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ABSTRACT Pad6 approximanb, assuming Flory's limiting exponent and utilizing the first-order perturbation 
results for the intrinsic viscosity [7] and the friction coefficient f of a flexible polymer, are shown to agree 
well with experimental data over a wide range of the interaction parameter z.  Based on these approximants, 
it is shown that the unperturbed dimension (R2)o and the polymer-solvent interaction parameter B can be 
estimated from viscosity or friction coefficient data in good solvents by a linear extrapolation of a plot of 
([7]/W/z)5/3 or ( f / 7 J ~ P / 2 ) ~  against MI2, where M is the polymer molecular weight and lo is the solvent viscosity 
coefficient. Values of (R2)o and B determined from viscosity plob are in good agreement with that of experiment 
and that from mean-square radii, respectively. 

Introduction 
In the previous paper,l we derived a new exact formula 

for the intrinsic viscosity of a chain polymer in steady-state 
Newtonian flow, and it was shown that in general an exact 
theory of the intrinsic viscosity requires the solution of a 
model-specific diffusion equation. However, practical 
methods to solve the diffusion equation are not yet 
available and in these circumstances some kind of ap- 
proximation is necessary. We observed that for flexible 
polymers the preaveraging approximation2 to the hydro- 
dynamic interaction tensor is better than the approxima- 
tion of rigid-body rotation around axes through the center 
of mass (which is exact for some symmetrical rigid bodies). 
In this paper we study the effect of excluded volume on 
the frictional properties of polymer chains with the use of 
the preaveraged hydrodynamic interaction tensor. In 
particular, our attention is directed to flexible polymers 
in good solvents, where the effect is large. 

With the preaveraged hydrodynamic interaction tensor, 
the steady-flow intrinsic viscosity and the friction coeffi- 
cient involve only equilibrium moments of the interaction 

and the Kirkwood-Riseman theory6 is exact for 
unperturbed chains without excluded volume. Thus, on 
the basis of this theory it is possible to develop pertur- 
bation calculations for excluded volume effects. But such 
series are useful only in a limited range, and it is difficult 
to evaluate higher terms. On the other hand, this difficulty 
can be sidestepped by a s s~ming~- '~  that the mean-square 
distance ( Ri?) between two segments, i and j ,  in a chain 
of N segments is the same as for a chain consisting of just 
P - il segments, i.e., only a function of - il. However, 
this assumption is in disagreement with perturbation 
cal~ulations'~J~ and also with Monte Carlo data,l5,l6 which 
show that ( RiF) depends on the positions of two segments 
in the chain contour. Therefore, for example, this as- 
sumption yields a value of 7.04 for a ratio of the mean- 
square end-to-end distance ( R2) to the mean-square radius 
(9) in the limit of long chains, which is considerably larger 
than the figure 6.4 estimated from lattice chain data;15v1' 
further, it also predicts that near the 8 temperature the 
intrinsic viscosity of a flexible-ring polymer increases with 
excluded volume less rapidly than that of a linear chain 
with the same molecular weight8 and contradicts the 
perturbation theory.lgZ0 UllmanZ1 recently modified this 
assumption by forcing ( Ri?) to fit the first-order pertur- 
bation result. However, his procedure leads to a positive 
second-order correction and is thus inconsistent with 
second-order perturbation theory.22 Agreement9~10~21*23 
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between theory and experiment therefore does not nec- 
essarily mean that these assumptions are correct. 

The perturbation series is asymptotiPn but predicts13914 
that (R,2) is a function of i and j as well as - il. In the 
limit of large excluded volume, the expansion factor CYR, 
defined by ffR2 = ( R2)/ ( R2)o, the ratio of the mean-square 
end-to-end distance of the chain to its unperturbed value 
(R2)o, has the asymptotic form2 

lim z-laRY = const (1) 
2-m 

where the excluded volume parameter z is defined by 

with /3 the binary cluster integral for a pair of segments. 
The exact value of the exponent is still somewhat uncer- 
tain,2g30 but it is clear that the original Flory value,3l v = 
5 ,  is quite accurate. Since the average segment density 
about the molecular center of mass reaches a limiting form 
for very long chains in very good solvents,32 it is almost 
certain that any expansion factor retains the same limiting 
functional form as aR.33 

We desire an expansion factor for all positive values of 
z .  For this purpose, therefore, we can construct a closed 
formula by applying the Pad6 approximant method,34 
utilizing the first few perturbation coefficients for the 
expansion factor a and assuming that Y = 5.  Stockmayer 
first proposed35 this procedure for cyR, and subsequently 
the present a ~ t h o r ~ ~ q ~ ~  studied it more extensively, in- 
cluding the expansion factor as for the radius of gyration 
and the second virial coefficient and comparing various 
approximants with experiment. The results showed that 
simple Pad6 approximants give good values over the entire 
range of positive z .  

In this paper, it is shown that 5(1,1) a p p r ~ x i m a n t s ~ ~  
ff5  = 1 + cz (3) 

for expansion factors for viscosity and friction coefficient 
(Stokes) radii fit experimental data surprisingly well. On 
the basis of these results, new viscosity and friction 
coefficient plots are suggested for estimation of unper- 
turbed dimensions and binary cluster integrals. 

Expansion Factors 
The intrinsic viscosity may be expressed in the form2 

(4) 

where M is the polymer molecular weight and ip is the 
Flory-Fox viscosity constant that in general depends on 
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chain stiffness, excluded volume, and hydrodynamic 
draining. If [v]e is the intrinsic viscosity of unperturbed 
chains, the cubed viscosity radius expansion factor a: is 
defined by 

[vI/[vle = @as3/@0 ( 5 )  

The viscosity constant for unperturbed chains with 
hydrodynamic preaveraging is 2.862 X loz3 in the non- 
draining limit.% Experimentally, it is well-known that 
there is no draining effect on long unperturbed chains. For 
simplicity, therefore, we hereafter ignore possible draining 
effects also in perturbed chains with excluded volume. 
Then for flexible chains a," is a function only of z, and for 
small z 

a: = 1 + C1,z - ... (small z )  (6) 

where the coefficient C1, is a numerical constant. 
Evaluation of C!, is not trivial, and earlier results have 

been only approximate. For example, Kurata and Ya- 
makawa14 obtained C1, = 1.55 on the basis of the Kirk- 
wood-Riseman theory. F i ~ m a n ~ ~  applied boson-operator 
techniques to the Zimm-Hearst the0ry4O.~~ but his pre- 
dicted value of 1.80 is appreciably greater than the ob- 
served values;42 subsequently, Yamakawa and Tanaka43 
attempted to introduce the excluded volume effect exactly 
into the Zimm-Hearst theory and obtained C1, = 1.06, 
which is close to the experimental value. Finally, Fujita 
et al.@ have shown that C,, can be rigorously calculated 
by the procedure of Auer and Gardner.= The result, after 
being corrected by Shimada and Yamakawa,20 is C1, = 1.14. 
Thus our Pad6 approximant for a, is taken to be 

(7) 

By analogy with eq 4, the translational friction coeffi- 

f / v O  = 61/2P(S2)1/2 (8) 

(9) 

= 1 + C,p - ... for small z (10) 

a; = 1 + 1.902 

cient may be written as2 

and the corresponding expansion factor is defined as 

af I ( f / v o ) / ( f / v o ) e  = asP/Po 

where vo is the solvent viscosity coefficient, P is the Flo- 
ry-Mandelkern constant corresponding to @ in the in- 
trinsic viscosity, and the subscript 8 indicates the value 
for unperturbed chains. The Kirkwood-Riseman theory 
gives Po = ( 3 ~ / 2 ) ~ / ~ / 2  in the nondraining limit. 

Approximate values of Clf  corresponding to the Kura- 
ta-Yamakawa14 and F i ~ m a n ~ ~  theories of the intrinsic 
viscosity are 0.416 and 0.415, respectively. The exact value 
of Clf is knownM to be 0.609. Therefore, we try the closed 
formula 

(11) a? = 1 + 3.0452 

Comparison with Experiment 
We now compare eq 7 and 11 with experimental data. 

The expansion factors a," and af are evaluated as the ratios 
of observed values for perturbed chains to their values for 
unperturbed chains. On the other hand, the parameter 
8, or z, cannot be determined directly from solution ex- 
periments, and some device is necessary. Here we estimate 
z by one of the following three methods, depending on the 
experimental situation. The first method3' is to evaluate 
z from observed values of as for real polymers in solution 
and the relation between as and z for self-avoiding lattice 
chains without short-range interactions. For lattice chains 
of this class the quantity ,6 can be identified4' as the 
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Figure 1. Plots of a: against z for poly@-o-hydroxybutyate) 
and poly(o-~-methyl-P-propiolactone-co-L-P-methyl-~-propio- 
lactone) in trifluoroethanol at 25 "C (O), chloroform at 30 "C (O), 
ethylene dichloride at 30 "C (b), and a-chloronaphthalene at 40 
"C (o).48-50 The solid curve and thin straight line are eq 7 and 
6, respectively. The two thin horizontal lines indicate the upper 
bound below which eq 12 and 13 are valid. 

volume per lattice point. The second method is to use 
empirical relations42 between aV3 and z: 

a: = 1 i- 1.052 (12) 

a: = 1.05 + 0.872 (13) 

This method is applicable for relatively mild excluded 
volume conditions as indicated in eq 1 2  and 13. Finally, 
the parameter z can also be estimated from the tempera- 
ture dependence of the second virial coefficient near the 
8 temperature.2 This method is strictly limited to the close 
neighborhood of the 8 point. It should be noted that eq 
7 and 11 contain no adjustable parameters, once a value 
of z has been independently selected by one of the above 
three methods. 

In Figure 1 are plotted values of aq3 against values of 
z thus determined for poly(D-/3-hydroxybutyrate) and 
poly(D-P-methyl-P-propiolactone-co-L-p-methy1-p-propio- 
lactone) in various solvents a t  several temperatures, as 
reported by Fujita et aL4&" The solid curve and thin 
straight line represent eq 7 and the initial slope at z = 0, 
eq 6, respectively. Two horizontal thin lines indicate the 
upper bound below which eq 12 and 13 are valid, corre- 
sponding to a: = 1.6 and 2.5, respectively. Agreement 
between theory and experiment is automatic in the region 
for a: < 2.5 because here z was determined from eq 12 
and 13. Even excluding this region from consideration, 
we can conclude that eq 7 fits the data surprisingly well 
over a wide range of z. Our treatment here neglects a 
possible draining effect. Very recently, Miyaki and Fujitasl 
suggested the possibility of partial draining and chain 
stiffness effects on the intrinsic viscosity of these polymers. 
However, such effects are too small to be detected in Figure 
1 and we do not comment further on this point. 

Now the empirical eq 12 and 13 support a linear rela- 
tionship between [7]/M1/* and iW2 for small values of z 
as first proposed by B u r ~ h a r d ~ ~  and by Stockmayer and 
Fixmans to estimate the unperturbed dimensions and the 
binary cluster integral, or the polymer-solvent interaction 
parameter B, defined by 

B = (N/W2P (14) 
But it is well-known2 that the Burchard-Stockmayer- 
Fixman plot shows concave-downward curvature, partic- 
ularly for good solvent systems, i.e., for large values of z. 
The weak curvature seen in Figure 1 corresponds to this 
fact, since the plot of a: against z is essentially equivalent 

for 0 < a: < 1.6 

for 0 < a: < 2.5 



1030 Tanaka Macromolecules 

2 0 ,  , I I I 1 
I I 

1 I 1 I I 
0 5 I O  15 20 25 30 35 

M i  x 1 0 - 2  

Figure 2. Plota of ( [ 7 ] / h P / 2 ) 5 / 3  against MI2 for polystyrene in 
benzene at  25 and 30 "C. The symbols are as follows: (0) data 
of Yamamoto et al;53 (0) data of Einaga et al.;" (a) data of 
Fukuda et (0) data of Krigbaum and Flory;66 (0) data of 
Altares et aL5' The straight line is the best fit to the data. 

to the Burchard-Stockmayer-Fixman plot. Such curva- 
ture will cause errors in the extrapolation to M = 0, even 
if nonlinear extrapolation is used, and unperturbed di- 
mensions and binary cluster integrals obtained in this way 
are often unreliable. Equation 7, on the other hand, 
predicts that ( [ T J / M / ~ ) ~ / ~ ,  rather than [q]/M/2, should 
be linear in Mi2: 
( [ T I ]  /M/2)5/3 = K5l3 + 0.627@05/3( (R2)o /M)B@/2  (15) 
with 

K = @0((R2)0 /M)3 /2  (16) 
Thus, graphically one can plot ([q]/M/2)5/3 against M/2. 
As in the case of the Burchard-Stockmayer-Fixman plot, 
the intercept a t  M = 0 here yields the unperturbed di- 
mensions and the slope is proportional to the interaction 
parameter B. This linearity is demonstrated in Figure 2 
for data on polystyrene in benzene at 25 and 30 "C, pub- 
lished by various groups.5367 The straight line in the figure 
is the best linear fit to the data. We find K = 8.75 X 
dL g-3/2 and B = 2.94 X cm3 g-2 mol2. This 
estimated value of K is very close to the observed53p56" one, 
K = = 8.8 X dL g-3/2 rnol1I2. Also the value 
of B is in good agreement with that calculated from 
mean-square radii.53,58 

An extrapolation of [q]/MI2 against M/2 leads to er- 
roneous values of unperturbed dimensions if the Mark- 
Houwink-Sakurada exponent a = d log [q]/d log M is 
larger than 0.8 due to partial draining or chain stiffness 
or both.% An interesting feature of the present plot is that 
for most stiff chains, a plot of ( [ q ] / @ / 2 ) 5 / 3  against @ I 2  
gives a good straight line but the linear extrapolation to 
M = 0 yields a negative intercept, indicating inapplicability 
of the treatment to these polymers. In any case, it is highly 
advisable to supplement the viscosity data by other mea- 
surements, e.g., by measurements of radii of gyration. 

We now proceed to test eq 11. In Figure 3, observed 
values of af are plotted against z for poly(.-methylstyrene) 
in toluene at  25 OC,SM1 and in trans-decalin a t  20 and 40 
OC.'jl The solid curve represents the values calculated from 
eq 11. The thin line is the tangent Clf = 0.609 to the curve 
at  z = 0. Equation 11 may be regarded as fairly good, 
though it seems that eq 11 slightly overestimates af for z 
> 4. 

( f /qJ41/2)5 = Kf5 + l.00P05((R2)0/M)7/2BM/2 
with 

Similar to eq 15, we have 
(17) 

K f  = P O ( ( R ~ ) O / M ) ~ ' ~  (18) 

Figure 3. Plota of a against z for poly(a-methylstyrene) in 
toluene at  25 "C and trans-decalin a t  20 and 40 "C (0).S1 
The solid curve is eq 11 and the thin straight line is eq 10. 

Thus, according to eq 17, the unperturbed dimensions and 
the polymer-solvent interaction parameter can also be 
obtained from the intercept and the slope for a plot of 
(f/7@/2)5 against @/2. Since the intrinsic viscosity can 
in general be measured more accurately than the friction 
coefficient, eq 15 seems to be more useful than eq 17. 

If eq 7 and 11 are combined with a Pad6 approximantS 
for as, the ratio PIPo = a /as is very close to unity for all 
values of positive z ,  whiie the ratio @/ao = a?3/as3 de- 
creases sharply from unity for small values of z and then 
gradually reaches a nonzero asymptotic value. Such be- 
havior of P/Po and @/ao is in good agreement with ex- 
perimental results.2i61 The relation a: = as2af suggested 
by Weill and des Cloizeaux62 leads to PIPo = @/ao and 
thus clearly conflicts with experiment. 

Within the binary cluster approximation, the interaction 
free energy is represented by a pseudopotential propor- 
tional to 8. When the parameter ,8 is negative, the seg- 
ments tend to attract each other to lower the free energy, 
and if /3 is much less than zero the polymer chain col- 
l apse~ .*~*~~*  It is necessary to introduce higher than 
pairwise short-range interaction terms63* to prevent a 
prediction of collapse to a point. The binary cluster ap- 
proximation is meaningful if the interaction energy is 
boundeds7 by 

W/3 1 -AN (19) 

where A is a positive constant. Equation 19 leads to 

Then zmin is inversely proportional to the square-root of 
the molecular weight, and, as the molecular weight in- 
creases, zmin approaches zero. When N is finite, zmin re- 
mains negative and thus the binary cluster approximation 
can be extended to small negative values of z.  Experi- 
mentally, finite chains can be observed and their data may 
be compared with eq 7 and 11. At present, however, data 
for negative z are limited and we can compare only eq 11 
with experiment. In Figure 4, observed values of af are 
plotted against -(1 - 9/T)Mf2 for polystyrene in cyclo- 
hexane below 8. These data were reported by Bauer and 
UllmansB and by Sun, Nishio, Swislow, and Tanaka.69 
Numerical values of eq 10 and 11 are shown by the thin 
straight line and the solid curve, respectively. In this 
calculation the temperature dependence of z is assumed 
to be 

(21) = 6.25 x 10-3(1- e/T)w/2 
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Figure 4. Plots of af against (1 - 8/nw12 for olystyrene in 

220, 39, and 24, respectively; the solid circles (0) are from Sun 
et  al." with 104M = 2600. The solid curve is eq 11 and the thin 
straight line is eq 10. 

based on the recent work by Miyaki and F ~ j i t a . ~ ~  For (1 
- 9/T)W/2 5-25, i.e., z 5-0.15, eq 10 and 11 compare 
favorably with experiment. Beyond this region, the data 
obtained by the two groups split into different directions, 
reflecting experimental difficulties. Further experimental 
studies are needed to settle this problem. In any case, it 
is clear that the binary cluster approximation can be ex- 
tended to small values of negative z and that it predicts 
reasonably the observed initial behavior of a polymer chain 
before i t  collapses. 

In summary, we see that simple 5(1,1) Pad6 approxi- 
manta can usefully imitate the observed behavior of a? and 
af for flexible polymers in good solvents. It should, how- 
ever, be remembered that the present treatment implicitly 
assumes agreement between theory and experiment for 
unperturbed chains. Actually, there are some discrepan- 
cies. Observed values of a0 are at least 10% smaller than 
the theoretical preaveraged one, and the experimental Po 
is about 15% 1arger'O than the KR value (one exception 
is Nose and Chu's value of Po = 4.64,= which is nearly 10% 
smaller than the KR value; we note, however, that their 
value of ( P ) , / M  = 13.6 X (cm2 mol)/g is about 50% 
larger than the best established figure). There is no con- 
sistent interpretation to solve these disagreements. Fur- 
ther studies are necessary. 
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