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ABSTRACT Mixtures of linear poly(viny1 methyl ether) (PVME) with four-armed star polystyrene (PS*) 
were studied to evaluate the effect of chain topology on the critical fluctuations in homogeneous polymer 
mixtures. It was found that the cloud point curve of the PS*/PVME mixtures were elevated by -10 "C 
over that of the corresponding linear mixtures. Use of deuterated PS* elevated the cloud point by another 
-10 O C .  Small-angle neutron scattering SANS on mixtures of the deuterated PS* with PS* wm used to 
evaluate the single chain structure factor of the PS*. The agreement between the theories of Benoit and 
Burchard for branched molecules and the experimental structure factor was excellent. Using this struc- 
ture factor the concentration fluctuations in the homogeneous mixtures was investigated by SANS as a 
function of concentration and temperature. The inverse of the intensity at zero scattering vector, S(O)-', 
extrapolated linearly with the inverse temperature to yield the spinodal temperature T,. The correlation 
length, F ,  was found to depend upon [(T - T,)]/T,]-' where v = 0.5. r2 was also linearly dependent on T1 
yielding a value of T, at [-2 = 0 in close agreement with the S(O)-' results. to, the bare correlation length, 
was found to depend upon composition in a manner similar to a previous study. Finally, the Flory-Hug- 
gins interaction parameter was found to vary with 1 / T  and to depend upon composition. 

Introduction 

The thermodynamics and kinetics of phase separation 
in polymer mixtures have been of considerable theoreti- 
cal and experimental interest for some time. Since the 
first observation of spinodal phase separation in mix- 
tures of polystyrene PS with poly(viny1 methyl ether) 
(PVME) by Bank, Leffingwell, and Thies' and later by 
Nishi et a1.2 the interest in the kinetics of phase separa- 
tion in polymers has This interest stems pre- 
dominantly from the fact that polymer mixtures, due to 
the slow diffusion coefficients of polymers, are ideally 
suited as systems where the spinodal process can be char- 
acterized experimentally. This has not been the case for 
small molecule mixtures where the process occurs rap- 
idly. In general, for polymer/polymer mixtures the ini- 
tial stages of phase separation can be qualitatively 
described by the linearized theory of Cahn.12-15 Modifi- 
cations by de Gennes," Pincus,17 and, later, 
and Heerman2' to polymers has provided some predic- 
tive capability although, only recently, quantitative com- 
parison with theory has begun to appear.21 

In addition to these kinetic aspects of phase separa- 
tion concentration fluctuations present in the homoge- 
neous mixtures below the lower critical solution temper- 
ature LCST have been the subject of intense interest ex- 
perimentally.22-26 Small-angle neutron (SANS) and X- 
ray (SAXS) scattering studies have shown that polymer 
mixtures can be suitably described by a mean field type 
behavior. As the spinodal temperature T, is approached 
the correlation length describing the correlations in con- 
centration fluctuations is governed by a power law where 

0024-9297 f 90/2223-0654$02.50/0 

The exponent v has been found to be 0.5, the mean field 
exponent, to within experimental error. The bare corre- 
lation length to is found to be related to the statistical 
segment length of each component. In only one instance, 
a t  a composition equal to the critical composition and a t  
temperatures very close to the critical temperature, has 
this relationship not proven to be ~ a l i d . ~ '  

In this study the effect of chain topology on the phase 
diagram and on the concentration fluctuations is exam- 
ined. The kinetic aspects of this problem will be dealt 
with separately.28 Mixtures of fractionated, linear poly- 
(vinyl methyl ether) (PVME) with a four-armed star poly- 
styrene PS* were investigated by light scattering to eval- 
uate the cloud point curve and by SANS to characterize 
the concentration fluctuations in the homogeneous mix- 
tures below the LCST. It is shown that for these mix- 
tures the thermodynamics is only minimally perturbed 
by the chain topology in that the cloud point curve is 
only slightly elevated. In addition, the characteristics of 
the zero scattering vector intensity and the correlation 
length are similar to that seen in linear mixtures. Finally, 
the Flory-Huggins interaction parameter, x, is shown to 
depend upon 1/ T and the composition of the mixture. 

Experimental Section 
The protonated poly(viny1 methyl ether) (PVME) ( M ,  = 1.49 

X lo5; M,/Mn = 1.21) used in this study was synthesized and 
fractionated as described elsewhere.29 The synthesis of the four- 
armed star polystyrene molecules has been described in detail 
e l s e ~ h e r e . ~ ~ . ~ ~  The normal star polystyrene PS* had an M ,  = 
2.21 x IO5 with M,/Mn = 1.05 whereas the deuterated star poly- 
styrene PSD* had an M ,  = 2.11 X lo5 with M,/Mn = 1.03. 

Cloud point measurements were performed on mixtures of 
PVME with linear polystyrene, PS* or PSD*, case from tolu- 
ene solutions onto a microscope slide. Typically, film thick- 
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Figure 1. Small-angle neutron scattering for a mixture of 50% 
PSD* with 50% PS* at room temperature. The solid line throu h 

and B ~ r c h a r d . ~ ~  
the data is a fi t  using the theoretical treatments of Benoit 5.3 

nesses of 100 ,um were used. Prior to evaluation of the cloud 
points the mixtures were stored under vacuum at 60 "C to avoid 
water uptake. The cloud points were measured by using a 2- 
mW He-Ne laser (A = 63288,) with the sample mounted in a 
Mettler FP82 Microscopy hot stage. Both transmitted and scat- 
tered intensity were used to detect the onset of phase separa- 
tion. Heating rates of 1, 5, and 10 "C/min were used. The 
values reported were obtained by a linear extrapolation to a 
zero heating rate. Despite this, however, the cloud points can- 
not be taken as the binodal line. 

SANS studies were conducted at the National Institute of 
Standards and Technology. The incident neutron beam was 
monochromatized to 6 8, using a velocity selector. The sam- 
ples were mounted into a brass heating block with aluminum 
windows. Temperature control was held to better than k0.3 
"C. Twelve-millimeter cadmium masks defined the size of the 
beam on the sample. Absolute intensity calibration was achieved 
by using a dry silica gel as a secondary standard that was cali- 
brated against ~anadium.~' Mixtures of PS* and PSD* were 
investigated over the entire composition range to evaluate the 
single chain scattering function of the four-armed star mole- 
cules. These samples were prepared by freeze-drying solutions 
of the mixtures in benzene. The diaphanous powder was cold 
pressed into l-cm pellets and then melt pressed at 150 "C into 
a preformed mold. Mixtures of PVME with PS* were pre- 
pared by melt pressing thoroughly dried, solution cast films of 
the mixtures at 110 "C. These were then placed into the heat- 
ing cells and stored under vacuum at 60 "C prior to use to remove 
air bubbles and to prevent the uptake of water. After measure- 
ments, the samples were again stored under vacuum at 60 "C 
until all measurements were completed. 

Results and Discussion 
Prior to investigating mixtures of the PSD* with PVME 

the single chain scattering function of the star polymers 
was determined. Mixtures of PS* and the PSD* were 
investigated over the entire composition range. A typi- 
cal scattering profile for these mixtures is shown in Fig- 
ure 1. S(q) is the intensity, shown here in arbitrary units, 
plotted as a function of the scattering vector q,  which is 
given by (4 r /X)  sin 8 where X is the wavelength and 28 is 
the scattering angle. The single chain interference func- 
tion P ( q )  for a star-shaped molecule has been shown by 
B e n ~ i t ~ ~  and, later, B ~ r c h a r d ~ ~  to be given by 

f u = -Lt2 
3 f - 2  

0.00 0.04 0.08 0.12 

qw) 
Figure 2. Kratky plot of a 25:75 PSD*/PS* mixture. 

Here, f is the functionality of the star and (S ' ) ,  is the 
mean square z-average radius of gyration. S(q) and P(q)  
are related simply through the molecular weight and con- 
trast factor of the PS* and PSD* molecules. The solid 
line in Figure 1 is the result using eq 2 with f = 4 and R 
= 100 A. Analysis of all the PS*/PSD* mixtures yielded 
an average value of (R,2) ,1 /2  of 102 f 2 A. This result 
is in excellent agreement with the data of Roovers et 
a1.30,35,36 From their dilute solution light scattering mea- 
surements in a 8 solvent 

( ~ , 2 ) ~ l =  2.8 x ~ O - ~ M O ~ ~  (3) 
which yields a value of ( R  '),l/' = 102 A for the star 
molecules studied here. T i e  value of ( R  '),l/' for the 
corresponding linear polymer3's3' is 129 ff yielding g = 
( (R ,2 ) r ,PS* / (Rg2)Z ,ps )2  = 0.63 which is in good agree- 
ment with the results of Zimm and Stockmayer3' and 
with later refinements of Daoud and Cotton3' and Dou- 
glas and Freed.40 Thus, the four-armed star polymers 
used in this study are well-defined and are described suit- 
ably by random coil statistics of these polymers in a 8 
solvent. 

It is worthwhile to examine the scattering function of 
the PSD* further. In Figure 2 the data is plotted as 
S(q)q2 vs q,  i.e., as a Kratky plot. A maximum is seen a t  
q = 0.025 corresponding to U = 2.55. This agrees remark- 
ably well with the value of 2.52 predicted by B ~ r c h a r d . ~ ~  
In addition, the ratio of the intensity of the maximum, 
(S(q)q2)max, to that a t  higher scattering vector, (S(q)q'),, 
is 1.17. This compares to the value of 1.14 predicted by 
Burchard for monodisperse star molecules. The pro- 
nounced maximum seen in Figure 2 coupled with the fact 
that the (S(q)q'),,/(S(q)q')- ratio was not reduced by 
polydispersity effects suggests that the polydispersity of 
the star molecules is low. 

Mixtures of PS* with PVME exhibit a single glass tran- 
sition temperature, T , as measured by differential scan- 
ning calorimetry, whi& is characteristic of a miscible sys- 
tem. The T of PVME was found to be -20 OC, whereas 
that for the hS*  was 99 "C in good agreement with pub- 
lished values.41 As shown by the lowest curve in Figure 
3, the Tg's of the mixtures varied smoothly, though not 
linearly, with composition. Upon heating the mixtures 
to elevated temperatures phase separation occurs. The 
cloud points, extrapolated to a zero heating rate, are shown 
in Figure 3 by the solid triangles. These are similar to 
the results of Nishi et al.42 It is interesting to compare 
this result with that obtained from the corresponding lin- 
ear PS mixture with PVME where the total molecular 
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Figure 3. Cloud points for mixtures of PS (W), PS* (A), and 
PSD* (0) with PVME as a function of the weight percent of 
polystyrene. The cloud points were extrapolated to a zero heat- 
ing rate in all cases. The spinodal points (0) for PSD*/PVME 
mixtures were obtained by analysis of the correlation length 
and scattering at q = 0 as a function of temperature. The glass 
transition temperature (a) as a function of composition for PSD*/ 
PVME mixtures was determined at a heating rate of 20 "C/ 
min. 

weight of the PS is kept constant. The cloud points for 
the linear mixtures extrapolated to a zero heating rate 
are indicated by the squares in Figure 3. It is seen that 
the cloud point curve for the linear mixtures is approxi- 
mately 12" lower than that of the corresponding PS* mix- 
tures. This temperature change is small and indicates 
that the perturbation of the free energy caused by the 
variations in the chain topology is slight. Finally, mix- 
tures of PSD* with PVME exhibit cloud points that are 
somewhat (ca. 6 "C) higher than the corresponding pro- 
tonated analogues. The increase in the cloud point by 
deuteration of one of the components has been found 
previously for mixtures of the two linear polymers PS/ 
PVME.43*44 The effect observed in this study on the 
PSD*/PVME mixtures is much less pronounced than that 
observed for the linear mixtures where an approximate 
30 "C difference was found. 

Neutron scattering studies were performed on the PSD*/ 
PVME as a function of temperature at  temperatures less 
than the observed cloud points for volume fractions of 
PSD*, C$ps, of 0.095, 0.189, 0.286, 0.385, and 0.584. The 
lowest temperature used in any of the studies was 100 
"C which, as can be seen from Figure 3, is well above the 
T of the mixtures. Typical scattering profiles for the 
Pk*/PVME mixtures are exemplified by the C$ps = 0.189 
mixtures of PSD* with PVME shown in Figure 4a at  100 
"C and Figure 4b at  136 "C. It is evident from these 
data, considering the &fold increase in the abscissa in 
Figure 4b, that the neutron scattering has increased dra- 
matically with an increase in the temperature. The scat- 
tering from a homogeneous polymer mixture was described 
by de G e n n e ~ ~ ~  using the random phase approximation. 
From these arguments the total structure factor ST(q) is 
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Figure 4. a. Small angle neutron scattering for a PSD*/ 
PVME mixture ( $ J ~ ~ ~ *  = 0.189) at 100 "C. The solid line is 
the fit using a de Gennes function where the topology of the 
star as taken into account. b. Same as in a but the tempera- 
ture has been changed to 136 "C. Note the five-scale increase 
in the abscissa reflecting the dramatic increase in scattering. 

related to the structure factor of the individual compo- 
nents, Sps(q) or spVME(q), by 

where Sps(q) and SpvME(q) are defined in terms of the 
interference function in eq 2 where f = 1 and 4 for the 
PVME and PSD*, respectively. K,  is the difference in 
scattering length densities of the two components defined 
as NA[!apsD*/ VPSD*) - VpVME)l2 where ai is the 
scattering length per mole of monomer with molar vol- 
ume vi and NA is Avogadro's number. Zi is the degree 
of polymerization of component i with volume fraction 
$i, V,  is a reference molar volume, and x is the Flory- 
Huggins interaction parameter as measured in the scat- 
tering experiment. C is an angularly independent con- 
stant that takes into account any background contribu- 
tions to the scattering, including incorrect subtraction 
of incoherent scattering. Over the scattering vector range 
of interest C was at  most 10% of the total scattering at  
higher angles and negligible at  lower angles. For mea- 
surements near the spinodal temperature the contribu- 
tion of C to the total scattering was insignificant. 4i, Zi, 
and Vi are given in Table I for all the components, fit- 
ting eq 4 to the experimental data requires adjustment 
of R PVM?, x, and C. 

Tak solid lines drawn in parts a and b of Figure 4 rep- 
resent the best fits of eq 4 to the experimental data. Agree- 
ment between the theoretical fit and experimental data 
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Table I 
Parameters for Individual Components 

PSD" PVME 
106Mw 2.1 1.49 

2 18.7 2570 
Y, cm3/mol 188 000 14 300 
1012a, cm/mon 10.656 0.331 
P ,  g/cm3 1.116 1.047 

MWIM, 1.03 1.21 

a Parameters are for perdeuterated PS. 
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Table I1 
Results of Scattering Analysis for PSD*/PVME Mixtures 

T,," Ts,b Rg,pVMEla (bZ)1'2,c 
4PS "C "C A A ["?A Y 
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Figure 5. The interaction parameter, x / V  as a function of 
the inverse temperature, 1/T, for mixtures of bSD* with PVME 
where the volume fraction of PSD* is 0.095 (@), 0.189 (O), 0.286 
(B), 0.385 (a), and 0.584 (A). 

was better than 4~2.5% over the entire scattering vector 
range. The values of x /  V ,  obtained as a function of the 
reciprocal of the measurement temperature for the dif- 
ferent compositions investigated are shown in Figure 5. 
For a given composition x / V o  is seen to vary linearly 
with the inverse temperature. This result has been found 
for numerous homopolymer mixtures as well as diblock 
 copolymer^.^^ At  a given temperature, x/ V, also depends 
upon composition and appears to have a maximum value 
near a @PSD. of ca. 0.2 as can be seen by the order of the 
lines in Figure 5. The compostion dependence of x / V o  
is predicted by the more recent treatments of polymer 
mixtures;47 however, quantitative comparison with these 
theoretical arguments would be premature at  this time. 

From the fitting of the temperature and composition 
dependent scattering Re ,pvME was found to be essen- 
tially invariant. Shown in Table I1 are the average val- 
ues of Rg,PVME, obtained for each composition. From these 
data it is also evident that Rg,pVME did not vary signifi- 
cantly with composition. Averaging over all composi- 
tions a value of R , p V M E  = 195 f 15 8, is obtained that 
compares quite well with the value of 208 8, reported 
elsewheres1 for PVME under 0 conditions. 

At a given temperature and composition the correla- 
tion length [ (T ,  4) characterizing composition fluctua- 
tions in the mixture is given by23*4s 

" I  r . 8  Y 

where xs is the value of x a t  the spinodal temperature 
and b' is the mean square statistical segment length. Since 
x varies with the inverse temperature, then E-' should 
vary with T1, and a t  the spinodal temperature, where x 
= xs, f-' should be zero. This simply states that a t  the 
spinodal temperature the correlation length characteriz- 

0.095 156.8 158.5 200 9.7 20.0 0.48 f 0.02 
0.189 143.8 143.6 186 9.0 15.8 0.51 f 0.01 
0.286 148.2 152.2 219 10.5 11.9 0.48f 0.04 
0.385 147.6 145.9 199 9.6 12.0 0.47 f 0.03 
0.584 152.5 151.8 175 8.6 11.2 0.49f 0.01 

Evaluated from 5' vs T' plot. 
Evaluated by averaging over the entire temperature range stud- 

Evaluated from S(O)-' plot. 

ied. 

I, 0.0 o , 2 ~  
2.3 2.4 2.5 2.6 2.7 

+ x  1 0 3 ( ~ - 1 )  

Figure 6. The inverse square correlation length, [-', as a func- 
tion of inverse temperature, 1/T, for PSD*/PVME mixtures 
where the volume fraction of PSD* is 0.095 (a), 0.189 (O), 0.286 
(B), 0.385 (O), and 0.584 (A). 

ing the concentration fluctuations become infinite in size. 
From the values of b and x / V o  obtained earlier by fit- 
ting the experimental S,(q) to eq 4, [ can be calculated 
by using eq 5. 

The values of [-' are shown in Figure 6 plotted as a 
function of inverse temperature. Throughout the entire 
temperature regime studied, [-2 is seen to vary linearly 
with inverse temperature for all compositions. Devia- 
tions from the mean field behavior, as discussed by 
Schwahn et al.,27 were not observed in this experiment. 
From the data in Figure 6, extrapolation of [-' to zero 
was straightforward yielding the value of T,. 

The values of T,  for each composition are shown in 
Table I1 and are plotted with the cloud point data in 
Figure 3. It is seen in Figure 3 that the locus of points 
defined by the cloud points and the spinodal line defined 
by the extrapolated of [-' do not intersect. This can be 
due to the fact that the cloud points do not truly define 
the binodal. If so, they would be tangent to each other 
a t  the minimum. The values of T,  for each composition 
can also be determined from eq 5. If, as was shown, [-2 
varies linearly with inverse temperature, then S(0,n-I 
should vary as 1/T. The extrapolated values of S(O,T)-' 
are shown in Figure 7 plotted as function of 1/T. As 
can be seen, very good linearity is observed allowing a 
relatively simple extrapolation to S(0,Tl-l = 0. The val- 
ues of T,  obtained from this analysis are shown in Table 
I1 and are seen to be in very good agreement with the 
previous results. Thus, the discrepancy of the noninter- 
section of the cloud point curve and the spinodal line 
must be due to the nonequilibrium nature of the cloud 
point curve. Regardless, both curves appear to have a 
minimum near 4ps = 0.22, indicating that this is the crit- 
ical composition of the mixtures. 

The mean square statistical segment length for each 
composition, (b')'/', obtained from the nonlinear least- 
squares fitting of eq 4 to the data, varied by a t  most 10% 
over the temperature interval investigated. The average 
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decreases with increasing PSD* concentration. These val- 
ues of to are only slightly larger than the values of to 
determined for the linear/linear mixtures. In both cases 
a similar concentration dependence is found. On the basis 
of these results, it is clear that the topological changes 
have not dramatically altered the range over which inter- 
actions occur in these systems. In fact, the overall ther- 
modynamic behavior of the star polymers is remarkably 
similar to that of their linear counterparts. This, how- 
ever, does not appear to be the case when the number of 
arms in the star polymer becomes very large.55 

In conclusion, the data presented here show that the 
configuration of four-armed star polystyrene molecules 
can be well described by the theoretical arguments of 
B e n ~ i t ~ ~  and B ~ r c h a r d ~ ~  for branched polymer systems. 
The cloud point for the star molecule mixtures with PVME 
is elevated by - 10 "C  over that of the linear/linear mix- 
tures, whereas deuteration of the star molecules elevates 
the cloud point by -10 " C  further. This effect of deu- 
teration is much less than that observed for the linear/ 
linear mixture. Mean field arguments appear to describe 
the behavior of the PSD*/PVME mixtures quite well. 
The data yield x that varies with composition, a mean 
statistical segment length that is in agreement with cal- 
culated values, and a bare correlation length that varies 
with composition. The correlation length varies with a 
reduced temperature with a 0.5 exponent as predicted 
for mean field type systems. The PSD*/PVME mix- 
tures can be characterized by virtually the same param- 
eters as are used for their linear counterparts indicating 
that the chain topology does not perturb the thermody- 
namics of the mixtures significantly. 

I I I I I I I I I I  

23 24 25 26 27 

1 i K - '  x l o 4 )  T 
Figure 7. The inverse neutron scattering intensity extrapo- 
lated to q = 0, S(O,T)-', as a function of the inverse tempera- 
ture, 1/T, for PSD*/PVME mixtures where the volume frac- 
tion of PSD* is 0.095 (a), 0.189 (O), 0.286 (B), 0.385 (O), and 
0.584 (A). 
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Figure 8. Logarithm of the correlation length, 5 ,  as a function 
of the reduced temperature, T = (7'- T,)/T,, for PSD*/PVME 
mixtures where the volume fraction of PSD* is 0.095 (a), 0.189 
(O), 0.286 (B), and 0.385 (0). The line shown has a slope of 
-0.5. 

value for each composition is shown in Table 11. As can 
be seen, (b')l/' does not vary markedly over the entire 
composition range and yields a composite average value 
of (b2) l / '  of 9.5 f 1 A. In comparison with mixtures of 
PSD and PVME investigated previously where a value 
of 7.7 A, the value found here is somewhat larger. This 
may be associated with the topological constraints of the 
star molecules. However, taking into account the poly- 
dispersity of the PVME, a calculated value of (b')l/' of 
8.5 was found for the linear mixtures5' which is within 
the error limits of these measurements. 

From mean field arguments in the limit of T - T ,  the 
critical fluctuations should scale according to53*54 

w, 4) = t07? (6) 
where T, the reduced temperature, is (T  - T,)/T,  and 
E o ( $ )  is the bare correlation length for a composition 4. 
The log of [ is shown in Figure 8 as a function of the log 
of the reduced temperature for each of the compositions 
studied. For reference, a line with a slope of -0.5 is also 
shown. The slopes of each line, 7', and the bare correla- 
tion lengths obtained for each composition are given in 
Table 11. As can be seen, to within experimental errors, 
[ for each composition varies with T4'5; Le., the star lin- 
ear mixtures are behaving in a mean field manner over 
the temperature range studied. This is precisely the behav- 
ior observed for the linear/linear mixtures. 

The values of the bare correlation length determined 
from these data are given in Table 11. As can be seen E o  
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ABSTRACT The tracer diffusion coefficient D,," of linear polystyrenes (PS) with weight-average molec- 
ular weights M ,  from 6100 to  2 890 000 was measured in entanglement networks of PS with M g  much 
higher than the molecular weight of the respective diffusants a t  temperature of 30 O C  by using forced Ray- 
leigh scattering technique. Total polymer concentration C was 13 and 18 wt %, and C of the diffusant was 
fixed a t  1 wt %. Dibutyl phthalate was used as solvent. D," data at C = 13 and 18 wt % and also those 
obtained at 40.6 wt % in an earlier study were found to  be superposed on one master curve by using two 
parameters, an effective friction coefficient of a segment { and the molecular weight between entangle- 
ments Me, for reduction. Reduced D," was proportional to M-' and M-2.5 in the unentangled (MIMD < 
1) and the entangled region ( M / M D  > l ) ,  respectively, where M D  is the molecular weight at the intersec- 
tion point and is very close to  Me. 

Introduction 

In a previous study,' the tracer diffusion coefficient 
D,, of linear polystyrenes (PS) with molecular weights 
MN was measured in entanglement networks of matrix 
PS with molecular weights Mp in the concentrated regime 
by using the forced Rayleigh scattering technique. We 
found that D,, asymptotically took a value of D,," inde- 
pendent of the molecular weight Mp of PS matrix with 
Mp > 5 M N ,  and also that D,," obtained exhibited a break 
a t  a characteristic molecular weight M,, which was very 
close to the molecular weight between entanglements Me 
of the network. D,," was inversely proportional to MN 
below M,, which indicates that the diffusing chain can 
be pictured as a free-draining Rouse chain with an effec- 
tive segment friction coefficient of l(C,T). Above M,,, 
the dependence of D," on MN was expressed by the power 
law D,," 0: MN-OL with the exponent a = 2.5 for the larg- 
est value of MN/Me = 30 studied. This behavior is in 
contrast to the tracer diffusion behavior in melts6 where 
a is very close to 2, in agreement with the prediction of 
the reptation theory." A similar difference in the expo- 
nent cy between concentrated solutions and melts was also 
observed for self-diffusion b e h a v i ~ r . ' ~ ~ - ~  Thus the retar- 
dation effect on diffusion due to the elastic entangle- 
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ment network characterized by Me appeared stronger in 
the concentrated regime than in melts. 

In the semidilute regime, there are large amounts of 
self-diffusion and tracer diffusion Among them, 
the most extensive study on D," behavior made by Yu 
and co-workers'' showed that D,," exhibited quite strong 
molecular weight dependence, such that a may be close 
to 3. Then acceptance of all values of the exponents 
reported leads to supposition that the exponent tends to 
monotonically decrease with increasing concentration from 
a value of 3 in the semidilute regime to 2 in melts. How- 
ever, we may point out that exponents for concentrated 
solution and melt data were obtained in the highly entan- 
gled region of MN/Me > 10, whereas a maximum value 
of M N / M e  attained is less than 10 for semidilute solu- 
tion data. Therefore there remains an ambiguity with 
respect to the exponent 3, which is only apparent and 
decreases with increasing MN/Me toward a somewhat lower 
value a t  large M / M e  values as is observed for melt data. 
I t  should be also noted that the exponent a for the self- 
diffusion coefficient D, in the semidilute regime is not 
in complete agreement with the theoretical value of 2 
but appears to be near 2. 

The present investigation is first aimed a t  extending 
D," measurements in the semidilute regime to the region 
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