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ABSTRACT: We have used the pulsed-gradient spin-echo method to measure the self-diffusion of linear 
and three-armed star-branched polystyrenes and polybutadienes (3 X lo3 I M 5 lo6) dissolved in CCll at 
50 "C. We detect no evidence of cooperative diffusion in the semidilute regime. The polymer diffusivities 
at infinite dilution obey Flory's theory, while their concentration dependences in the dilute regime follow 
a Pyun-Fixman model. No differences between linear and three-armed molecules are observed in this 
experiment. 

Introduction 
The rheological properties of polymers have over the 

years attracted considerable experimental and theoretical 
attention. Of particular interest are dilute2+ and semi- 
dilute7s8 solutions, the former to characterize the expansion 
of individual chain molecules and the latter to study their 
mutual interactions. 

Self-diffusion measurements are useful in this respect 
both to complement intrinsic viscosity studies and in their 
own right, since friction coefficients seem to depend rel- 
atively sensitively on their experimental def in i t i~n .~  The 
pulsed-gradient spin-echo (PGSE) method for measuring 
self-diffusionlo is now well established and has already 
yielded useful information in dilute polymer solutions.'lJ2 
Provided that the product of diffusion coefficient and the 
time scale of the measurement is sufficiently great, the 
method measures only Brownian motion of the molecules' 
center of mass.13 The method, though, is sensitive to 
contaminants in the polymer, e.g., rapidly diffusing sub- 
stances,13J4 and is subject to misinterpretation of the re- 
sults if the polymer is significantly po1ydisperse.l4-l6 

Star-branched polymers, particularly those with arms 
of equal length, are the simplest systems allowing the study 
of bran~hing. '~J~ In a previous PGSE studylg we measured 
the self-diffusion of star-branched polyisoprenes as a 
function of f ,  the number of arms, over the full range of 
concentration in solvents. We found that in going from 
a linear (f = 2) to a three-armed star (f = 3) polyisoprene 
of equal arm size (hence 50% greater molecular weight), 
the difference in the diffusion constant in dilute solutions 
was within error still entirely attributable to the molecular 
weight change. Thus the difference in molecular dimen- 
sions due only to this change in a r c h i t e c t ~ r e ~ J ~ ~ ~ ~  was not 
evident for f < 4, although it was clearly evident for f = 
8 and f = 18. 

The present study compares diffusivity for f = 2 and f 
= 3 in two other systems, polystyrene and polybutadiene, 
each over a molecular weight range covering some 2.5 or- 
ders of magnitude. Substantial differences between those 
polymers are found in the diffusivity and its concentration 
dependence in dilute CCl, solutions over the entire range 
of molecular weight investigated. Again, the difference 
between f = 2 and f = 3 at the same total molecular weight 
is not significant. In fact, the two architectures will be seen 
to maintain their essentially identical behavior beyond the 
semidilute regime. Thus r e p t a t i ~ n , ~ , ~  with its expected 
profound differences between f = 2 and f > 2, must be 
confined to more concentrated solutions and the melt even 
a t  our highest molecular weights. However, it is just under 
such conditions that the diffusivities approach the lower 
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Table I 
Molecular Parameters of Linear Polybutadienes 

sample 
CDS-B3 
JK-6 
WG-1 
JK- 4 
JK- 2 
WG-4 
WG-9 
LF-4 

Z, x 10-4,a Z, x  IO-^,^ - Z,b - 
dalton dalton MW 

0.25 
0.29 
0.72 
0.89 
1.20 
4.10 
7.50 
9.01 

0.26 1.04 
0.31 1.04 
0.76 1.06 
0.92' 1.04 
1.24 1.05 
4.31' 1.03 
7.81' 1.05 
9.60' 1.07 

- 
M,b - 
M n  
1.04 
1.05 
1.04 
1.03 
1.03 
1.05d 
1.04d 
1.07d 

a Via osmometry. Via size exclusion chromatog- 
raphy; the columns were calibrated with polybutadiene 
standards prepared and characterized in these laboratories. 
' Via light scattering. 

limits attainable with the PGSE method.15J9 Moreover, 
the definition of diffusion provided by this method begins 
to depart, for very large molecules, from the pure cen- 
ter-of-mass motion of interest.l3Jg Our earlier work did, 
however, indicatelg that, in the absence of entanglements, 
molecular motions for f = 3, f = 8, and f = 18 are not 
qualitatively different from those of linear polymers at any 
concentration, including the melt. For these reasons, the 
present work largely confines itself to the dilute and sem- 
idilute regimes. No evidence of multiple echo attenuation 
rates unrelated to contamination, nor of time-dependent 
diffusivities, was ever observed. The results are interpreted 
in terms of the theory of dilute solutions, with particular 
emphasis on scaling laws based on molecular weight. 
Preliminary reports of this work have been given.21 

Experimental Section 
The preparation and characterization of the linear and star- 

shaped polystyrenes and polybutadienes followed the methods 
described e l s e ~ h e r e . ' ~ * ~ ~ * ~ ~  The anionic polymerization methods 
resulted in linear polymers of very low dispersity (Mw/Mn 5 1.1 
in all cases). In the case of star molecules these become the arms 
to be linked, using methyltrichlorosilane. Repeated fractionation 
removed any remaining linear material. Thus the star molecules 
had a dispersity equal to  or lower than the constituent arm 
material. Tables I-IV summarize the molecular characteristics 
of the resulting polymers. In the initial phases of the present work, 
small amounts of antioxidants had been added to the poly- 
butadiene specimens. In each of these cases the PGSE experi- 
ments were repeated using polymer of the original batch without 
antioxidant; the final results in dilute solutions reflect only 
measurements on samples without antioxidant. 

Polymer characterization was performed by using a combination 
of size exclusion chromatography (GPC), membrane osmometry, 
and light scattering. A Chromatix KMX-6 low-angle photometer 

Via absolute measurements. 
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Table I1 
Molecular Parameters of Three-Armed 

Star-Branched Polybutadienes 

M, x 1 0 - 4 , ~  M, x 10-4,b 
sample dalton dalton f' 

JK- 5A 0.65 
JK-7A 0.67 

WG-BAA 1.61 

JK-4AA .2.6 0 
JK- 3A 2.90 

WG-4A 12.3 
WG-8AA 16.1 17.3 
WG-9AA 22.7 
WG-7AA 28.1 29.3 

branching: f = M,(star)/M,(arm). 

JK-6A 0.87 0.89 

WG-1A 2.10 

WG-3A 7.60 7.74 

a Via osmometry. Via light scattering. 

3.05 
2.97 
2.97 

2.91 
2.92 
2.90 
3.04 
3.00 
2.92 
3.03 

2.98 

2.96 

' Degree of 

Table I11 
Molecular Parameters of Linear Polystyrenes 

sample ---__ 
PS- 10 14 81 
PS-12282A 
PS-111281 
PS- 123 82 
PS-12282B 
PS- 3182 
PS-2182A 

E, x 10-4,a ii?, x 1 0 - ~ , ~  
dalton dalton 

0.57 0.63 
1.79 1.90 
2.10 2.16 
4.30 4.31 
5.38 5.70 
7.78 8.11 

12.7 13.0 

- 
Mz 

MW 
__ - 

1.04 
1.03 
1.04 
1.04 
1.03 
1.03 
1.04 

1.10 
1.06 
1.05 
1.00 
1.06 
1.04' 
1.03' 

a Via osmometry. Via light scattering. ' Via size 
exclusion chromatography. Via absolute measure- 
ments. 

Table IV 
Molecular Parameters of Three-Armed 

Star-Branched Polystyrenes 

sample dalton dalton f C  

- - l _ - ~ _ I I ~ _ _ I _ ~  ______I 

E, x 1 0 - ~ , a  E, x w 4 , b  

3PS-3A 1.35 1.40 2.97 
3PS-4AA 2.10 2.18 2.98 
3PS-2A 2.92 3.00 2.92 
3PS-1A 3.43 3.50 2.93 

PS-D3 16.8 17.3 2.99 
PS-J3 108.0 3.03d 

a Via osmometry. Via light scattering. ' Degree of 
branching: f = ;i?,(star)/M,(arrn). f =  E,(star)/ 
M, (arm). 

was used, as was a Waters 150C GPC. The 150C GPC had a 
six-column p-Styragel set with a porosity range of 102-106 A; the 
carrier solvent, THF, was used at  a flow rate of 1 mL min-'. The 
temperature of measurement was 30 "C. The polybutadiene 
microstructure was examined by 'H NMR. The polybutadienes 
used had the anticipated microstructure of ca. 36% cis-l,4, 57% 
trans-1,4, and 7% vinyl. The dnldc values for the samples were 
determinedz4J5 via the use of the Chromatix KMX-16 refrac- 
tometer. Toluene was used for the polystyrenes while cyclohexane 
was used for the polybutadienes. Molecular parameters of all 
samples are given in Tables I-IV. 

The solvent for the diffusion experiments was tetrachloro- 
methane (CC1,) (Matheson Coleman and Bell, 99.5% pure, less 
than 0.01% H20). Because polymer concentrations as low as 0.15 
wt 90 were used, it was essential that no proton NMR be de- 
tectable in the pure solvent. Signal averaging was used to ensure 
that the proton signal from any solvent contaminants was not 
visible in the spin-echo (90"-~-180" sequence, T = 25 ms) at  a 
signal-to-noise ratio greater than 0.1 per single pass. In the few 
instances where this condition was not satisfied, the contamination 

PS-B3 5.46 5.60 2.96 

was shown to originate on the walls of the solvent-transfer 
glassware, which was changed before preparing each series of 
samples. In these cases, new preparations were made. 

Polymer materials were kept under vacuum a t  40-60 "C for 
several weeks before the NMR samples were prepared in order 
to remove traces of absorbed water and other volatile components, 
i.e., solvents. CC14 solutions were prepared within the thin-walled 
7-mm-0.d. NMR sample tubes, which were sealed under dry Nz 
gas immediately after weighing to determine the final polymer 
concentration. For polymer concentrations below about 1 wt 70, 
it was necessary to increase the precision of the concentration 
determination by preparing a larger batch of solution, a requisite 
amount of which was transferred into the sample tube after a t  
least 24 h to obtain equilibrium concentration. Diffusion was 
measured at  least twice during the period of 1 day to 6 weeks after 
preparation of the sample. No difference in diffusivity, or evidence 
of other changes, could be found during that time. Postanalysis 
GPC evaluations performed for some of the samples confirmed 
that the polymers had not undergone chain branching or deg- 
radation. 

The Mark-Houwink relations for linear polybutadiene and 
polystyrene were determined in CC1, solution at 50 "C. This was 
done since no equations were available from the literature. The 
samples used were near-monodisperse materials prepared and 
characterized in this laboratory. The viscometers used were of 
the Cannon-Ubbelohde type having negligible kinetic energy 
corrections. 

The PGSE a p p a r a t u ~ ' ~ ~ ~ ~ * ~ ~  was based on a Spin-Lock Ltd. 
33-MHz pulsed NMR spectrometer used to detect 'H NMR in 
the 90°-r1800 mode, with T typically 25 ms, except for mea- 
surements a t  high polymer concentrations and in the melt, where 
T = 50 ms was used. A steady gradient of magnitude Go = 9 x 

T m-' was applied to narrow and stabilizez8 the spin echo, 
while gradient pulses of magnitude G = 1-3 T m-l and duration 
6 = 0.1-30 ms provided the bulk of the echo attenuation. Data 
taking was performed with a dedicated microproce~sor~~ which 
permitted signal averaging. The lowest usable polymer concen- 
trations were approximately 0.15 wt % (=2.5 kg m-3), where the 
single-pass signal-to-noise ratio was approximately 3:l for the 
unattenuated echo at  T = 25 ms. From 10 to 80 echoes were 
accumulated for each of about 8-15 values of 6 a t  fixed G and 
Go, which permitted extraction of the diffusion coefficients D with 
a reproducibility of 1-2% (2-4% at  the lowest concentrations). 
An additional uncertainty of 2-3% due to gradient calibration 
is in effect an unknown systematic error which does not enter into 
any comparisons among our data. 

The diffusion coefficients were obtained from measurements 
of the echo height A as a function of X in the following way:'o,26vB 

A(X)/A(O) = exp(-y2DX) (1) 

where 

X = 6'G2(7 - 6/3) - GGo6[(tlZ + tZ2)  + 6(tl + t 2 )  + 2/362 - 27'1 

with t 2  = T - t ,  - 6, tl  being the delay between radio-frequency 
and gradient pulses. The second term in X was nonnegligible 
a t  our highest diffusion coefficients and was always included in 
our analysis. 

A batch computer programB based on least-squares curve fitting 
was used to extract D from the data (A f AA vs. 6) and to test 
the applicability of the single-diffusivity model implied by eq 1. 
In a small fraction of cases, contamination was detected in this 
way and traced to a specific cause, e.g., antioxidant added to some 
polybutadienes but not to others. In these cases, the data were 
rejeded, or only the appropriate diffusion coefficient was extracted 
from the data. 

However, a difference in initial and final slopes (Le., D,,, > 
Dmin) can also be caused by the polydispersity of the polymer. 
Since we routinely obtained a reduction of the echo height by a 
factor of 3-5 even at  the lowest concentrations and by a factor 
of 10-20 above - 1 wt % polymer, we were able to observe a small 
but significant curvature in the plot of log A vs. X, even a t  the 
present small polydispersities. Therefore, eq 1 was modified as 
follows:'4J~ 

A(X)/A(O) = C W ( M J  ex~[-2+/T~(M,) l  exp[-yzD(M,)X1 (2) 
1 
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Table V 
Polybutadiene Diffusion Results in CCl, 

linear polybutadienes star polybutadienes 
__-I--_- 

sample log D o a  log k F b  sample log Doa log k F b  

CDS-B3 -9.66 i 0.02 
JK-6 -9.70 f 0.02 
WG- 1 -9.89 t 0.02 
JK-4 -9.94 i 0.03 
JK- 2 -10.07 i 0.03 
WG-4 -10.37 f 0.04 
WG-9 -10.55 f 0.04 
LF-4 -10.59 f 0.05 

a Do in m2 s - '  . k F  in m3 kg-' . 

-2.25 f 0.05 
-2.36 f 0.05 
-1.77 f 0.05 
-1.70 ? 0.05 
-1.76 f 0.05 
-1.37 t 0.06 
-1.09 t 0.06 
-1.10 f 0.06 

I 

2.9% M=106, f=3 ! 
POLYSTYRENE IN CCI, 

-*\* 
0.1 - \* I 

'i 
0.05- 

0 5 15 20 
X1:06T2s3m') 

Figure 1. Normalized spin-echo height vs. gradient parameter 
X (see eq 1) for a sample of 2.9 wt % PS-J3 polystyrene (see Table 
IV) dissolved in CC14 at 50 "C. Solid line (slightly curved; see 
ref 16) represents fit of eq 2 to data. 

It was possible to simulate the d_ependence of A on X and adjust 
a single scaling parameter, D(M,), to obtain a least-squares fit 
to the data. The methods employed, and the computer program 
based on them, are described elsewhere.16 All of our data from 
uncontaminated samples were reanalyzed in this manner, with 
a modest improvement in the x2 measure of goodness of the fit 
and-a corresponding reduction in the (random) uncertainty in 
D(M,). All diffusion coefficients reported in this work thus 
represent D(fi,), the diffusivities of molecules of molecular weight 
M = Mw Typical echo attenuation data and analysis via eq 2 are 
shown in Figure 1. 

The ability of PGSE experiments to detect polydispersity and 
contamination was put to  inadvertent use in one three-armed 
polybutadiene specimen in which the functionality f (see Table 
11) had been found to be 2.85. In this specimen two distinct 
diffusion coefficients, differing by a factor of about 2, were ob- 
served between 0.5 and 12 wt % polymer in CC14 solution. The 
GPC chromatogram showed a subsidiary peak near 1 /3  the 
molecular weight of the star, i.e., the "parent" arm. Its size was 
consistent with the spin-echo fraction attributable to  the fast- 
diffusing component, the observed f ,  and the diffusivity ratio. All 
evidence pointed to the existence of some 10% of unreacted arms 
in the polymer. This sample was, of course, not included in our 
work. However, the ease of observation of the rapidly diffusing 
component via PGSE, combined with the absence of comparable 
symptoms in any other sample, contributes to our confidence that 
unreacted arms, or molecules missing an  arm, constitute less than 
1 wt % of any of our polymers. 

We found that heating the NMR sample tube some 12 cm above 
the sample volume to about 80 "C created an inverted temperature 
profile which suppressed convectionm without causing a detectable 
temperature gradient in the sample liquid at 50 O C .  This method 
was used routinely and successfully below 0.6 wt % polymer. No 
effects of convection could ever be detected at any higher con- 
centration, even without active prevention. 

JK-5A 
JK-7A 
JK-6A 
WG-BAA 
WG-1A 
JK-4AA 
JK-3A 
WG-3A 
WG-4A 
WG-8AA 
WG-9AA 
WG-7AA 

-9.87 c 0.02 
-9.85 i 0.02 
-9.96 * 0.02 

-10.09 f 0.03 
.-10.17 * 0.03 
-10.25 f 0.03 
-10.28 f 0.04 
-10.49 f 0.04 
-10.72 i. 0.05 
-10.72 f 0.04 
-10.82 f 0.04 
-10.84 t 0.05 

-1.87 f 0.05 
-1.97 f 0.05 
-1.80 f 0.05 
-1.58 t 0.05 
-1.57 i. 0.05 
-1.42 f 0.05 
-1.31 + 0.06 
-1.17 i 0.06 
-1.04 i 0.06 
-0.85 f 0.07 
-0.92 f 0.07 
-0.89 f 0.07 

Results and Discussion 
Measurements of self-diffusion of linear as well as 

three-armed star-branched polybutadiene and polystyrene 
molecules were performed a t  50 "C, between about 0.15 
wt % and a t  least 8 wt 70 in CCll solution. For the lower 
molecular weight polymers the measurements could be 
performed across the full concentration range. In all cases 
the polymer self-diffusion rate decreased with increasing 
polymer concentration, the rate of decrease being highest 
a t  the largest molecular weights. 

Our results for linear polystyrenes in most respects re- 
semble those of Callaghan and Pinder"J2 when the 22 "C 
temperature difference between their experiment and ours 
is taken into account. However, in no uncontaminated 
sample (including all polybutadienes and star polystyrenes) 
did we observe two-component diffusion, despite the fact 
that we routinely pursued echo attenuation to A(X) /A(O)  
5 0.1 even in the dilute regime. Also, tests for a time 
dependence of diffusivity (by varying 7 between 8 and 100 
ms) failed to find significant differences. Our largest 
polystyrene, a star (PS-J3, M = lo6; see Table IV) was no 
exception in this regard (see Figure 1; cf. ref 11). 

Our observations in three-armed star polystyrenes are 
identical with those in the linear polystyrenes. Moreover, 
the results for polybutadienes, linear as well as star 
branched, are very similar to those for polystyrenes except 
for the slower diffusion a t  a given molecular weight and 
the greater rate of diffusivity decrease with concentration. 

Diffusion behavior in the dilute regime can be charac- 
terized to first order in hydrodynamic terms analogous to 
those employed for sedimentation and v i s ~ o s i t y : ' ~ ~ ~ ~  

(3) 
where Do is the (extrapolated) trace diffusion constant, c 
being the concentration (polymer mass per solution vol- 
ume). Both Do and kF can be determined from the initial 
linear region of a plot of D-' vs. c. Figure 2 shows such 
plots for various polybutadienes of smaller molecular 
weights, with c restricted to below -100 kg m-3. The 
straight lines are least-squares fits to the data. Do was 
obtained from the intercept, and kF from the slope and 
intercept. These values are listed in Tables V and VI. 

At higher molecular weights, the range of linear behavior 
became more restricted. Our observations in this regard 
generally agree with those of Callaghan and PinderI2 for 
polystyrenes and are similar for polybutadienes except for 
small quantitative differences. Figure 3 shows typical data 
for the higher molecular weight polybutadienes. In order 
to obtain Do and kF in these cases, a straight line was fitted 
to data up to a concentration a t  which the Gauss criterion 
detects a termination of the linear regime within experi- 

D-'(C) = Do-'(l i- kFC 4- ...) 
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Table VI 
Polystyrene Diffusion Results in CCl, 

Macromolecules, Vol. 16, No. 11, 1983 

PS- 10 14 8 1 -9.75 f 0.03 -2.18i .  0.05 
PS- 1 2 28 2A -9.91 f 0.03 - 1 . 9 2 i  0 .05 
PS- 11 1 281 -9.98 t 0.03 -1.75 f 0.05 
PS- 1238 2 -10.15 t 0.03 -1.49 f 0.05 
PS-12282B -10.19 f 0.03 -1.56 f 0.05 
PS-3182 -10.24 i. 0.03 -1.45 f 0.05 
PS-2182A -10.39 i 0.03 -1.49 i. 0.05 

linear polystyrenes star polystyrenes -- 
sample log D o a  log kFb sample log D o a  log kFb 

3PS-3A -9.87 * 0.03 -1.89 f 0.05 
3PS-4AA -9.96 i 0.03 -1.87 t 0.05 
3PS-2A -10.05 f 0.03 -1.73 i. 0.05 
3PS-1A -10.10 t 0.03 -1.68 i. 0.05 
PS-B3 -10.21 i. 0.04 -1.61 f 0.07 
PS-D3 -10.51 f 0.04 -1.33 t 0.07 
PS-J3 -10.8 i. 0.1 -1.01 f 0.07 

10-~iJ, f 

' v 2.60 3 

~ . 7' * /  

01 , T- 

0 10 20 40 60 so 100 
C(kg m3) 

Figure 2. Inverse diffusivity vs. polymer concentration for several 
low molecular weight polybutadienes, linear and stars. Samples 
represented are (see Tables I and 11) CDS-B3, JK-5A, WG-ZAA, 
WG-lA, and JK-4AA. Straight lines are least-squares fits to data. 

POLYBUTADIENES IN CCI, I 

10-4nT1, f 
1 2 8 1  j j' 

/ . 2 2 7  3 

I *  8 -  A 16 1 3 / 
h 9 0  2 

ld"/D 7 6 0  3 / 
(sm-') o 7 50 // 

61 

0 10 20 40 60 
C(hg m-3) 

Figure 3. Inverse diffusivity vs. polymer concentration for some 
higher molecular weight linear and star polybutadienes. Samples 
represented (see Tables I and 11) are WG-9, WG-BA, LF-4, WG- 
8AA, WG-SAA, and WG-7AA. Lines are hand drawn. 

mental error. Plots of log D vs. c at low c generally display 
only small curvature, so that Do and kF could also be ob- 
tained from those plots, with an appropriate transforma- 
tion of eq 3. The values reported here were checked and 
occasionally supplemented in this manner. 

Figure 4 shows log-log plots of D vs. c. For the smaller 
polybutadienes the data cover the full range of c. Our 
observations in polystyrenes, both linear and three armed, 
are very similar; for linear PS they agree a t  least semi- 
quantitatively with those of other w o r k e r ~ . ~ ~ , ~ ~ ~ ~ ~  de Gen- 

7.60 i 
-134 ? I 

2 5 10 20 50 100 200 500 1000 
C(kg 17.~1 

Figure 4. log-log representation of polybutadiene star diffusion 
constant vs. concentration in CCl, solution. Samples shown (see 
Table 11) are JK-5A, JK-GA, JK-3A, and WG-3A. Solid lines have 
slopes of -1.75; dashed lines are hand-drawn smooth interpola- 
tions. 

nes' prediction7 of a concentration scaling regime D 0: c-1,75 
(c* < c < c**) is not borne out by our data for either 
polymer (both f = 2 and f = 3) a t  any molecular weight. 
The slopes of all our plots of log D vs. log c (e.g., Figure 
4) change continuously, taking the value -1.75 a t  some 
intermediate concentration which decreases with increasing 
M. 

A molecular weight scaling law D a M-2 has also been 
predicted' for the semidilute regime. For polystyrene, 
indices of -1.4 (in CC&, PGSE work") and -2.05 f 0.1 (in 
benzene, forced Rayleigh scattering3? have been found. 
The present experiment may be interpreted similarly by 
drawing tangents with slope -1.75 to data log D vs. log c 
and evaluating their intercepts D'at c = 100 kg m-3. For 
our polybutadienes, plots of log D' vs. log M follow an 
excellent straight line with slope -1.76 f 0.08; for poly- 
styrenes, the scaling index is -1.7 f 0.1. These values, 
however, are suspect both because the semidilute con- 
centration scaling regime on which they are based could 
not be demonstrated experimentally and because a t  the 
highest M (hence the lowest D )  segmental motions are 
probably beginning to contribute to the diffusivities 
measured via PGSE.13v32 It has recently been s u g g e ~ t e d ~ ~ ~ ~  
that c* as defined here represents the concentration as- 
sociated with the onset of screening of the hydrodynamic 
interaction rather than the onset of entanglements, which 
should occur a t  a higher concentration and molecular 
weight. In that case, any scaling behavior observed in the 
semidilute regime is probably unrelated to reptation, even 
a t  molecular weights considerably higher than those of 
Figure 4. 
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- 1 0 5 -  

I D  
rn 
0 

-11,: 
3 

f r -11 
POLYSTYRENES 

PC.I&U-ACIENES 
I 

- --- 
3'5 4 4 5  5 5 5  e 

loo M (wan) 

Figure 5. Power-law representation of polymer diffusion coef- 
ficient at infinite dilution in CC14 vs. span molecular weight. For 
l ineg polymers, M(span) = a,,; for three-armed stars, M(span) 
= 2Mn/3. Each straight line is a leastcsquares fit to data of a single 
polymer and architecture. Two separate vertical scales are used 
to avoid clutter. 

Figure 5 shows the molecular-weight dependence of DO 
for all polymers listed in Tables I-IV. Since hydrody- 
namics in dilute solution depends on molecular size, the 
abscissa represents span molecul-ar weight, where for linear 
(f = 2) molecules M(span)-= M,, while for thre_e-armed 
stars cf = 3), M ( s ~ M )  = 2Mn/3. The choice of Ma corre- 
sponds to our data r_eduction conv!ntion D D(M,) (see 
above). The use of M ,  instead of M ,  for both axes would 
simply shift all data by a small amount parallel to the 
fitted straight lines without affecting slope or intercept. 

Each of the four sets of data is consistent with a simple 
power law 

(4) 
with the slopes s being within error equal for linear and 
star-branched molecules of a given species but significantly 
greater (negatively) for polybutadienes than for poly- 
styrenes. However, plots of log Do vs. log M(tota1) are 
consistent with straight lines common to both architectures 
for a given polymer, with x2 per degree of freedom not 
significantly different from that for the respective indi- 
vidual fits shown in Figure 5. The slopes and intercepts 
are, of course, better defined in the fits to the combined 
data. The results are for all polystyrenes 

log Do = A + s log M 

log Do(PS) = (-7.743 f 0.006) - (0.52 f 0.01) log M 
( 5 4  

and for all polybutadienes 
log Do(PB) = (-7.600 f 0.005) - (0.60 f 0.01) log M 

(5b) 

with Do in m2 s-l. These fits are shown with the replotted 
data in Figure 6. 

The power-law slope for the polystyrenes in CC14 is in 
agreement with earlier work,12 while the difference in in- 
tercepts is accounted for by our use of 50 "C as working 
temperature. The magnitudes of the slopes suggest that 
CC14 is a substantially better solvent for polybutadiene 
than for polystyrene. 

The indistinguishability between linear and three-armed 
star molecules of the same species a t  the same molecular 
weight encompasses kF (see below) as well as Do and seems 
to extend into and beyond the semidilute regime (see 
Figure 4). Thus the PGSE experiment is not sensitive 
enough to detect the relatively subtle difference in Do 
between f = 2 and f = 3 at  equal M predicted by theo- 
ries.3!4,20 It amounts to some 570, roughly commensurate 
with the precision in the differences between the appro- 

-10 - 
log Do 

h*C)  

-10.5- 

- --7 '"L 3 3.5 4 4.5 5 5.6 6 
log M 

Figure 6. Data of Figure 5 replotted vs. log a,,. Single straight 
lines are fitted to each polymer type irrespective of architecture. 

priate intercepts in Figure 5. 
The molecular-weight dependence of polymer diffusivity 

at  infinite dilution may be explained in terms of Flory's 
theory of dilute solutions,2 according to which15 

where P is a numerical constant, qo represents the solvent 
viscosity, k is Boltzmann's constant, and T i s  the absolute 
temperature. The term in the square brackets is essentially 
independent of T and M and is a characteristic of a given 
polymer and architecture. The distinction between f = 2 
and f = 3 can be ignored here (see above). The quantity 
a describes the solvent power and is related to intrinsic 
viscosity:2 

[TI = [vlea3 (7) 

Measurements under 0-conditions are available from the 
literature. For  polystyrene^^^^^^ 

[q]e  = 8.4 X 10-5&fw0.50 m3 kg-' (84 

[q]e 1.78 X 10-4#$.60 m3 kg-' (8b) 

In order to use eq 7 to determine a, measurements of [q] 
for linear polymers of both species in CC14 at  50 "C were 
performed. The results are given in Table VII. 

A least-squares power-law fit to the molecular-weight 
dependence of [q] yields, for polystyrene and poly- 

whereas for anionic p~lybutadienes~' 

butadiene, respectively: 

[q]ps  = (1.53 f 0.08) X 10-5&fw0~694*0~006 

[q]pB = (1.79 f 0.08) x 10-5Mw0~782'0~005 

both in m3 kg-l. Solving eq 7-9 for a! yields 

a(PS in CC14, 50 "C) = (0.57 f 0.01)A?fw0.065f0.005 

a(PB in CC4,  50 "C) = (0.47 f 0.01)fiw0~094'0~005 

Substitution into eq 6 now results in a prediction for the 
molecular-weight dependences of Do, for comparison with 
the experimental results, eq 5. In the notation of eq 4, the 
power-law slopes s in Figure 6 would be expected to be 

sps = -0.565 f 0.005 (1la) 

SPB = -0.594 f 0.005 (lib) 

Equation I lb  is in agreement with observation for poly- 
butadienes as expressed by eq 5b. However, the observed 
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Table VI1 
Molecular Characteristics and Intrinsic Viscosities of Linear Polybutadienes and Polystyrenes 

Polybutadiene 

N-285 6.3 6.50 1.04 1.04 0.0982 
LF-9 9.2 9.60 1.03 1.04 0.1500 
LF-12 17.2 18.5 1.04 1.06 0.23 20 
LF-6 47.4 f 52.2 1.07 1.09 0.5251 
LF-10 70.6 1.04 1.01 0.6658 

LF-2 2.1 2.20 1.03 1.04 0.0438 

111281 
1.1682 
S-1 02-Md 
2182A 
62382 
NBS-705 
L11 
L 1 2  

Polystyrene 
2.10 2.16 1.01 
4.7 5.03 1.05 
7.3 7.50 1.03 

12.7 13.0 1.05 
15.0 15.8 1.04 
1 7 . 1 e  17.ge 1.06 

41.6f 41.8 1.05 
20.2f 20.8 1.01 

1.04 
1.03 
1.04 
1.06 
1.05 
1.06 
1.09 
1.07 

0.0147 
0.0285 
0.0386 

0.0610 
0.0675 
0.0733 
0.1169 

0.0548 

a Membrane osmometry. Lowangle laser light scattering; static mode. Waters 150C GPC. Fraction of Dow 
S-102 polystyrene standard. e Molecular weights determined by the National Bureau of Standards. 
GPC-Chromatix KMX-6 combination. 

Via Waters 150C 

exponent for polystyrenes is significantly different from 
that predicted via intrinsic viscosities. Such discrepancies 
are common in imperfect solvents and have been attrib- 
uted% to spatial crossover effects, which affect Do and [ V I  
in different ways. 

It should be pointed out that  the Mark-Houwink ex- 
ponent (e.g., in eq 9) determined by intrinsic viscosity 
experiments is known to undergo systematic decreases36 
below M i= 3 X lo4. For this reason intrinsic viscosity 
measurements (Table VII) were performed only above M 
i= 2 X lo4, whereas our diffusion experiments are ap- 
proximately centered on that value. Omission of data for 
log M 5 4.5 doubled the uncertainties in the determination 
of the slopes without significantly changing them. Thus 
we conclude that inclusion of the low-molecular-weight 
data in the computation of the slopes of Figure 6 may not 
be the source of the disagreement between eq 5a and l l a ,  
and we include all data to retain full precision in eq 5. 

Absolute magnitudes of the quantity M /  (5'') obtained 
via eq 6 are felt not to be sufficiently reliable. However, 
in computing their ratio between the two polymers, most 
of the systematic uncertainties cancel. Near the center of 
the molecular weight range covered by our experiments 
we thus obtain the ratio 

Its value may be compared to the ratio of unperturbed 
molecular sizes on the basis of literature  value^^'*^^ of the 
characteristic ratios, C,, given appropriate bond lengths 
1 and numbers of main-chain bonds at a common molecular 
weight, nM: 

Quantitative agreement with eq 12 cannot be expected 
since the latter involves modest molecular weights and a 
good solvent whose solvent power differs for the two 
polymers. 

The concentration dependence of the polymer diffusion 
constant in the dilute regime is described by kF in eq 3. 
It was determined from the slope and intercept of a 
straight-line fit to the data D-l vs. c at  the lowest con- 

01 i 
loa k, 

3 2  

-1 - 3 L -  __- _- 
. POLYSTYRENES ' 

3 log M 6 

Figure 7. Initial concentration dependences (KF) of the polymer 
diffusivities (see eq 3 and Figures 2 and 3) as a function of mo- 
lecular weight. Solid lines represent least-squares fits of straight 
lines to data. 

centrations. The values of kF for all samples described in 
Tables I and I1 are shown in Figure 7. Again, linear and 
three-armed star-branched molecules of the same polymer 
fall on the same curves, in both cases consistent with a 
straight line in a log-log plot. As in the case of Do, different 
slopes and intercepts are found for the two polymers. The 
results of least-squares fits to the data of Figure 7 are 

kF(PS) = (4.8 f 0.2) X 10-5M0.57*0.02 (14a) 

k,(PB) = (8.5 f 0.3) X 10-6MO~s0*0~0z (14b) 

with kF in m3 kg-'. The M dependence of kF can also be 
predicted from intrinsic v i s c o ~ i t i e s : ~ ~ ~ ~ ~  

k, = 0 . 7 5 [ ~ ]  (15) 

With [ q ]  given by eq 9, quantitative agreement with eq 14 
is not obtained. In the case of polybutadienes, the expo- 
nent of M nearly agrees but the predicted kF is some 14% 
too small at M = 3 x lo4. In the case of polystyrenes, the 
exponent of M is in disagreement with eq 14; the reason 
may be connected with the inclusion of low-molecular- 
weight data in the diffusion measurements (see discussion 
above). The value of kF predicted by eq 15 with eq 9a at  
M = 3 X lo4 exceeds the measurement, eq 14a, by 31 % . 

As might be expected, the agreement is more satisfactory 
in a correlation of results (Do and I t , )  based purely on 
diffusion measurements, e.g., as permitted by the Pyun- 
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Fixman model4 of dilute solutions. As elaborated by King 
et aL31 this model may be expressed in the form 

Self-Diffusion of Star and Linear PB and PS 1721 

where Vh = ( 4 ~ / 3 ) ( k T / 6 ~ q D ~ ) ~ ,  N being Avogadro's num- 
ber. When eq 4 is substituted into eq 16, it is evident that 
the data in Figure 7 should follow the form 

log kF = B - (3s + 1) log M (17) 

with s having the values given in eq 5. The resulting slopes 
(-3s - 1) are 0.56 f 0.02 for polystyrene and 0.80 f 0.02 
for polybutadiene, in excellent agreement with the mea- 
sured exponents of M in eq 14. The intercepts B can also 
be calculated from eq 16 with eq 5, but the value of kF6 
is not precisely known except that it should be confined 
within the limits31 2.23 5 kF@ 57.16. The straight-line fit 
to the data of Figure 7 thus amounts to a determination 
of kFm. When the experimental uncertainty in s (eq 5) is 
propagated to eq 17 and, together with the uncertainty in 
B, to eq 16, the values of kF@ for the two polymer species 
are found not to be significantly different, falling toward 
the lower end of the permissible region. Thus the Pyun- 
Fixman model provides a consistent description of our 
diffusion results in dilute solutions. 

No measurements of A2 were available; however, the 
Yamakawa modeP31 predicts a substantially steeper slope 
of log kF vs. log M than observed (Figure 7) in both 
polymers if A2 comes (as is likely) even within an order 
of magnitude of the value31 for polystyrene in 2-butanone 
a t  25 "C. 

Concluding Remarks 
The PGSE method of measuring self-diffusion of poly- 

mers in dilute and semidilute solutions determines cen- 
ter-of-mass motion of individual molecules so long as the 
diffusion distance d is sensibly greater than the coiled 
dimension of each molecule. Since 

d = (2Dt)'l2 (18) 
with t = 100 ms for PGSE,l0J3Jg it is easy to show that in 
our work this condition was not violated a t  c 6 c* for any 
M ,  and at  concentrations c 6 c** ,  a t  least for M < lo5. 
Since our search for multicomponent, cooperative, and 
non-Fickian diffusion phenomena was fruitless after a host 
of contamination and dispersity effects had been disposed 
of, it appears that polybutadienes and polystyrenes in CC14 
solution display relatively orthodox hydrodynamic be- 
havior. Flory's dilute solution theory is a good guide to 
the infinite-dilution limit, with CC14 constituting a ''good" 
solvent for polybutadiene but not for polystyrene. The 
Pyun-Fixman model adequately predicts the molecular- 
weight dependence of kF, although the postulated rela- 
tion4OV4l between kF and intrinsic viscosity is also useful. 
The difference between dilute polystyrene and poly- 
butadiene diffusion rates at  equal M appears to be mainly 
due to the difference in coiled molecular size at  any given 
molecular weight. 

The indistinguishability between linear and three-armed 
star molecules in dilute solutions is consistent with theory 
given our experimental uncertainties. In semidilute and 
concentrated solutions the same state of affairs is in accord 
with the v i e ~ ~ ~ v ~ ~  that, in the presence of hydrodynamic 
screening but without entanglements or reptation, polymer 
intermolecular friction is mainly governed by the mono- 
meric friction constant and the degree of polymerization. 

However, work presently in progress indicates that sig- 
nificant differences in Do as well as kF exist between four- 
and six-armed polyisoprene stars of equal molecular 

weight, as well as among polymethacrylates of the same 
molecular weight but different main-chain lengths vs. 
side-chain length and number. Thus PGSE investigation 
can serve as a useful supplement to intrinsic viscosity 
measurement in describing the influence of molecular 
architecture on hydrodynamics in solution. Provided that 
center-of-mass motion can be shown to be measured and 
provided the diffusion coefficient is not below D = 5 X 
m2 s-l (the practical limit for precise measurements), this 
usefulness can extend to melts and entangled systems. 
Under those circumstances the PGSE method can be used 
to investigate systems in which reptation may occur. 
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ABSTRACT Values of N,, the number of chain atoms between “entanglements”, were obtained for 62 flexible, 
semiflexible, and rodlike polymers and plotted against the corresponding values of the characteristic ratio 
C. or the Kuhn step length A. It was found that the polymers are nicely divisible into the three groups above. 
Despite some scatter, the flexible polymers fall in a band about a line described by N,  a: C.2 or N,  a Az and 
more specifically, N,  10Cm2 or N, = (2.5 8;.2)A2- In the case of rodlike polymers, the exponential dependence 
is less than 1.0, but the scatter prevents closer approximations. The semiflexible polymers fall in between 
the two extreme classes. When L,, the chain length between “entanglements”, is plotted against C. or A, 
again a L, a: Cm2 or L, 0: A* relationship is obtained for flexible polymers. However, when R,, the spatial 
distance between “entanglements” of flexible chains, is plotted, then relationships of the form R, a: C, or 
R, a: A are obtained. The observations are discussed in terms of the “entanglements” being interferences 
to the translational and rotational mobility of whole rodlike molecules or whole or large parts of flexible 
macromolecules. The empirical relationships for flexible polymers indicated above are in excellent agreement 
with recent theoretical expectations in the literature. 

Introduction 
”Entanglements” appear in molten bulk or highly con- 

centrated solutions of long-chain molecules when these are 
forced by external force out of their state of equilibrium. 
In the  case of flexible polymers, topological 
“entanglements” may serve as a valid model, but in the 
case of rodlike macromolecules, where apparent 
“entanglements” become manifest in relatively dilute, 
isotropic solutions, t he  physical meaning of 
“entanglements” remains obscure. In the case of rigid-rod 
polymers, the change in macroscopic behavior conven- 
tionally associated with the onset of entangled behavior 
may better be described in terms of concentration-de- 
pendent onset of interference to the free rotational and 
translational movement of the long rodlike molecules, 
reflected in rather abrupt decrease in their diffusion con- 
stants and an increase in solution viscosity. The inter- 
ference with free movement, both rotational and transla- 
tional, of flexiblela as well as rodlike- chains was recently 
explained in terms of the reptation model. Comparisons 
of expectations based on the reptation theory with ex- 
perimental results now appear in rapid succession. Several 
pertinent examples are given in ref 10-13. 

Besides efforts directed a t  understanding the physical 
meaning of “entanglements”, which will not be addressed 
in this work, the question arises as to the reason for the 
uniqueness to each undiluted polymer of the characteristic 
molecular weight between “entanglements”, M,, or the 
corresponding characteristic number of chain backbone 
atoms, N,. Dilution of high molecular weight, M ,  polymers 
with M >> M,, does not significantly affect the 
“entanglement” interaction between polymer chains, as it 
was experimentally observed’* that the onset of entangled 
behavior a t  a concentration c is well approximated by 

where (cw, is the product of concentration and molecular 
(cM), = M ,  (1) 

0024-9297/83/2216-1722$01.50/0 

weight at the point of onset of entangled behavior. 
Based on the model of topological “entanglements”, 

several empirical attempts were made in recent years to 
correlate M, or N ,  with some structural parameters of 
flexible polymers. The most extensive compilations of data 
assembled for such correlations are those of Boyer and 

Privalko and L i p a t ~ v , ~ l - * ~  and Aharoni.26-28 A 
comparison of these references reveals that the approaches 
adopted by the different authors are fundamentally similar 
to each other even though some scatter of data points and 
deviations from expectations exist. We believe that the 
choice of 

M ,  = 2M, (2) 
is a contributing factor to the data scatter, besides the 
effects of heavy pendant atoms or groups on the corre- 
spondence of M ,  to N,. Here, Me is the molecular weight 
between “entanglements” as obtained from the plateau 
modulus GNo of the polymer:29 

G N o  = cRT/Me (3) 
with R being the molar gas constant and T the absolute 
temperature. Allowing more accurate ratios of M J M ,  
(usually slightly over 2.0) to be used in the calculations of 
M ,  and N ,  from M e  undoubtedly will reduce the scatter 
of the data. However, due to the paucity of such precise 
data and in light of the fact that the large majority of M ,  
and N ,  data assembled in this work were obtained from 
viscosity data of melts or concentrated solutions, all values 
of M ,  obtained from Me will be calculated according to eq 
2 in order to maximize the number of evaluated polymers. 
In light of the results shown below, we do not believe that 
the data scatter significantly affects observed trends. In 
fact, attaching error bars of f50% to N ,  values in Table 
I did not affect the trends seen in Figures 1-6. Because 
they so clutter the picture, the error bars were omitted 
from the figures. 
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