molecular weight solvent 
exhibit Zimm-like behavior a t  infinite dilution, while 
Rouse-like behavior prevails when the chains overlap but 
do not entangle.4 This Zimm-Rouse transition has been 
interpreted as due to the hydrodynamic screening that 
takes place as the polymer chains overlap.4 Thus, we might 
tentatively explain the difference in the Mw2 dependence 
of the characteristic times for the blends similarly as due 
to the difference in the magnitudes of the hydrodynamic 
interaction between the segments of the 2-chain. (How- 
ever, this does not necessarily mean that the D2,bB data for 
the infinitely dilute 2-chain are explained by the Zimm 
theory, as shown later.) 

Now we examine the Mwl dependence of the charac- 
teristic times at an iso-l0 state: The diffusion time of Green 
and Kramer is proportional to Mwl, while our relaxation 
time is proportional to Mw,O. To see whether this differ- 
ence, which seems not to be related to the difference in 
w2, is due to some artifacts in reducing the data to an iso-fo 
state or not, we reexamine the D2,b~~data in Figure 5. (As 
shown previo~sly,~' our viscoelastic data were correctly 
reduced and compared a t  an iso-to state.) 

The filled circles in Figure 5a show the D2,bB data for 
the blends with Mw2 = 52 X lo4 and Mwl 5 Meo at the 
Green-Kramer reference temperatures T,,GK.l3 Certainly, 

However, as shown by the filled circles in Figure 5b, the 
viscosity T ~ , ~  of the matrix 1-chain (evaluated from the 
Allen-Fox article21) is not proportional to Mwl at Tr,GK. 

D2,bB Mw1-l (and thus (r22)/D2,bB o: Mw1) at Tr,GK. 
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Figure 5. M,, dependence of (a) Dz,bB for the dilute blends with 
lO-*MWz = 52 and 10-4Mw1 = 0.21,0.4, 1.0, and 2.04 reported by 
Green and Kramer,13 (b) fl,m of the monodisperse 1-chain with 
M,, as indicated above, and (c) the product D2,bBTlplT1 evduated 
for the dilute blends examined in Figure 5a. The  filled circles 
indicate the data at the Green-Kramer reference temperature 
Tr,GK,13 and the open ones the data a t  TIN = Tg + 25 O C  (cf. Table 
I). 

Thus lo at Tr,GK seems not to be the same for the blends 
examined in Figure 5a, because ql,m a law1 for Mwl < 
Mc".21 

For the Stokes-Einstein diffusion, we obtain5 
DP,bB a T7?1,m-1(r22)-1'2 (15) 

with T being the absolute temperature. ( r22) 1/2 would be 
almost the same for the blends examined in Figure 5a.28 
Thus, if the Stokes-Einstein diffusion takes place, the 
product Dz,bBr]l,T1 should be independent of Mwl. Figure 
5c shows the Mwl dependence of this product evaluated 
a t  Tr,GK for the blends examined in Figure 5a. Clearly, 
D2,bBql,T1 is almost proportional to Mwl. This suggests 
that the Stokes-Einstein diffusion does not prevail for 0.21 
C 104Mw1 C 2.04 and leads to the relation D2,bB a <<'MW: 
because ql,m a <&fwl. Thus, the Mwl dependence of the 
diffusion time seems to be the same as that of the relax- 
ation time. 

Reducing the D2,bB data by the WLF equation of Al- 
len-Fox21 to an iso-f0 state with a reference temperature 
Tr,AF (=Tg + 25 "C), we also reach the above conclusion. 
As shown by the open circles in parts a and b of Figure 
5, ql,m a Mwl and D2,bB is almost independent of Mwl 
(N<Meo) a t  Tr,AF. 

Tr,AF values are compared with Tr,GK in Table I. The 
difference between Tr,AF and Tr,GK is not large for Mwl 1 
4000. However, since lo is strongly dependent on T if T 
is not much higher than Tg, these small differences in the 
reference temperatures may lead to a large difference in 
lo- 

Transition to Zimm Behavior. The analysis made in 
the previous section suggests that the infinitely dilute 
2-chain in the blends with 2100 < Mwl 5 Meo has the 
diffusion time 

(rZ2) a t0MwloM w2 1.5-1.6 (16) 
Equation 16 suggests that the hydrodynamic interaction 
between the segments of the %chain, not screened by the 
1-chains in such blends, is expressed in terms of a certain 
local viscosity being independent of Mwl: If the 1-chains 
behave as the Rouse chain, their macroscopic viscosity ql,m 
is represented as the product of the frictional and struc- 
tural  factor^.^^^^^ The former (a lo) represents the seg- 
mental friction, and the latter (aMwl) is due to the 
large-scale normal modes of the 1-chain. Such 1-chains 
seem not to behave as a uniform medium with the viscosity 
ql,m for the segmental motion of the 2-chain as long as they 
are larger than the segment of the 2-chain. Then the 
dynamics of the 2-chain would not be completely the same 

Table I1 
Comparison of the Dz,be Data for the Infinitely Dilute 2/1 

Blends with MW1 5 Meo and the Theoretical Diffusion 
Coefficient D,, of the Zimm Chain" at T,,, 

2 100 1.1, 1.0, 

10 000 0.28 0.25 
20 400 0.l3 0.1, 

4 000 0.50 0.49 

"Calculated by eq 17; ql* was evaluated from the Allen-FoxZ1 
article (cf. filled circles in Figure 5b), and ( r 2 ) 1 / z  from eq 7. 

as that of the (true) Zimm chain. 
However, if Mwl is sufficiently small, the 2-chain should 

exhibit Zimm behavior (essentially the same as Stokes- 
Einstein behavior). Table I1 compares the D2,bB datal3 and 
the theoretical diffusion coefficient of the Zimm chain29 
(2-chain) 

Dz2 = 0.192kT/q1,m(r2z)1~2 (17) 

with K being the Boltzmann constant. We can check the 
validity of the Zimm theory at any temperature, because 
eq 17 does not include lo explicitly. Thus, we made the 
comparison a t  Tr,GK. We see that D2,bB is larger than DZ2 
for M,, 1 4000. However, as first pointed out by 
G r a e ~ s l e y , ~ ~  D2,bB "= Dzz for Mwl = 2100. We expect that 
Zimm behavior IS observed for Mwl 5 2100.31 
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ABSTRACT Viscoelastic properties of binary blends (bB) of monodisperse linear polystyrenes with low and 
intermediate molecular weights M ,  and M2 (designated 1- and 2-chain, respectively) were examined and compared 
with those of ternary blends (tB) composed of the same 1- and 2-chains plus a third high molecular weight 
M 3  component (3-chain). In tB, the 3-chain content w3 was so small that no 3-3 entanglements existed. If 
the content of the 2-chain w 2  was sufficiently large, the compliance J2 and viscosity q2 of the 2-chain in bB 
were proportional to wL2 and w ? ~ ,  as in the case of concentrated solutions of the 2-chain in a low molecular 
weight solvent. The range of w2 where these relations were observed was wider for bB with larger M z / M l  
ratio. The relaxation time r3 of the 3-chain in tB  was proportional to  wz3 if M 2 / M l  and w2 were large; this 
relation was not observed for small M 2 / M 1  and w2. To describe the slow rel_axation behavior of the 2- and 
3-chains in a unified way, we evaluated an  effective entanglement spacing Me, characterizing the terminal 
relaxation moies of the ?-chain. Me, increased with decreasing w z  and increasing M 2 / M l  ratio. A universal 
relation T~ a Me2-3 with Me, being determined for the corresponding bB was found for tB  with large and small 
M 2 / M l  ratio. Thus, bB'and t B  respectively could be regarded in the long-time regjon as the concentrated 
solution of the 2-chain and 312 blend having the effective entanglement spacing Mez. These results were 
interpreted on the basis of the tube renewal concept. 

Introduction 
The effect of entanglement on the viscoelastic properties 

of flexible linear polymers is one of the cent ra l  problems 
in polymer rheology. Extensive data have been accumu-  
lated for entangled polymers with both narrow and broad 
molecular weight  d i s t r ibu t ion  (MWD).'p2 However, the 
detailed relaxation mechanisms of entangled polymers are 
not ye t  fully understood. 

Blends composed of narrow MWD polymers are simple 
but important model sys t ems  for  unde r s t and ing  th i s  
problem because such  blends of ten  exhib i t  relaxation 
modes  not observable i n  nar row MWD polymers. Re- 
cently,  we carried out a series of sys temat ic  studies3+ on 
binary  blends (bB) of nar row MWD linear polystyrenes 
(PS) wi th  low and high weight-average molecular weights 
(Mwl and Mwz, respectively). The results obta ined  were 
as follows.3+ 
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The relaxation modes  of the shor t -cha in  component 
(hereaf te r  des igna ted  the 1-chain) were affected b y  
blending only slightly, while those of the long-chain com- 
ponent (2-chain) were strongly dependent on Mwl and Mwz 
as well as on the composition wi (i = 1, 2 )  of the blend. 

When Mwl was larger than the entanglement spacing Me, 
a power-law type dependence of the relaxation time of the 
2-chain on Mwi and wi was observed for the blends under 
t h e  following extreme conditions. 

(a) If Mwz >> M,, > Me and w2 ( w J C  with ( w ~ ) ~  being 
the critical 2-chain content for  onset of en tanglements  
be tween the 2-chains (2-2 entanglements),  the re ta rded  
Rouse-like relaxation of the 2-chain was  observed at low 
frequencies,  and i t s  characterist ic t i m e  was5f' 

712 a 36w20Mw13Mw22M,-3 (1) 

Here {o is the monomer ic  friction coefficient. 
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