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Figure 2. Plot of l/[ln D(C)/D,]  versus l / C .  The intercept, 
~ ( T , o ) ~ B , ,  is 7.769 x and the slope, [f(T,o)12/Bd& is 1.181 
x 10- . 
the volume fraction). Thus we write 

f (T ,C)  = f(T,O) + P ( T )  c (6) 
where f(T,O) represents the fractional free volume in the 
pure polymer and p(T)  is a parameter independent of 
concentration. 

Substituting eq 6 into eq 5 and doing some algebra, 
one finds 

b [D(C)/D,Il-' = f(T,O)/Bd i- [f(T,o)2/BdP(T)1(1/C) 

(7) 
where D ( C )  is the diffusion coefficient when the dye con- 
centration is equal to C and Do is the diffusion coeffi- 
cient in the limit of zero dye concentration. In Figure 2, 
we plot l / ln  [D(C)/D,] versus 1/C; the linear plot con- 
firms eq 7 and hence supports the free-volume theory of 
Fujita.' Using the assumption f(T,,O) = 0.025, we have 
calculated f ( T  = 127 "C, 0) to be equal to 0.030, also 
assuming the thermal expansion coefficient at  T to be 
4.82 X lo4 K-l, and this gives B d  = 0.384 and j(T) = 
0.128. If eq 6 is expressed in terms of the volume frac- 
tion, B d  becomes 0.392 and p(T) = 0.164. These values 
are consistent with Fujita's resultss and clearly show that 
the remarkable concentration dependence of the diffu- 
sion coefficient is due to the smallness of the f(T,O) and 
p(T )  values. 
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Quasielastic laser light scattering (QELS) experi- 
m e n t ~ , " ~  in conjunction with applications of new theo- 
retical achievements involving scaling the~ries ,~, '  have 
opened up a new stage in studying polymer dynamics. 
Despite considerable progress there are still unanswered 
questions related to some scaling exponents. QELS of 
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One notes that even a t  0.5% CQ concentration, D still 
has not reached the zero concentration self-diffusion limit, 
although the difference is about 6% in the present case. 
We expect that the difference increases as the tempera- 
ture is brought toward Tq of the polymer. Thus, efforts 
must be taken to ascertain the dependence of D on the 
dye concentration when investigating the diffusion pro- 
cess in the vicinity of T,. The presence of dye molecules 
tends to suppress the rapid change of D associated with 
the effect due to a large change in the chain motion that 
takes place in the vicinity of the glass transition region. 
To monitor the effect of the glass transition on the den- 
sity fluctuation through the diffusion study, it is there- 
fore essential to keep the dye concentration at  a very 
small level. 
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polymer solutions is usually studied by usin the photon 
correlation spectroscopy (PCS) technique! In a PCS 
experiment the time autocorrelation function (ACF) of 
the scattered light intensity is measured. The observed 
decay rate l7 of the ACF is related to diffusion phenom- 
ena. In dilute solutions r depends on concentration c 
and scattering angle 0 [or scattering vector q, where lql 
= q = (47r/X) sin (8/2) and X is the wavelength of light 
in the scattering medium]. The concentration depen- 
dence is caused by effective polymer segment-solvent mol- 
ecule and segmentsegment interactions while the g depen- 
dence is related to the influence of chain internal modes 
of motion. The product qR, (with the R, Stokes-effec- 
tive hydrodynamic radius) is closely related to the char- 
acteristics of diffusional movement measured in the ex- 
~er iment .~- '  If qR, < 0.4-0.5, translational diffusion of 
the macromolecular center-of-mass (characterized by the 
corresponding D, diffusion coefficient) dominates the 
ACF.6,7 In this scattering vector regime both the effec- 
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tive measured value of the diffusion coefficient and the 
first-order correction of its concentration dependence are 
independent of the scattering angle. With increasing 8 
(or increasing molecular size), ifqRh 2 0.4-0.5, contribu- 
tions from internal movements will also be reflected in 
the measured effective diffusion  coefficient.'^^ The c and 
q dependence of the reduced cumulant can be schemat- 
ically written as' 

(1) 
where subscript m refers to the measured effective value, 
subscript 0 to the limiting case a t  c - 0 and q - 0 , 3 ( q )  
is some function of the scattering vector, and the param- 
eter kD, which describes the first order correction factor 
of the concentration dependence, is the effective inter- 
action coefficient. If qRh < 0.4-0.5, k, does not depend 
on q (see ref 6, 7).  In this case its value describes the 
molar mass dependent thermodynamic and hydrody- 
namic interactions8s9 related to the translational move- 
ment of the center-of-mass of the whole macromolecule. 
If qRh 2 0.4-0.5, the measured value of k, decreases with 
increasing q due to contributions from segmental move- 
ments (intermolecular dynamics) to the measured ACF.',' 
To emphasize the difference between the two scattering 
vector regimes, we denote hereinafter k, by kD,o if qRh 
< 0.4-0.5 and with kD,eff otherwise. 

It has been shown for polystyrene in good solventsg 
that the relationship between kD,o and the weight-aver- 
age molar mass iVW can be expressed by kD,o a (a,)" 
where u = 0.76 if M, S 4 X 10'. A decrease in the mag- 
nitude of this exponent was reported for samples with 
higher molar masses,' but no theoretically based expla- 
nations have been given for this. In this note we want 
to point out that an interpretation for the change in the 
value of u can be given without assuming intrinsic effects 
related to large molecular sizes. The apparent decrease 
of u can be explained by the change in the experimen- 
tally observed diffusion regime due to the increased influ- 
ence of chain-internal movements on the measured ACF 
at high molar masses. 

Experimental Section 
Measurements were carried out on eight PS standard sam- 

ples. The sample specifications are given elsewhere6g7 eTcept 
PS9 (a product of Polymer Laboratories LTD) for which M ,  = 
9.3 x 10' g/mol and Mw/Mn < 1.2. Solutions were made with 
tetrahydrofuran (THF) (a good solvent for PS). Reagent grade 
THF was first dried with KOH and then freshly distilled from 
KOH under N, atmosphere. N, was kept over the distilled sol- 
vent prior to  use, and the viscosity and refractive index were 
checked before making the solutions. PCS measurements were 
carried out at 40 and 45 "C by using a Spectraphysics Ar ion 
laser operating at 514.5 nm. Other details of the experimental 
setup are described elsewhere in detail." 

Results and  Discussion 
The reduced concentration dependence of PS in THF, 

1 + k,,ef&, measured at different scattering angles a t  45 
"C, of two samples with a, = 1.29 X 10' g/mol (PS5) 
and M, = 4.47 X 10' g/mol (PS7) are plotted in parts a 
and b of Figure 1, respectively. The displayed values 
were calculated by using eq 1 from data used for dynamic 
Zimm plots published else where.'^^ 3 ( q )  was deter- 
mined by extrapolating the value of rm/q2 to c - 0. 
According to the plotted data, kD,eff for PS5 does not 
depend on q if 8 S 60'. This is illustrated in Figure l a  
by three undistinguisably matching fitted lines at the high- 
est slope for 8 = 35', 50°, and 60". For the sample PS7 
(with significantly higher molar mass) the fitted lines of 

rm/q2 = (r, , /q2)~(~)(1 + kDc + ... ) 
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Figure 1. a. Reduced concentration dependepe of the effec- 
tive diffusion coefficient of the sample PS5 (M, = 1.29 X 10' 
g/mol) measured at different scattering angles: (0) 35'; (X) 50'; 
(+) 60°; (0) 75'; (A) 90'; (0) 110'; (A) 130'. b. Reduced con- 
centration dependpce of the effective diffusion coefficient of 
the sample PS7 (M, = 4.47 x 10' g/mol) measured at differ- 
ent scattering angles: (0) 27'; (X) 32'; (+) 50'; (0) 6 5 O ;  (A) 
90'. 

Table I 
Some Experimental Characteristics and Parameters of the 

Samples with the Three Highest Molar Masses 
~~ 

sample PS5 PS7 PS9 
~ O * f i ~ ,  g/mol 1.3 4.5 9.3 

qRll 0.3 0.45 1.0 
O(min), deg 31 27 31 

the reduced concentration dependence only approxi- 
mately match for 6' = 27" and 35". For PS7 a further 
decrease of the scattering angle was unreasonable due to 
increasing experimental problems arising from stray light 
effects. For the sample PS7 we expect therefore a con- 
tribution of internal modes of movement to the ACF even 
at 8 = 27'. We attribute this effect mainly to the high 
molar mass tail of the molar mass distribution (MMD) 
function. For the sample PS9 the convergence of the kD 
values was even poorer. The decreasing value of kD,eff 
(i.e. the decreasing slope of the fitted lines) in parts a 
and b of Figure 1 at increasing scattering angles refers 
to an influence of segmental movement since a t  the cor- 
responding q values internal parts of the molecules are 
already %een'' in the scattering experiments. In Table I 
we summarize some characteristics of three samples with 
the highest molar mass and the qR, values for the small- 
est 8 values of the corresponding measurements. 

Figure 2 displays the molar mass dependence of k ,  
for eight different PS samples in THF measured at 40 
"C. Open circles correspond to kD,o, and filled triangles 
to kD,eff. The open circle at the highest molar mass rep- 
resents the data obtained on PS5. For the two samples 
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Figure 2. log-log plot of the effective interaction coefficient 
k ,  sf of PS measured at 40 - O C  in THF as a function of the 
weight average molar mass (M, in g/mol; kD,eff in mL/g; sym- 
bol A and dashed line: for explanation see text). 

with the highest molar masses (PS7 and PS9), the con- 
dition qRh < 0.4-0.5 was not fulfilled (see Table I). The 
corresponding kD,eff values in Figure 2 are labeled with 
A and are connected by a dashed line. The exponent u 
in the relationship k, 0: (a,)” has a value of u = 0.86 if 
qRh < 0.4 (solid line) and u = 0.49 for the two samples 
PS7 and PS9 (dashed line). This difference in the slopes 
clearly corresponds to the influence of the chain inter- 
nal movements on the effective interaction coefficient for 
PS7 and PS9. A similar deviation toward smaller values 
of the exponent u at high molar masses was reported by 
Tsunashimag in a thorough analysis of PCS results for 
PS in good solvents. A careful reanalysis of the data 
reported in ref 9 and, in particular, those of ref 11 and 
12 shows that the four data points for k, in ref 9, for 
which Mw > 5 X lo6, are based on measurements where 
the magnitude of qRh was close to or higher than 0.4. 
Correspondingly, the first-order correction factor of the 
concentration dependence discussed by Tsunashimag et 
al. represents a t  high molar masses kD,eff rather than kD,o 
values. This recognition led us to the conclusion that 
the previously published apparent decrease in the value 
of the exponent u is associated with a contribution of 
the chain-internal dynamics to the measured time auto- 
correlation function at  high molar masses rather than 
with an intrinsic effect. 

Finally it is worthwhile to note that the use of syn- 
thetic polymers as model systems at high molar masses 
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Introduction 
In our recent paper’ an alternative treatment of fluc- 

tuations ( (Ar , ) ’ )  of the distance rij between two points 
i and j on a chain has been proposed. In the classical 
theory of rubber e l a ~ t i c i t y ~ ~ ~  it is assumed that points on 
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(M 2 lo’ g/mol) is affected by a serious problem arising 
from the polydispersity of the MMD function. Even if 
the relative polydispersity ratio MJM,,  is kept constant 
while the whole function is shifted toward higher M val- 
ues, the absolute width of the distribution is increasing. 
This means that the influence of the polymer molecules 
at the high M tail of the distribution becomes more impor- 
tant in samples with similar polydispersity index but with 
high M. A possible way out of this dilemma might be 
the use of biopolymers as model systemsI3 with strictly 
monodisperse MMD. Only a further decrease in the scat- 
tering angle to lower values, a significant improvement 
in the accuracy of polydispersity analyses of the mea- 
sured ACF, and the use of monodisperse model poly- 
mers will allow one to obtain reliable information about 
the scaling of k, and D, with M of high molar mass poly- 
mers from PCS measurements. 
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a chain are equivalent to bifunctional junctions. This 
assumption leads directly to the strain independence of 
fluctuations of these points, similar to the strain inde- 
pendence of fluctuations of multifunctional junctions in 
the network. The neutron scattering from a labeled, end- 
linked chain with the assumption of the strain indepen- 
dence of fluctuations has been studied by P e a r ~ o n . ~  
Recently we have generalized this result to the case of 
neutron scattering from a labeled, cross-linked path in a 
network5 without the additional assumption6 that differ- 
ent chains along the path are randomly oriented. 

Theory 

If only the multifunctional junctions (4 > 2) are retained 
in the configurational function in the James4uth the0ry2’~ 
there would be no information on the behavior of points 
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