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ABSTRACT: The translational diffusion coefficient D of the helical wormlike (HW) touched-bead model 
is evaluated theoretically by the use of the Kirkwood formula in the same spirit as in the evaluation of the 
intrinsic viscosity. The results are compared with those obtained previously on the basis of the HW cylinder 
model. Experimental results for D determined from dynamic light scattering measurements are also reported 
for 15 samples of atactic oligo- and polystyrenes (a-PSI, each with the fraction of racemic diads fi = 0.59, 
in the range of weight-average molecular weight M, from 3.70 X lo2 to 1.91 X lo6 in cyclohexane at 34.5 O C  

(e). The agreement between the experimental and theoretical values is shown to be fairly good over the whole 
range of M, down to the trimer, indicating that the Stokes(-Einstein) law holds even for an a-PS oligomer 
(nearly the trimer) corresponding to the single bead. This is in contrast to the previous result that its intrinsic 
viscosity is appreciably larger than the corresponding Einstein value. The HW model parameters determined 
from the present analysis are consistent with those from the mean-square optical anisotropy, mean-square 
radius of gyration, and intrinsic viscosity. Thus it is concluded that the HW model may give a consistent 
description of both the equilibrium and transport properties of unperturbed flexible polymer (and oligomer) 
chains. 

I. Introduction 
we 

evaluated the translational diffusion (or friction) coeffi- 
cient D and the intrinsic viscosity [ql of the helical 
wormlike (HW) chain4* (without excluded volume) by an 
application of the Oseen-Burgers (OB) procedure of 
classical hydrodynamics7 to the cylinder model. Inter- 
polation formulas for both D and [ql were also presented 
in parts 2 and 3, respectively. However, the one for [TI 
cannot be applied to typical flexible polymers having in 
general the rather large ratio ( w  1) of the cylinder diameter 
d to the static stiffness parameter A-l of the HW chain, 
since it was constructed for Ad S 0.08. Recall that the 
numerical solution of the integral equation with the OB 
kernel cannot be obtained for such large Ad (- 1) when 
the ratio of the contour length L to A-l is small, while such 
a numerical difficulty never occurs in the evaluation of D 
if the Kirkwood f ~ m u l a ~ ~ ~  for D is employed, as done in 
part 2. In part 4,1° therefore, we evaluated [ql of the HW 
touched-bead model, for which the kernel does not cause 
the difficulty noted above, in order that we might apply 
the results to flexible polymers to explain the dependence 
of [q]  on the molecular weight M over its wide range 
(including the oligomer region) on the basis of the HW 
chain. Thus we desire to evaluate D for the same model 
for consistent treatments of D and 171. One of the purposes 
of the present paper is to do this by the use of the Kirk- 
wood formula. 

On the other hand, we recently made experimental 
studies of [ql for atactic polystyrene (a-PS) with the 
fraction of racemic diads fr = 0.59,11 atactic poly(methy1 
methacrylate) with f r  = 0.79,12 and polyisobutylene'3 in 
respective 8 solvents. In all these cases, measurements 
were carried out over a wide range of M, including the 
oligomer region. From analyses of the data obtained on 
the basis of the HW touched-bead model,1° it was found 
that the value of [TI of an oligomer corresponding to the 
single bead does not always agree well with its Einstein 
intrinsic viscosity [VIE, the values for the few lowest isobu- 
tylene oligomers even being negative. The value of [ql > 
[??]E for such an oligomer may be due to its nonspherical 

In previous papers, parts 1-3 of this 
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or elongated shape in solution" (or its rough surface), while 
the negative [ql may be regarded as arising from specific 
interactions between solute and solvent m01ecules.l~ In 
any case, it  is clear that classical hydrodynamics with the 
nonslip (or slip) boundary condition in general is not 
rigorously valid for small solute molecules in a shear flow. 
Thus it is interesting to examine whether the values of D 
for such oligomers can or cannot be explained by the 
Stokes(-Einstein) law. In this paper, therefore, we also 
report experimental data for D obtained for the a-PS in 
cyclohexane a t  34.5 OC ((3) as a first example of flexible 
polymers over a wide range of M, as always including the 
oligomer region, and analyze them by the use of the present 
HW theory for the touched-bead model. Although some 
experimental data for D for a-PS have already been 
reported,14J5 no data are available for its oligomers with 
very low M. 

In the Theoretical Section, we present basic equations 
required for the numerical calculation of D of the HW 
touched-bead model and compare the results with the 
previous ones for the cylinder model. Section I11 is the 
Experimental Section. In sections that follow, we present 
experimental results obtained from dynamic light scat- 
tering measurements and analyze the data obtained for D 
along the line mentioned above. 

11. Theoretical Section 
Basic Equations. Consider the HW touched-bead 

modello composed of N identical spherical beads of 
diameter db whose centers are located on the HW chain 
contour of total contour length L. The contour distance 
between two adjacent centers is set equal to the bead 
diameter db, so that 

Ndb = L (1) 
Thus the model is defined by the four model parameters: 
the constant curvature KO and torsion TO of the characteristic 
helix4 of the HW chain, the static stiffness parameter A-l, 
and db, assuming that Poisson's ratio u is zero, as usual. 
In the remainder of this section, all lengths are measured 
in units of A-l. 
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According to the Kirkwood f ~ r m u l a , ~ , ~  the translational 
diffusion coefficient D for this model may be written in 
the form 
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where kg is the Boltzmann constant, T the absolute tem- 
perature, Tt the translational friction coefficient of the 
bead, qo the viscosity coefficient of the solvent, (Rpq- l )  
the mean reciprocal distance between the centers of the 
p th  and qth beads (p ,  q = 1,2,  ..., N), and we assume the 
Stokes formula for tt, i.e. 

l t  = 3rt10db (3) 

For the chain without excluded volume, (Rpq- l )  is a 

(4 )  

where (R-l(s)) is the mean reciprocal end-to-end distance 
of the HW chain of contour length s. With this relation, 
eq 2 may be reduced to 

function of lp - qI, i.e. 

(Rpq- l )  = (R-'(!P - qld,)) 

D = ( ~ B T / ~ * ? ~ L ) ~ D ( L ; K o , ~ o , ~ ~ )  (5) 
where the dimensionless function f D  is given by 

f D ( L )  = 1 + 
N-l 

(db/L) (L  - pdb) (Rp;'@db)) ( N  = L/db) (6) 
p=l  

Note that we have used eqs 1 and 3 in the above reduction 
and that the function f d L )  depends on db and also on KO 

and 70 through (W). 
An interpolation formula for (R-l(s)) has already been 

given in the Appendix of ref 16, and it is convenient to 
reproduce it here. I t  reads 

(R-'(S))  = [ (R2b)  )Kp/(R2(s))11'2(R-1(S) )Kp[1  + Ko2r(S)I 

(7 )  
In eq 7 ,  ( R 2 ( s ) )  is the mean-square end-to-end distance 
of the HW chain of contour length s and is given by eq 54 
of ref 6 (with t = s and u = 0) 

1 
2 ( R 2 ( s ) )  = C,S - -702~-2 - 2~ , ,%-~ (4  - u2)(4 + u2)-2 t 

I -29 1 2 -2 
-70 u + 2 ~ : u - ~ ( 4  + ~ ' ) - ~ [ ( 4  - u2) cos us - 4u sin us] 

(8) 

e 
I2 

with 

c ,  = (4  + 702)/(4 + K: + 72) 
u = ( K t  + 7 : y  

(9) 

(10) 
( R 2 ( s ) ) ~ p  is the mean-square end-to-end distance of the 
Kratky-Porod (KP) wormlike chain of the same contour 
length and is given by eq 8 with KO = 0 ( c ,  = 1 and u = 7 0 ) .  

(R- l ( s ) )~p  is the mean reciprocal distance of the same KP 
chain and is given approximately by7 

(R-'(S))KP = 

73 ) for s > 2.278 ( y2( 1 - 40s - 

1 
3 = s-l (I + -s + 0 . 1 1 3 0 ~ ~  - 0 . 0 2 4 4 7 ~ ~ )  for s I 2.278 

(11) 

1 I I 

L 
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Figure 1. Double-logarithmic plots of f D  against L for the KP 
chain with db = 0.01,0.025,0.1, and 0.25. The solid and dashed 
curves represent the values for the touched-bead model and the 
corresponding cylinder model with d = 0.891db, respectively (see 
the text). 

The function Us) is given by 

(k 2-7) (14) 
where 6ij is the Kronecker delta and ub are the numerical 
coefficients independent of s, KO, and 70, their values being 
given in Table I1 of ref 16. 

The application of the above formulas with the values 
of ut. given in Table I1 of ref 16 is restricted to the following 
ranges of KO and 70: the shaded domain in Figure 3 of ref 
2; u I 1.5 and 0 5 70/U I 0.5; and u I 8 and 0.5 I 7 0 / V  I 
1. For other values of KO and 7 0 ,  we must evaluate the 
coefficients Ak (k = 2-7) by the use of the numerical results 
for (R-l(s))  calculated by the procedure described in ref 
17. For some interesting cases of KO and 70, the values of 
Ak (k = 2-7) thus determined are given in Appendix B of 
ref 18. Finally, we note that the above interpolation 
formula with Ak = 0 (k = 2-7) gives a very good 
approximation for u 2 20. 

Numerical Results. Now we examine the behavior of 
the function f~ for the HW touched-bead model on the 
basis of the values calculated from eq 6 with eqs 7-14. All 
numerical work has been done by the use of a FACOM 
M-780 digital computer in this university. 

Figure 1 shows double-logarithmic plots  off^ against L 
for the KP chain ( K O  = 0) with various values of db. As 
noted in part 2,2 for the HW chain of weak helical nature, 
i.e., for 7 O / U  2 0.5, the difference between the HW and 
(associated) KP chains in the dependence of D (or f ~ )  on 
L is negligibly small. Thus the numerical results displayed 
in Figure 1 may be considered to apply approximately to 
chains of weak helical nature such as a-PS, for which the 
parameters KO and 7 0  have already been determined to be 
3.0 and 6.0, respe~tive1y.l~ [Recall that the interpolation 
formula given in part 2 does not cover such a region of ( K O ,  
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Table I 
Values of M, and MJM. for Atactic Oligo- and 

Polystyrenes with f, = 0.59 in Cyclohexane at 34.5 OC 

10-2 Io-' I IO I 02 
L 

Figure 2. Double-logarithmic plots of fD  against L for the case 
of K~ = 4.5 and ro = 2.0 [atactic poly(methy1 methacrylate)] with 
db = 0.01, 0.025, 0.1, and 0.25. See legend for Figure 1. 

TO) . ]  Figure 2 shows similar plots for the'case of atactic 
poly(methy1 methacrylate) (a-PMMA) with fr = 0.79, as 
an example of chains of strong helical nature, whose HW 
model parameters KO and TO determined from an analysis 
of [ ~ 3 1 2  are 4.5 and 2.0, respectively. In both figures, the 
solid curves represent the present theoretical values for 
the touched-bead model. For comparison, the values for 
the HW cylinder model (dashed curves) calculated from 
the interpolation formula given in part 2 are also plotted 
in the figures. We note that fD is equivalent to the function 
s defined in part 2, and that we have used the values of 
the diameter d for the corresponding cylinder model 
computed from the relation d = 0.891db.20 This relation 
was obtained from a comparison of theoretical values for 
the touched-bead rod and the straight cylinder with 
hemisphere caps on both terminal ends. 

From these figures, i t  is seen that the values of D for the 
two models differ appreciably from each other for short 
chains even with the above relation between d and db. 
Therefore, we should use the same model, especially the 
touched-bead model for flexible chains, when we analyze 
data for D and [TI consistently over a wide range of M. In 
fact, the interpolation formula for [TI for the cylinder 
model is not applicable to (very) flexible chains in the 
oligomer region. 

111. Experimental Section 
Materials. Most of the a-PS samples used in this work are 

the same as those used in the previous studies of the mean- 
square optical anisotropy ( r2),19 [ v ] , ~ ~  the mean-square radius 
of gyration (S2),21 and the transport factors p and for long 
flexible chains,22 i.e., the fractions separated by gel permeation 
chromatography (GPC) or fractional precipitation from the 
original standard samples supplied from Tosoh Co., Ltd. They 
are sufficiently narrow in molecular weight distribution and have 
dxed stereochemical composition fr independent of molecular 
weight. The values of the weight-average molecular weight M ,  
obtained from analytical GPC ( M ,  < 103) and light scattering 
measurements ( M ,  > lo3) are given in Table I along with those 
of the ratio of M ,  to the number-average molecular weight M,. 
The values for the additional sample F2O23 are also given in Table 
I. 

The solvent cyclohexane used for dynamic light scattering 
(DLS) measurements was purified according to a standard 
procedure. 

Dynamic Light Scattering. DLS measurements were carried 
out to determine D for the 15 a-PS samples OS3 through F20 
except for F40, F80, and F128-2 in cyclohexane at 34.5 "C by the 
use of a Brookhaven Instruments Model BI-2OOSM light scat- 
tering goniometer with vertically polarized incident light of 488- 

OS3 
OS4 
OS5 
OS6 
OS8 

A2500-a' 
A2500-a 

A1000-b 

A2500-b 
A5000-3 

3.70 X 10' 1.00 F1-2 
4.74 X lo2 1.00 F2 
5.78 X lo2 1.00 F4 
6.80 X lo2 1.00 F10 
9.04 X lo2 1.01 F20 
1.48 X lo3 1.02 F40 
1.78 X lo3 1.04 F8O 
2.27 X lo3 1.05 F128-2 
3.48 X lo3 1.07 
5.38 X lo3 1.03 

1.01 x 104 1.03 
2.05 x 104 1.02 
4.00 x 104 1.02 
9.73 x 104 1.02 
1.91 x 105 1.02 
3.59 x 105 1.01 
7.32 x 105 1.01 
1.32 X lo6 1.05 

nm wavelength from a Spectra-Physics Model 2020 argon ion 
laser equipped with a Model 583 temperature-stabilized etalon 
for single-frequency-mode operation. The photomultiplier tube 
used was an EM1 9863B/350, the output of which was processed 
by a Brookhaven Instruments Model BI2030AT autocorrelator 
with 264 channels. A minor modification has been made of the 
detector alignment.22 The normalized autocorrelation function 
g@)(t) of scattered light intensity I ( t ) ,  i.e. 

g'2'(t) = (I(O)Z(t) )/(z(o))2 (15) 
was measured at four or five different concentrations and at 
scattering angles ranging from 15 to 110". The relaxation rate 
of g(2)(t)  - 1 increases with decreasing M,, so that the sampling 
time must be properly chosen depending on M,. The details are 
given in the next section. 

The most concentrated cyclohexane solutions of the samples 
were prepared by continuous stirring in the dark at ca. 50 OC for 
1 day. Although the present stirring time was shorter than 
before,21 complete dissolution of each polymer sample was 
confirmed from flow times for the highest F20 of the samples 
used in the present measurements. These solutions were optically 
purified by filtration through a Teflon membrane of 0.1-pm pore 
size. (From flow times, the filtration was confirmed to cause 
neither change in polymer concentration nor chain scission.) All 
solutions of lower concentrations were obtained by sequential 
dilution. The weight concentrations of test solutions were 
determined gravimetrically and converted to mass concentrations 
c by the use of the densities of the solutions. 

Fromthedataforg@)(t), wedetermined thediffusioncoefficient 
D ( m )  at an infinitely long time in almost the same manner as 
used in the previous work.22 g@)(t) at infinite dilution is related 
to the dynamic structure factor S(k,t) by the equation 

In [g'2'(t) - 11 = const + In [S(k,t)/S(k,O)] (16) 
where k is the magnitude of the scattering vector and is given by 

k = (4?r/x) sin (0/2) (17) 
with 0 the scattering angle and the wavelength of the incident 
light in the solvent. The second term on the right-hand side of 
eq 16 may be written in the form 

In [S(k,t)/S(k,O)] = -k2tD(t)[l + O(k2)] (18) 
At such a long time t that all the internal motions relax away and 
D ( t )  becomes a constant D(m) ,  eq 16 with eq 18 may then be 
rewritten in the form 

(19) 
An equation similar to eq 19 holds at finite concentrations c 

unless c is large. Thus the apparent diffusion coefficient D(LS)(c) 
determined from DLS measurements at finite c may be evaluated 
from 

In [g'"(t) - 11 = const - At 

D'Ls'(c) = lim A/k2 
k-0 

(20) 

At sufficiently low concentrations, D(Ls)(c) may be expanded as 

(21) 
so that the desired D ( m )  may be determined from extrapolation 

DLS)(c )  = D'LS'(O)(l + k,'LS)c + ... ) 
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Figure 3. Plots of ( l /2 )  In [g@)(t)  - 11 against t for the a-PS 
samples OS3 (c = 3.12 X 10-1 g/cm3, 0 = 15") (a) and F20 (c = 
6.59 X g/cm3, 0 = 20") (b) in cyclohexane at 34.5 "C. The 
arrow in case b indicates the value oft = l O n ,  and the straight 
lines have the respective slopes of -A. 

of "'(c) to c = 0 

D(m)  = D = ~ ' L s ) ( o )  (22) 
Note that the coefficient kDlLs) defined in eq 21 is not equivalent 
to the coefficient kD appearing in the ordinary diffusion or 
sedimentation equation (see eq 30.40 of ref 9). 

The values of the refractive index at a wavelength of 488 nm 
and viscosity coefficient 70 that we used for cyclohexane at 34.5 
"C are 1.424 and 0.768 cP, respectively. 

IV. Experimental Results 
Figure 3 shows plots of (l/2) In [g(2)(t) - 11 against t for 

the data for the a-PS samples OS3 (a) and F20 (b) in cy- 
clohexane a t  34.5 "C, which were obtained a t  the respective 
highest concentrations c and at the respective smallest 
scattering angles 8; i.e., c = 3.12 X lo-' g/cm3 and 6 = 15' 
for the former and c = 6.59 X g/cm3 and 6 = 20" for 
the latter. In general, the relaxation rate k2D of g(2)(t) - 
1 increased with decreasing M ,  and with increasing k (or 
e), so that the sampling time was shortened as M ,  was 
decreased and as 6 was increased, but we always made it 
larger than 0.3 ps. The sampling times adopted in 
obtaining the data in Figure 3a and b were 0.8 and 10 ps, 
respectively. 

we adopted the 
data for t larger than the time 1071 for the determination 
of D(m),  where 71 is the relaxation time of the first normal 
mode for the Gaussian chain (the spring-bead model) and 
is given in the nondraining limit by9,24 

r1 = hfq0[7]/0.586RTX1 (23) 
with R the gas constant and XI (=4.04) the corresponding 
reduced Zimm e i g e n v a l ~ e . ~ ~ ~ ~  In Figure 3b, the arrow 
indicates the value o f t  = 1071. However, the value 8.9 ps 
of 1071 for the sample F20 is much smaller than the cor- 
responding value of 68 ps for the sample F80 studied 
previously,22 and the tendency for the plot to be slightly 
concave upward for t 1071, as observed for the sample 
F80 (see Figure 2 of ref 22), is not very clearly seen in 
Figure 3b. Further, for the samples with small M ,  (<2 X 

As in the previous study of p and 

-1 

I I 

3.0 - ( b )  - - 
2.8,-O " 

L ,-. 
0 0 -  

Figure 4. Plots of A / k 2  against k2 for the a-PS samples OS3 (a) 
and F20 (b) in cyclohexane at 34.5 "C. The polymer mass 
concentrations c are 1.07 X lO-I ,  1.35 X lO-l, 1.85 X lO-I, 2.31 X 
lO-l ,  and 3.12 X 10-l g/cm3 for case a and 2.70 X 3.99 X 10-3, 
5.01 X lO-3,5.98 X low3, and 6.59 X g/cm3 for case b from top 
to bottom. 

c X I O  (g /cm3)  
80 0 -1 2 3 

A2500-b  

0 z;ooo-:- , , , , I x o  

0 '  I 1 I 
0 I 2 3 

c ~ 1 0 * ( g / c m 3 )  

Figure 5. Plots of DLS)(c) against c for the a-PS samples 
indicated in cyclohexane at 34.5 "C. 

lo4), the time 1071 becomes smaller than the sampling 
time actually adopted, and therefore, the above criterion 
makes no sense for such samples. As seen from Figure 3a, 
however, the plot is concave upward for very small t (<1 
ps). This may probably be due to the afterpulsing in the 
photomultiplier tube and may be considered to have 
nothing to do with the time dependence of D discussed 
above. Thus we may neglect such data points in the de- 
termination of the slope -A. 

The intensity of scattered light (or number of scattered 
photons per second) is very weak for the oligomer samples. 
As a result, the data for the sample OS3 scatter more 
appreciably than those for F20, as seen from the figure. 
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Table I1 
Results of DLS Measurements on Atactic Oligo- and 
Polystyrenes with fr = 0.59 in Cyclohexane at 34.5 O C  

10'0, ko'", 10'0, k d L S ) ,  
sample em% cm3/g sample em% cm3/g 

OS3 67.4 -LO3 F1-2 13.0 -6.07 
OS4 59.6 -1.35 F2 8.74 -7.94 
OS5 58.2 -1.67 F4 6.58 -10.0 
OS6 53.3 -1.75 F10 4.21 -14.8 
OS8 43.1 -1.91 F20 3.04 -21.7 
A1000-b 35.9 -2.52 F4W 2.25 -28.9 
A2500-a' 32.9 -3.45 F80 1.57 -38.9 
A2500-a 28.2 -3.80 F128-2 1.17 - 6 8 . 4  
A2500-b 21.7 -3.70 
A5000-3 18.2 -4.72 

a The values of D of F40, F80, and F128-2 have been reproduced 
from ref 22. 

1 

8' I I 1 
I J 

2 3 4 5 6 7 
l o g  M, 

Figure 6. Double-logarithmic plots of tl&M,/k~T against M ,  
for a-PS in cyclohexane at 34.5 OC: 0, present data; 0, previous 
data22; A, data by Huber et al.15 The dotted straight line has a 
slope of 0.5. 

The relative errors in the slopes -A (of the straight lines) 
determined by the method of least squares from the data 
shown in Figure 3a and b were determined to be i 3 %  and 
f0.5 % , respectively. 

Figure 4 shows plots of the values of A/k2 thus 
determined against k2 for the same samples OS3 (a) and 
F20 (b) in cyclohexane a t  34.5 "C, the points representing 
the values a t  c = 1.07 X lO-l ,  1.35 X lO-l, 1.85 X lO- l ,  2.31 
X 10-1, and 3.12 X lo-' g/cm3 for OS3 and a t  c = 2.70 X 
10-3, 3.99 X 10-3, 5.01 X 
g/cm3 for F20 from top to bottom. In the range of k2 
displayed, A/k2 is seen to be almost independent of k, so 
that we adopt as the value of D(Ls)(c) [ = ( A / k 2 ) d  a t  each 
finite c the mean value represented by the horizontal line. 
Figure 5 shows plots of the values of DLS)(c) thus 
determined against c for the 15 a-PS samples indicated in 
cyclohexane a t  34.5 "C, which are seen to follow straight 
lines. We may then determine D(0) (=D) and kD(Ls) for 
each sample from the ordinate intercept and slope of each 
of them. 

The values of D and k ~ ( ~ ~ )  obtained are given in Table 
11. The values of D for the three samples with the highest 
M,, i.e., F40, F80, and F128-2, have been reproduced from 
ref 22, and those of for these samples are the ones 
determined there (although not reported). The possible 
relative errors in D were estimated to be f l% for M, >, 
lo5, i1.5% for lo4 S M, 5 lo5, f 2 %  for 3 x 103 5 M ,  5 
lo4, f 3 %  for lo3 5 M, 5 3 X 103, and i5% for M, 5 103. 
The present results for kdLS) are in good agreement with 
those by Huber et al.15 for M ,  < 3 X lo4, and the sign of 

5.98 X and 6.59 X 
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kD(Ls) is consistent with the theoretical predictiong for k D  
(appearing in the ordinary diffusion or sedimentation 
equation) for the Gaussian chain. However, these two 
coefficients are not equivalent to each other since DLS)(c) 
represents a kind of relaxation rate of the segment-density 
fluctuation and cannot be directly related to the so-called 
self-diffusion coefficient except a t  infinite dilution.26 
Further, they have not been evaluated theoretically for 
short chains. Thus we do not analyze the present data for 
kD(Ls). 

Figure 6 shows double-logarithmic plots of qoDM,/kBT 
(in cm-') against M, for the present (unfilled circles) and 
previous (filled circles) data for the a-PS in cyclohexane 
a t  34.5 "C. (Note that the quantity qoDM,/kBT is 
proportional to the sedimentation coefficient.) The solid 
curve connects these data points smoothly, and the dotted 
line indicates its asymptotic straight line of slope '/2. The 
data points slightly deviate upward from this straight line 
for 5 X lo2 < M, < 2.5 X lo3. For comparison, the data 
by Huber et al.l5 (unfilled triangles) for a-PS in cyclo- 
hexane a t  34.5 "C are also plotted in Figure 6. Their data 
points are somewhat lower than ours. 

V. Discussion 
Analysis of Experimental Data. In this section, all 

lengths are unreduced unless otherwise noted. From eq 
5, the quantity q&M,/kBT may then be written in the 
form 

q$M,/k,T = (ML/37r)fD(z; h-lKo,X-lTo,Xdb) (24) 
where ML is the shift factor as defined as the molecular 
weight per unit contour length, and the function fD  is given 
by eq 6 and evaluated numerically. Corresponding to the 
analysis of [v],l1-l3 we analyze the data by the use of the 
equations 

log (Q$hf,/kBT) = log f~ (u)  + log ML - 0.975 (25) 

log M ,  = log (XL) + log (A-1 ML) (26) 

The quantities ML and X-~ML (and therefore X-' and ML) 
may be estimated from a best fit of double-logarithmic 
plots of the theoretical fD against XL for properly chosen 
values of X-~KO, X-~TO, and Xdb to that of the observed qoDM,l 
kBT against M,, so that we may in principle determine 
X - ~ K O ,  X - ~ T O ,  X-l, ML, and db. As in the case of [J  for a- 
PS," however, it  is difficult to determine all of the five 
model parameters in this manner, since the double- 
logarithmic plot of qJIM,lkBT against M ,  deviates only 
slightly from the straight line of slope l/2 and does not 
exhibit remarkable inflection as observed in the case of 
[TI for a-PMMA.12 Thus, in this paper, we assume that 
X - ~ K O  and X - b o  are the same as those estimated previouslylg 
from the analysis of the data for ( r2) in cyclohexane a t  
34.5 "C, i.e., X - ~ K O  = 3.0 and X - ~ T O  = 6.0, and determine the 
remaining three parameters X-l, ML, and db. 

Figure 7 shows double-logarithmic plots of qaM,/kBT 
against M ,  for the a-PS in cyclohexane a t  34.5 "C. The 
unfilled circles represent the present and previouszz 
experimental values, and the solid curve represents the 
best-fit theoretical values for N 1 2 calculated from eq 6 
with Xdb = 0.35, log ML = 9.544, and log(1-l ML) = 2.975, 
the dashed line segment connecting those values for N = 
1 and 2. The dotted line indicates an asymptotic straight 
line of slope '/2. The values of the HW model parameters 
thus determined are listed in the first row of Table I11 
along with those determined from analyses of ( r2), (Sz), 
and [VI for the same system. 
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Table IV 
Values of (B) ' I2, RH, and p for Atactic Oligo- and 

Polystyrenes with f, = 0.59 in Cyclohexane at 34.5 "C 
J 

8 1 I I 

2 3 4 5 6 7 
l o g  M, 

Figure 7. Comparison between the observed and theoretical 
values of q&M,/kBT for the a-PS in cyclohexane at 34.5 O C .  The 
solid curve represents the best-fit HW theoretical values for N 
1 2, the dashed line segment connecting the values for N = 1 and 
2. The dotted straight line has a slope of 0.5. 

Table 111 
Values of the HW Model Parameters for Atactic -~ ~~ 

Polystyrenes with f, = 0.59 in Cyclohexane at 34.5 "C 
~~ 

X - l ~ g  X-'ro X-l, A ML, A-' db, A obsd quantity 
(3.0) (6.0) 27.0 35.0 9.5 D 
3.0 6.0 22.7 37.1 (r2) 

(3.0) (6.0) 22.5 36.7 (S2) 
(3.0) (6.0) 23.5 42.6 10.1 [VI 

As seen in Figure 7, the agreement between the 
experimental and theoretical values of D is fairly good 
over the whole range of M,. Although the value 9.5 8, of 
d b  is in good agreement with the value 10.1 8, determined 
from [ql, the agreement between the experimental and 
theoretical values for the latter is not as good as for the 
present case for M ,  S lo3; the experimental values of [ql 
are appreciably larger than the theoretical ones in this 
range of M ,  (see Figure 3 of ref 11). As already mentioned 
in ref 11 and in the Introduction, the oligomer correspond- 
ing to the single bead may be considered to take a non- 
spherical or elongated shape in solution on statistical 
average. Thus the difference between D and 1771 in the 
agreement between theory and experiment in such an oli- 
gomer region may be regarded as arising from the fact 
that the effect of the deviation from an ideal spherical 
shape is more remarkable on [ q ]  than on D (or the 
translational friction coefficient). The present values of 
the model parameters A-1 and M L  given in Table I11 are 
also somewhat different from those determined from other 
observed quantities. The reason for this is discussed in 
the next subsection. 

Dependence of p on M,. In the previous study of 
( S2) ,21 we examined the dependence on M ,  of the Flory- 
Fox factor CP, now defined as the ratio of the (molar) 
hydrodynamic volume defined from [ q ]  to ( S 2 ) 3 / 2 .  An- 
other interesting dimensionless transport factor is the ratio 
p defined as 

p = ( S2)1'2/RH (27) 
where RH is the hydrodynamic radius defined from D as 

R, = kgT/6aq$ (28) 
In Table IV are given the values of ( S 2 ) 1 / 2  determined 
previously from small-angle X-ray and light scattering 
measurements,21*22 those of RH calculated from eq 28 with 
the values of D given in Table 11, and those of p calculated 
from eq 27 with them. The coil limiting value pm of p has 

~ 

sample (S2)'12, A RH, A P 
OS3 4.35 
OS4 4.92 
OS5 3.39 5.04 0.672 
OS6 3.92 5.51 0.712 
OS8 4.87 6.81 0.715 
A1000-b 7.99 8.18 0.977 
A2500-a' 9.42 8.92 1.0~ 
A2500-a 1 1 . 2  10.4 1.08 
A2500-b 14.6 13.6 1.08 
A5000-3 19.0 16.1 1.18 
F1-2 27.3 22.6 1.21 
F2 39.7 33.6 1.18 
F4 56.6 44.6 1.27 
F10 91." 69.7 1.31 
F20 96.9 
F40 167 130 1.28 
F80 240 187 1.28 
F128-2 319 251 1.28 

been calculated to be 1.28 as the mean of the values of p 
for the three highest samples F40, F80, and F128-2, which 
is in good agreement with the value of 1.28 determined by 
Schmidt and Burchard for the same system,14 as noted 
previously.22 We note that the values of p (and p m )  are not 
very much affected by the polydispersity, its correction 
changing the value of pm only from 1.28 to 1.26.22 

Now we calculate the HW theoretical values of p. This 
also requires the theoretical expression for (S2). For the 
HW chain of total contour length L,  it is given b 9 +  

(S2) = X - 2 f s ( u ;  X-'Ko,X-l70) (29) 
where the function fs is defined by 

2 2 -- COS (34) - - cos (44) + 
r 3 ~  r 4 ~ 2  r 4 ~ 2  

cos ( v ~  + 44)] 

with 

(33) 
L 1  1 1  fs ,~p(L)  = - - - + - - -(1- e-2L) 6 4 4L 8L2 

and with v being given by eq 10 (in units of A-l). The 
theoretical value of pm calculated from eq 27 with eqs 5 
and 29 is 1.505, which is ca. 18% larger than the 
experimental value 1.28. This is due to the fact that the 
Kirkwood formula gives the translational diffusion coef- 
ficient of the center of mass of the polymer chain a t  t = 
0, which is larger than D(=).27 This is also the main reason 
for the differences between the values of the HW model 
parameters X-' and ML from D and ( S 2 )  (see Table 111). 
(Note that the differences between the values of A-' and 
M L  from [ql and ( S2) are mainly due to the fact that the 
HW theory of [s1lo in the Kirkwood-Riseman schemeg 
also overestimates CP in the coil limit.) Thus, for a 
comparison between theory and experiment with respect 
to the dependence of p on M,, we consider the ratio plp,, 
for convenience. 

Figure 8 shows double-logarithmic plots of p l p ,  against 
M,. The unfilled circles represent the experimental values, 



Macromolecules, Vol. 25, No. 1, 1992 

0.2 

0 

- 
S 

P 
\ 

Q. -0.2 
I 

m 
0 - 

-0.4 

1 1 

2 3 4 5 6 7 
l o g  M, 

Figure 8. Molecular weight dependence of p reduced with p- 
for the a-PS with fr = 0.59 in cyclohexane at 34.5 "C. The solid 
curves represent the HW theoretical values calculated with VKO 

and V K O  = 3.0, X-'ro = 6.0, A-' = 22.5 A, M L  = 36.7 A-', and db 
= 9.5 A (2). 

and the solid curves 1 and 2 represent the HW theoretical 
values with the sets of the model parameters: X - ~ K O  = 3.0, 
X-%O = 6.0, X-' = 27.0 A, and MI. = 35.0 A-l from D, and 
X - ~ K O  = 3.0, X - 1 ~ 0  = 6.0, X-' = 22.5 A, and M L  = 36.7 A-' 
from ( S 2 ) ,  respectively, with d b  = 9.5 A from D for both 
cases. As in the case of the observed p / p m  is 
essentially constant for M ,  > lo5, but in contrast to that 
case, it  steeply decreases as M ,  is decreased from lo5. 
Note that this decrease in plp,  a t  small M, is due to the 
decrease in the ratio (S2) /M, .  I t  is seen that the theory 
can explain such behavior almost quantitatively; and thus 
the HW theory may well explain consistently the behavior 
of D and ( S 2 )  over the whole range of M ,  (except for the 
absolute value of p,). 

VI. Conclusion 
We have evaluated theoretically the translational dif- 

fusion coefficient D of the HW touched-bead model by 
the use of the Kirkwood formula. On the basis of its 
theoretical values, we have also analyzed the present 
experimental data for D for a-PS with f r  = 0.59 in cyclo- 
hexane a t  34.5 OC (8) to show that the HW theory may 
well explain its behavior over a wide range of M ,  down to 
the trimer (corresponding nearly to the single bead). The 
values of the HW model parameters X-l and M L  determined 
from D, [SI, and the equilibrium properties ( r2) and ( S2) 
have been found to be somewhat different from each other. 
(Recall that the parameters X-~KO and X - b o  are assumed 
to take the same values as those determined from ( r2) J 
These slight differences between the parameter values from 
the different properties are mainly due to the incom- 
pleteness of the polymer transport theory (both of D and 
[SI) with the preaveraged hydrodynamic interaction ten- 
sor. Thus we may conclude that on the whole the HW 
model may explain consistently the behavior of all equi- 
librium and transport properties, including the scattering 
function,28 for a-PS. Indeed, to examine such validity of 
the model was the primary purpose of this series of 
experimental studies of dilute solution properties of a-PS 
in the 8 solvent. 

=3.0,X-'~o=6.0,X-'=27.0A,M~=35.0A-' ,anddb=9.5A(l)  
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It b.as been found that the value of [SI of an a-PS oli- 
gome;r corresponding to the single bead is appreciably 
larger than its Einstein intrinsic viscosity," while the 
Stokes(-Einstein) law holds rather well for the same oli- 
gomer. An inconsistency of this kind may be resolved 
within the framework of classical hydrodynamics, con- 
sidering the fact that such an oligomer takes a nonspher- 
ical or elongated shape in solution, as already mentioned. 
However, as reported previously,13 there exist those 
polymer-solvent systems such as polyisobutylene in 
isoamyl isovalerate and in benzene in which [VI becomes 
negative for the oligomers, and there is no promise that 
we can make classical hydrodynamic treatments of them. 
Thus it is very interesting to explore the behavior of D for 
ouch systems. This is the problem in our forthcoming 
payers. 
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