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ABSTRACT Pulsed field gradient spin-echo NMR has been used to measure the self-diffusion coefficients 
D at 30.0 "C of all three components of solutions containing polystyrene (PS), tetrahydrofuran (THF) as solvent, 
and hexafluorobenzene (HFB) as a probe molecule at  low concentration. The polymer molecular weights 
(M) ranged from loo00 to 1050000 and concentrations (c) from 0.0063 to 0.712 g/mL, from below the overlap 
concentration c* to above the entanglement onset concentration c,. The diffusion coefficients DHm and DTHF 
were independent of polymer molecular weight, and their dependences on polymer concentration were identical; 
D,/DT z 0.74. The HFB friction coefficient cl = k T / D m  was only slightly higher than the infinite dilution 
extrapolation value flo for c < 0.1 but was higher by a factor of 550 at the highest concentration; its concentration 
dependence could be described by the free volume theories of Fujita and others. Values of Dps covered a 
range of 5 logarithmic decades. A logarithmic plot of D p N  (following certain scaling theories) against c did 
not give a single composite curve and showed no significant regions with slopes of -1.75 or -3 which are predicted 
by those theories. The effect of local friction could be taken into account, together with different behavior 
above and below c,, as follows. For c* < c < c,, Dp&f{l/{lo was plotted logarithmically against c; for c 2 
cg, the ordinate was log ( D P @ ~ ~ / { ~ ~ ) .  The slopes were close to -1.75 in both cases. Thus the scaling law 
predictions for entangled solutions, based on motion by reptation, appear to be correct if the dependence 
of local friction on free volume is taken into account. For unentangled solutions, the molecular weight dependence 
corresponds to the Rouse theory prediction for a free-draining macromolecule but the concentration dependence 
shows that there is substantial hydrodynamic interaction in the range c* c < c,. The effective monomeric 
friction coefficient foE = kT/PDps ,  where P is the degree of polymerization, depends on concentration quite 
differently from {l and a t  lower concentrations has unreasonably small values. The results are discussed in 
terms of a modification of the blob theory. 

Introduction 
Studies of self-diffusion in polymer solutions have re- 

cently evoked much interest because of the information 
they provide on molecular dynamics in different concen- 
tration regimes, including tests of the dependence of the 
diffusion coefficient on concentration and molecular weight 
as predicted by current theories. The subject has been 
reviewed recently by Tirre11.l 

Pulsed gradient spin-echo NMR measurements provide 
a powerful technique for studying the self-diffusion of both 
polymer and solvent in polymer solutions over wide ranges 
of concentration and molecular weight, as well as the 
diffusion of a ternary component such as another small 
molecule with a different nucleus whose motion can be 
followed independently, to compare its frictional resistance 
to translatory motion with those of the other components.2 

Theoretical treatments of the concentration and mo- 
lecular weight dependence of polymer self-diff~sion,~ as 
well as analysis of experimental data?* have often ignored 
the role of local segmental frictional resistance, although 
it has been taken into account in several investigations,'-'l 
where it has been analyzed in terms of fractional free 
volume, following the formulations of Fujita12J3 or Vrentas 
and Duda.14 For this purpose, the simultaneous deter- 
mination of self-diffusion coefficients for both polymer and 
small molecules is especially useful in order to compare 
the frictional resistance to translatory motion for the latter 
with that per monomer unit of the polymer. In undi lu ted  
polymer, when a series of different polymers is compared, 
the friction coefficient of a small molecule present in trace 
amounts (5;) appears to be proportional to and similar in 
magnitude to the friction coefficient per monomer unit of 
the polymer (lo) as derived from viscoelastic measurements 
in the transition zone by a free-draining Rouse m0de1.l~ 
It  has often been assumed that the same proportionality 
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of lo to ll would hold in concentrated solutions. In one 
example16 (the system polyisobutylenehexadecane), their 
concentration dependences were observed to be closely 
similar over the range of polymer weight fraction (wz) from 
0.8 to 1.0. 

The concentration dependence of Cl or lo has been 
successfully described by free volume analysis in several 
specific cases. These include fl for hexadecane in poly- 
isobutylene16 in the range w2 = 0.3 to 1.0, paraffins in 
polyisoprene7J7 from 0.5 to 1.0, and 1,3-dimethyl- 
adamantane in p~lybutadiene~ from 0 to 1.0; also, lo from 
viscoelastic measurements in the system poly(viny1 ace- 
tate)-diethyl phthalate13 for w2 = 0.5 to 1.0. These results 
have been taken as additional evidence for close similarity 
between 5; and f,,. However, a more direct comparison of 
frictional resistances should be provided by self-diffusion 
data on both components. 

The self-diffusion coefficient of the polymer in a con- 
centrated solution, D2, determines the total friction coef- 
ficient of the molecule as lp = kT/D2 .  To obtain the 
friction coefficient per monomer unit, the simplest calcu- 
lation would be 

f o  = i P / P  (1) 
where P is the degree of polymerization; this assumes that 
the translatory motion of the macromolecule is free 
draining and uninfluenced by entanglements. It might be 
expected that this would be the case in a concentration 
range c* < c < c,, where c is g of polymer per mL of 
solution and the characteristic values are defined as fol- 
l o w ~ : ~ ~ ~ ~  

C* = M/NARG3 (2) 

c, = pMeo/M (3) 
where M is the molecular weight, N A  is Avogadro's number, 
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Table I 
Characterization of Polymers 

Dolvmer mol wt MJM. C* C. 

1477 10000 C1.2 0.344 
1478 37400 1.04 0.120 0.508 
705 179000 1.07 0.034 0.106 
PC 5a 498 000 1.2 0.015 0.038 
1479 1 050 000 1.1 0.0083 0.018 

RG is the radius of gyration, p is the polymer density, and 
M,O is the average molecular weight between entangle- 
ments in the undiluted polymer. However, it appears from 
the present investigation that eq 1 gives values of lo of 
unrealistic magnitude whose concentration dependence is 
quite different from that of l1. 

Solutions of polystyrene in tetrahydrofuran, chosen for 
this work, are of particular interest because of the avail- 
ability of polymer samples with narrow molecular weight 
distribution and the existence of extensive data on this 
system from other recent investigations by entirely dif- 
ferent experimental methods: forced Rayleigh scattering! 
which also determines the diffusion coefficient of a polymer 
tagged with a chromophore, as well as that of a ternary 
small molecule with suitable optical absorption;l' and 
dynamic light scattering,18 in which the slow relaxation 
mode appears to be related to center of mass translational 
diffusion of the polymer. 

In the present experiments, five polystyrenes ranging 
in molecular weight from 1 X lo4 to 105 X lo4 have been 
studied in solution in tetrahydrofuran at  concentrations 
from 0.006 to 0.71 g/mL, together with approximately 6% 
hexafluorobenzene as a ternary component. In most so- 
lutions, the self-diffusion coefficients of all three compo- 
nents were determined. The ranges of concentration and 
molecular weight encompassed concentrations from below 
c* to above c,. 
Materials and Methods 

Sample Preparation. All solutions for these experiments were 
prepared gravimetrically, from spectroscopic grade tetrahydro- 
furan THF (Aldrich), sharp molecular weight samples of linear 
polystyrenes, and 99% hexafluorobenzene HFB (Aldrich), weighed 
directly into 7-mm-0.d. NMR tubes. Five polystyrenes (four NBS 
reference polymers and one (PC5a) from Pressure Chemical) were 
used to cover 2 decades of molecular weight as shown in Table 
I. Also shown is the polydispersity index M,/M,, the overlap 
concentration c* (calculated from eq 2 with RG takenl9pm as 1.45 
X 10-gM".5g5 cm), and the entanglement onset concentration c, 
(calculated from eq 3 with p = 1.05 g cm-3 and M.0 = 18 100; the 
use of A42 instead of M:, the critical molecular weight for the 
influence of entanglements on viscosity, is somewhat arbitraryJZ1 
In any case, both c* and c, provide only a rough indication of the 
ranges of chain interactions. Approximately 6% of HFB was 
included in each solution. The polymer concentration c was 
calculated for each solution assuming volume additivity for the 
three components with the densities of THF and HFB taken as 
0.889 and 1.618 respectively, at  30 "C. Cells were sealed under 
vacuum immediately after preparation with special care to prevent 
contamination by water. Samples were allowed to dissolve at  35 
"C for at least 1 week with occasional gentle agitation before any 
NMR measurements were performed. All samples were clear, 
single phase, and homogeneous, and showed no evidence of 
convection or flow during the diffusion measurements. Mea- 
surements of several samples were repeated after 6 months of 
storage in the dark with no significant changes in the measured 
relaxation rates or diffusion parameters. 

Diffusion Measurements and Data Interpretation. The 
pulsed gradient spin-echo (PGSE) m e t h ~ d ~ ~ . ~ ~  of measuring 
self-diffusion was employed to study the Brownian motion of the 
three species of molecules. Our NMR/PGSE equipment and 
calibration$24 data collection,26 and data reduction methodsBSn 
were used essentially as described, with various refinements. The 
pulsed NMR spectrometer operating at  33 M H z  detected 'H NMR 
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Table I1 
Self-Diffusion Coefficients 

1 

10 000 

37 400 

179 000 

498 000 

050 000 

0.383 
0.435 
0.496 
0.543 
0.628 
0.712 

0.176 
0.226 
0.266 
0.352 
0.475 
0.567 

0.0205 
0.0487 
0.0848 
0.128 
0.201 
0.313 
0.427 

0.0103 
0.0232 
0.0414 
0.0739 
0.138 
0.260 

0.0063 
0.0114 
0.0262 
0.0413 
0.0778 
0.164 

-5.15 
-5.40 
-5.68 
-5.73 
-6.19 
-7.04 

-4.71 
-4.82 
-4.92 
-5.11 
-5.70 
-5.98 

-4.49 
-4.52 
-4.60 
-4.62 
-4.86 
-5.02 
-5.50 

-4.43 
-4.48 
-4.50 
-4.56 
-4.68 
-4.98 

-4.46 
-4.46 
-4.50 
-4.52 
-4.67 
-4.82 

-5.27 
-5.55 
-5.90 
-5.90 
-6.59 
-7.34 

-4.71 
-4.94 
-5.06 
-5.25 
-5.87 
-6.21 

-4.62 
-4.65 
-4.71 
-4.77 
-4.87 
-5.08 
-5.59 

-4.58 
-4.61 
-4.64 
-4.695 
-4.80 
-5.03 

-4.60 
-4.59 
-4.62 
-4.65 
-4.69 
-4.88 

-7.25 
-7.87 
-8.31 
-8.50 

-7.01 
-7.32 
-7.60 
-8.03 

-6.81 
-7.01 
-7.42 
-7.75 
-8.28 
-8.95 

-7.19 
-1.37 
-7.57 
-8.12 
-8.70 
-9.38 

-7.39 
-7.53 
-7.80 
-8.35 
-8.93 
-9.61 

(polystyrene and THF) and 19F NMR (hexafluorobenzene); all 
PGSE work was conducted a t  30 A 0.3 "C. 

Magnetic field gradient pulses of magnitude G from 100 to 300 
G/cm and durations 6 up to 15 ms were separated by a delay A 
of typically 10-80 ms; the radio-frequency pulse spacing was 
usually 25 or 50 ms. Digital signal averaging% was used to collect 
data of spin-echo height A vs. 6 at  fixed G and A. Diffusion 
coefficients D were obtained by least-squares techniquesBsn from 
the slopes of semilog plots of A vs. 62Gz(A - 6/3) with a correction 
term22-24 for the presence of a small gradient Go of 0.9 G/cm. 

Since most of the diffusional echo attenuation was due to G 
rather than Go, the effective time scale t = A - 6/3 was well- 
defined22 and nearly constant over each experiment. Attempts 
were made to detect non-Fickian diffusion by measuring D as 
function of diffusion time. In the present case it is easily shown 
tha the coil dimensions of the polystyrenes in solution are smaller 
than the diffusion distance (2tD)0.5, so that bounded segmental 
motions about the centers of mass of the macromolecules cannot 
dominatezs the measured polystyrene diffusion coefficent, Dps. 
Thus any non-Fickian diffusivity would indicate a spatially de- 
pendent coupling of self-diffusion to cooperative motionsB which 
may involve many  molecule^^^^^^ or voids.31 

While it was possible to determine that the diffusivities of THF 
and HFB were independent of time between 10 and 150 ms, the 
crucial polystyrene diffusivities presented experimental problems 
because of the presence of the strong THF echo. It dominated 
even at  the highest polymer concentrations because of its much 
longer spinapin relaxation time T2(THF). Thus, where extraction 
of Dpg was possible a t  all (see Table 11), it is associated with a 
diffusion time in the range 15 < t C 50 ms. 

As expected, the echo attentuation plots revealed single dif- 
fusion rates for both THF and HFB. The polydispersities of our 
polystyrenes were small enough that no modeling3z with a range 
of diffusivities was attempted, particularly in view of the presence 
of the THF echo. Resolution of the proton echo into a strong, 
rapidly attenuated component (THF) and a much weaker, less 
easily attenuated part (PS) was performed via a nonlinear fitz7 
of the sum of two individual attenuation patterns; the adjustable 
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Figure 1. Proton spin-echo attenuation in solution with M = 
176000, c = 0.128 g/mL. Abscissa contains correction term (not 
indicated) for presence of steady gradient Go = 0.9 G/cm. Only 
lowest 40% of abscissa domain is shown; experimental error is 
approximately equal to symbol size. Solid line shows double- 
exponential fit to data; diffusivity of PS (final slope) is lower than 
that of THF by 3 orders of magnitude (see Table 11). 
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Figure 2. Fluorine spin-echo attenuation in same solution as for 
Figure 1. Abscissa is corrected for steady gradient Go. Fitted 
solid line indicates single (HFB) diffusion route, approximately 
equal to that of THF. 

parameters were DH, DTm, and the fraction of the unattenuated 
echo arising from THF. In cases where the PS echo was par- 
ticularly small, this fit was relatively insensitive to its rate of 
attenuation. In such cases, improved values for Dp9 were obtained 
by fitting a single-diffusivity model to only the final s 1 0 p e ~ 3 ~  of 
the echo attenuation data. It was possible to obtain resolvable 
proton echo attenuations when the polystyrene echo was as small 
as 2% of that Qf the THF, and when the two diffusivities differed 
by up to 4.5 orders of magnitude. Figures 1 and 2 show some 
typical attenuation data for 'H and leF, respectively, with the 
optimally adjusted models. 

Results 
Values of t he  self-diffusion coefficients of the  tetra- 

hydrofuran solvent, hexafluorobenzene probe, and  the  
various polystyrenes are given in Table I1 for all polymer 
molecular weights and polymer concentrations. They cover 
a range of more than  5 decades; the  lowest DPs are near 
t he  lower limit of t he  PGSE technique. T h e  presence of 
t he  strong THF echo noted above and the  unfavorable 
ratio T2(PS) /T2(TMF)  << 1 are the  reasons for several 
missing Dps entries for very concentrated solutions of 
polymers with low molecular weights. Experimental un- 
certainties for DTHF and D- are approximately 5% while 
for Dps they are 10%; reproducibility was considerably 
better. 

T h e  diffusion coefficients for the  two small molecules 
T H F  and HFB are plotted logarithmically against poly- 
styrene concentration in Figure 3. As expected, DmF and 
DHFB are independent of polymer molecular weight and  

M 
6 10,000 
cf 37,000 
e 179,000 
a 498,000 
p 1,050,000 

-2.0 -1.5 - 1.0 - 0.5 0 
I 6 1 , - 7 . 5  

tog c (g/ml) 

Figure 3. Self-diffusion coefficients of HFB (open circles) and 
THF (black circles) plotted logarithmically against polymer 
concentration. Polymer molecular weights are shown. Curves 
have identical shapes, displaced vertically by 0.13. 

O t  
I 1  1 I I I I 

l o g  c ( q h ! )  
-2.0 -1.5 - 1.0 -0.5 0 

Figure 4. Self-diffusion coefficient of polystyrene multiplied by 
i k f ,  plotted logarithmically against polymer Concentration. 
Molecular weights as shown. Crossed circles, c < c*; open circles, 
c* < c < c,; black circles, c > c,. Dashed curve: data of Wesson 
et a1.6 from forced Rayleigh scattering. 

they have identical concentration dependence over two 
decades. This is shown by the  smooth curve through the  
DHFB points which is shifted vertically and  drawn with 
dashes in agreement with the Dm data. The vertical shift 
of 0.13, consistent with the relative sizes of THF and HFB, 
corresponds nearly to the  cube root of their molecular 
weight ratio. 

T o  present the polymer diffusion data, Dps is multiplied 
by M2 t o  reflect a molecular weight dependence tha t  is 
predicted by reptation theorqPJg for entangled solutions 
(c > c,) and has been rep0rted~9~ both in this concentration 
range and in the lower range c* < c < c,. In Figure 4, 
Dp&P is plotted logarithmically against concentration. 
Data points in different concentration regimes are distin- 
guished by crossed circles for c < c* (dilute), open circles 
for c* < c < c, (semidilute bu t  not  entangled), and filled 
circles c > c, (entangled). T h e  dashed curve shows the  
substantial agreement with the  results of Wesson e t  a1.6 
for dye-labeled polystyrene (molecular weight range 
32 000-360 000) in T H F  by the  transient grating method 
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Figure 5. Ratio of diffusion coefficient of HFB extrapolated to 
zero polymer concentration to that at finite concentration, plotted 
logarithmically against c. Polymer molecular weights as shown. 
Black circles, data from methyl red self-diffusion in this system 
from forced Rayleigh scattering." Solid curve calculated from 
free volume relation, eq 6. 

of forced Rayleigh scattering. This agreement of results 
from two entirely different physical measurements is quite 
reassuring. According to the reptation model and scaling 
argument for self-diffusi~n '~.~~ this plot should yield a 
universal curve with slope -1.75 (as shown by line). Results 
such as those shown in Figure 4 are typically interpret- 
ed4,6J8934 as support for the reptation mechanism, even for 
concentrations and molecular weights where there is no 
chain entanglement. It should be noted, however, that 
there appear to be significant differences between entan- 
gled (filled circles) and unentangled (open circles) solu- 
tions, and the W2 dependence is not convincing. It fails 
of course at  concentrations below c*, where data a t  dif- 
ferent molecular weights diverge. 

Discussion 
Diffusion of THF and HFB. In Figure 3, DTHF and 

DmB are insensitive to polymer concentration up to about 
c = 0.1 but then drop rapidly with increasing concentra- 
tion. We choose DHFB for analysis since it is probably 
somewhat more precise. According to free volume theory 
in its simplest form,12 the concentration dependence of 
either DmB or the friction coefficient 5; = kT/DmB is an 
exponential function of the fractional free volume f :  

ll = AeB/f (4) 

Comparison of Cl to its value at a reference concentration, 
llr, provides the following relation:13 

(5) 

such that 

log ( l l /C l r )  = @/2*3)(1/f- 1 / f r )  

and if the fractional free volumes are 
f = f r  + /3'(ul - ulr), taking B = 1 

where u1 and ulr are the solvent (plus probe) volume 
fractions corresponding to Cl and fIr and p' is a dimen- 
sionless parameter representing the excess fractional free 
volume contributed by the small molecules. The param- 
eters f, and p' are first chosen by selecting the highest 
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Figure 6. Logarithmic plot of Dps@/{l/J!o against polymer 
concentration. Key to  concentration classification same as in 
Figure 4. Positions of solid lines are arbitrary. 

polymer concentration for the arbitrary reference ulr; the 
results are ulr = 0.339, f, = 0.106, and p' = 0.280. The latter 
two are reasonable values. For plotting, however, the curve 
is normalized to the limiting value of 5; at zero polymer 
concentration (by extrapolation of Figure 3, log Cl0 = 
-2.605), in Figure 5. The theoretical curve agrees with 
the data rather well over 2.8 logarithmic decades; again, 
the results are independent of polymer molecular weight. 
(Molecular weight dependence would be expected at lower 
molecular weights.8) Moreover, the friction coefficient 
ratios obtained from self-diffusion measurements of the 
dye methyl red by forced Rayleigh scattering" are included 
as filled circles. Again, the agreement between the two 
different experimental methods is remarkably good. 

It may be remarked that the applicability of free volume 
theory in its simple form at  very low concentrations is 
questionable. However, the concentration dependence 
here is so small that the test is not critical. The important 
feature is that the rapid increase in 5; a t  higher concen- 
trations can be explained by the difference in free volume 
(whereas the macroscopic viscosity, of course, increases far 
more rapidly than with concentration and also depends 
strongly on molecular weight). 

Diffusion of Polymer. The slope at  high concentra- 
tions in Figure 4 (also observed by many other work- 
ers46J1,18,30) is much steeper than that given by the pow- 
er-law exponent of 3 which is the maximum predicted by 
scaling laws. Observation of the steep slope in Figures 3 
and 5 suggests that the polymer diffusion is influenced by 
a concentration dependence of the local friction coeffficient 
of the polymer similar to that of Cl. The simplest attempt 
to remove the effect of free volume is to multiply DD&f 
(from Figure 4) by the ratio 5;/5;o for HFB from the data 
of Figure 5; the corresponding logarithmic plot is shown 
in Figure 6. The first success of this treatment is to reduce 
the sharp drop off of Dps at high concentration, as found 
also by Nemoto, Yu, and co-workers." From scaling law 
and reptation p r e d i ~ t i o n s , 4 ~ J ~ ~ ~ ~  the self-diffusion coeffi- 
cient in a good solvent should be proportional to in 
semidilute solution. As the effective solvent quality de- 
creases with higher polymer concentration the slope may 
go as far as c -~ ,  the 8 prediction. Lines with slopes -1.75 
and -3 are shown in Figure 6 and are plausible, as found 
also by Nemoto et a1.l1 with a similar treatment. This 
indicates the importance of an increase in the local seg- 
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M-2 dependence while unentangled solutions have M-' 
dependence. The combination of local effective friction, 
ambiguous solvent quality, and the dual molecular weight 
dependences is the likely explanation for the peculiar 
molecular weight dependences which have been ob- 
s e r ~ e d . ~ J ~  

The dashed curve in Figure 7 is drawn through the data 
at low concentration and has no theoretical significance 
except to show the M-' scaling. The solid lines, however, 
are both drawn with -1.75 slope which is the scaling pre- 
diction for good solvents. There is very good agreement 
with the data for the entangled solutions and unanticipated 
agreement with the data for unentangled solutions at 
higher concentrations. Given only the results for entangled 
solutions, two conclusions would appear: (1) reptation is 
the dominant diffusion mechanism (M-2) and (2) scaling 
theory with its concentration blobs moving in an effective 
local environment ( l1/ ll0 correction) describes the con- 
centration dependence of diffusion (c-~.~~). The second of 
these conclusions becomes questionable, however, when 
the unexpected c-1.75 region, which is derived by using the 
reptation hypothesis, is also observed for unentangled, 
nonreptating (M-l) solutions. We cannot say whether the 
observation is coincidental or indicative of a broader 
generality than is apparent from the scaling derivation. In 
the broadest sense, the essential feature which must be 
considered is the concentration dependence of hydrody- 
namic interaction. 

Hydrodynamic Screening. As stated in the Intro- 
duction, previous comparisons the frictional resistances of 
small molecules and macromolecules have been based on 
calculation of a monomeric friction coefficient lo by eq 1, 
with the assumption that the motion of the polymer is free 
draining. Focusing attention on the data for c* < c < c, 
in Figure 7 (curve B at  right), if the concentration de- 
pendences of lo and ll were identical, this curve should 
have zero slope. This can be seen since Dps = k T / l P  and 
according to eq 1 (since P = M / M o ,  where Mo is the mo- 
nomer weight) the right ordinate of Figure 7 is (kTMo/ 
llo)(ll/lo), which would be independent of concentration. 
If we use eq 1 to define an effective monomeric friction 
coefficient 

COE = f p / p  (7 )  

it is clear that loE has an entirely different concentration 
dependence from that of 11, and presumably from that of 
the true monomeric friction coefficient of a free-draining 
molecule. 

This can also be seen strikingly by comparing the con- 
centration dependences of S; and loE (unentangled solu- 
tions only) in Figure 8. At  concentrations below about 
0.3 g/mL, lOE < l1, and at c = 0.1 it is smaller by about 
a factor of 4. Clearly the friction is much smaller than it 
would be for a free-draining molecule. But toE increases 
with concentration much more rapidly than ll and be- 
comes considerably larger than ll at  high concentrations. 

In scaling arguments, the reduction in friction in sem- 
idilute solutions is modeled as a change in size and number 
of "concentration blobs" within which frictional resistance 
is reduced by hydrodynamic interaction. In Figure 7, the 
slope of curve B at higher concentrations, instead of being 
zero, actually seems to approach the concentration power 
law of -1.75 predicted by scaling arguments for semidilute 
solutions. This is unexpected because the latter are based 
in part on the reptation mechanism for diffusion, and 
reptation predicts D, 

Another treatment of the semidilute/nonentangled 
solvent can be proposed recognizing that polymers in non- 
entangled solutions, lacking topological constraints, ape free 

M-2, not M-l as observed. 
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Figure 7. Logarithmic plots againat concentration of D&{1/{1;0 
for c > c, (line A, at left) and Dp&{l/{lo for c < c, (curve B, at 
right). Key to concentration classifications same as in Figure 4. 
Position of dashed lines are arbitrary. 

mental frictional resistance which is not accounted for in 
scaling theories. A careful examination of Figure 6, how- 
ever, reveals a disturbing feature, which is the inability of 
the M2 factor in the ordinate to produce a completely 
universal curve. 

Role of Entanglements. At concentrations below or 
near the overlap concentration c* it  is expected, and has 
been observed,@Jw that Dps will no longer be proportional 
to Md2. We observe this also. However, with very few 
exceptions,E it has been claimed that for high concentra- 
tions or undiluted polymer, Dps is proportional to M-2 
even for concentrations and/or molecular weights which 
cannot form entanglements (c or p less than ce). Actually, 
we have seen how the sharp drop in Dps at  high concen- 
tration in Figure 4 hides the failure of M2 scaling; once 
those data are corrected for free volume changes as in 
figure 6, the low molecular weights, for c < c,, are distinctly 
out of line. Similar effects on the apparent molecular 
weight exponents have been pointed out previously by von 
MeerwallE for diffusion studies and by Berry and Fox% for 
viscosity. It has been ~ u g g e s t e d ~ ~ ~ J ~  that the molecular 
weight dependence for Dps in semidilute solution can be 
checked by plotting log D P s P 5  vs. log M or by measuring 
different molecular weights a t  fixed semidilute concen- 
tration. Neither of these methods is completely adequate 
since the first assumes that an unproven concentration 
scaling power will apply throughout the concentration/ 
molecular weight range and the second requires the im- 
possible situation that a wide range of molecular weights 
have overlapping scaling law windows. We use a different 
plot in Figure 7 where the Dps data are separated into two 
sets: filled circles above the entanglement concentration 
c, are plotted again as log (Dp#S1/ Tl0) (line A) and un- 
filled circles, below entanglement, are plotted with a single 
power of molecular weight, log (Dp&f ( l /S ;o )  (curve B); 
both are plotted against log c. The M-' dependence would 
be predicted by a Rouse model of hydrodynamically 
screened free-draining coils with no entanglement effects 
(i.e., no reptation).E This method of testing molecular 
weight exponents has some of the same ambiguities as the 
others but since we assume no concentration power law 
we have eliminated the influence of the changing effective 
solvent quality and this is a distinct advantage. Our 
conclusion from this analysis, taking account of the change 
in local friction, is that semidilute entangled solutions have 
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r1 = {oa2P2/6a2kT (13) 

where a2 is the mean square end-to-end distance per mo- 
nomer unit. Here the polymer molecules are assumed to 
be free draining. Combination of eq 1 and 12 shows that 
the product D2qo/c should be independent of concentra- 
tion, as it was found to be for this system by Wesson et 
a1.6 Apparently c0 in eq 12 should be replaced by l0E as 
it is in eq 7, i.e., a friction coefficient that is more strongly 
concentration dependent than that of a small molecule or 
a free-draining polymer. 

In the same way, elimination of C0 from eq 1 and 13 
shows that the product of D2r1 should be concentration 
independent. Does the concentration dependence of r1 
resemble that of S; or that of lOE in Figure 8? In two cases, 
numerical values are available for polystyrene, though in 
different solvents. Measurements by H o l m e ~ ~ ~ ~ ~ ~  for M = 
267000, c = 0.02-0.09 in Aroclors show the strong con- 
centration dependence and in fact log Dpsrl is approxi- 
mately constant with Dps taken from Table I for M = 
179 000 (the effects of different solvent and somewhat 
different molecular weight presumably canceling out). 
Measurements by Martel et al.39 for M = 400000, c = 
0.02-0.09 in Aroclor also show strong concentration de- 
pendence. Measurements by Adam and Delsanti40 un- 
fortunately do not provide data in an unentangled con- 
centration range. Thus the effective monomeric friction 
coefficient controlling time scale of viscoelastic properties 
in semidilute solutions does not appear to be similar to 3; 
for a small molecule, despite the useful correlation between 
these two quantities that has been observed in undiluted 
polymers. 

Conclusion 
Evidently the diffusion of linear macromolecules in 

semidilute and concentrated solutions is influenced by four 
distinct, yet coupled, features: hydrodynamic interaction, 
effective solvent quality, topological constraints to isotropic 
chain motion, and free volume. While we have handGd 
each of these effects in the present work, a more general 
approach, taking into account the coupling of the different 
influences, must be sought. 
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ABSTRACT: Measurements of single-chain z-average translational diffusion coefficients, Dt,2, and radii of 
gyration, R,, by photon correlation spectracopy and intrinsic viscosities, [TI, of several polyacrylamide (PAAm) 
fractions in 0.1 M NaCl with 0.02 w t  % NaN3 are reported. Intrinsic viscosity data are insensitive to NaCl 
concentration up to 0.5 M, suggesting that the chain expansion of PAAm is independent of ionic strength. 
Our results are compared with recent literature data in which a variety of anomalous excluded-volume exponents 
for these quantities have been reported. We find good agreement between our data for [7] and R,,* with the 
earlier results but significant discrepancies when comparing our Dt/ results with the weight-average values, 
Dt$, in the literature. The effect of polydispersity on the experimental data is discussed in terms of the 
Schulz-Zimm distribution. In agreement with our observations, z-average diffusion coefficients are expected 
to be numerically consistent with the intrinsic viscosity data and, to a lesser extent, with experimental 
measurements of R,,, provided the weight-average molecular weight M ,  is used as a scaling paramete_r. 
Substantial discrepancies in scaling exponents are liable to occur from the comparison of Dt,,O against M ,  
for polydisperse systems. Within experimental uncertainties our data Dt,z and [a] data for the PAAm-O.l 
M NaCl system are consistent with typical literature data for flexible-chain molecules in good solvents. 

Introduction 
Modern theories of chain statistics' lead to a variety of 

simple scaling laws for the molecular weight, temperature, 
and concentration dependence of the structural and dy- 
namic properties of chain molecules in  dilute2p3 and sem- 
idilute solutions.M In the present paper, we are interested 
in the prediction of statistical theories for single-chain 
properties. The relevant experimental quantities are the 
radius of gyration, RG, and the Stokes hydrodynamic ra- 
dius, RH, the latter being derived from the limiting 
translational diffusion coefficient, 02, the limiting sedi- 
mentation coefficient, So, or the intrinsic viscosity, [a ] .  
Scaling laws for these properties are expressed in  terms 
of characteristic excluded-volume exponents: 

RG - N"G (1) 

RH - N"H (2) 

[a1 - Na (3) 
For polymers in good solvents, vG = 0.6, while, for 8 sol- 
vents, VG = 0.5. For marginal conditions, VG may exhibit 
apparent values intermediate between 0.5 and 0.6, corre- 

and 

sponding to crossover from ideal statistics at short dis- 
tances to excluded-volume contribution at large distances 
(higher molecular weight). 

Experimentally, for polymers in the asymptotic regimes 
of good and 8 conditions, the predicted behavior of VG has 
been confirmed' in  the molecular weight range 250 OOO < 
A&, lo6. On the other hand, flexible-chain molecules of 
comparable molecular weights in  very good  solvent^^*^ 
exhibit values of vH - 0.56, rather than the anticipated 
value of 0.6. Similarly, the experimental Mark-Houwink 
exponent a is usually smaller than 0.8 for flexible coils in 
good solvents. Physically, these observations have been 
interpreted2i3 to indicate that the crossover regime in chain 
statistics occurs more gradually in  RH and [q] than in RG. 
Weill and des Cloizeaux3 have proposed that the exponent 
a should be related to both VG and vH. Thus, they suggest 

M[71 - RG'RH (4) 
and hence 

1 + a = 2vG + VH ( 5 )  
This  result contrasts with the earlier expression of Flory 
and Fox'O 

M[7?1 - R G 3  (6) 
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