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ABSTRACT : Seven narrow-distribution samples of six-arm star polystyrene ranging in weight-average molecular 
weight Mw from 6.1 x 104 to 3.4 x 106 in benzene at 25°C have been studied by light scattering and viscometry to deter
mine their z-average radii of gyration, second and third virial coefficients, and intrinsic viscosities. The ratios of the re
spective properties to those of linear polystyrene in the same solvent are established for high Mw. Data analysis shows 
that the relation between the radius expansion factor and the conventional excluded-volume parameter z comes close to 
the known relations for four-arm star and linear polystyrenes of high molecular weight and is described fairly satisfacto
rily by the previously proposed interpolation formula. On the other hand, the viscosity expansion factor vs. z curve ap
pears slightly below that for linear polystyrene though almost superimposed on that for the four-arm star polymer. Thus 
the difference in this expansion factor between the linear and star chains remains to be explained theoretically. The ex
perimental interpenetration function for the six-arm star polymer gradually decreases to about 0.6, a value close to re
cent Monte Carlo data, with increasing Mw. Its comparison with the previously constructed interpolation expression sug
gests that, as was the case for linear flexible polymers, the effect of chain stiffness on the second virial coefficient needs 
to be considered for Mw below 106
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Much work has been done on star polymer solutions to 
clarify the effects of molecular architecture on dilute so
lution properties, 1- 3 but even for stars consisting of rela
tively small arm numbers excluded-volume effects still 
remain to be investigated. The present work is con
cerned with those effects on the mean-square radius of 
gyration< S 2 >, the second virial coefficient A2, the third 
virial coefficient A 3, and the intrinsic viscosity [1]] for 
six-arm star polystyrene in benzene, a good solvent. It is 
an extension of our previous light scattering and viscos
ity studies on this polymer in cyclohexane4 at and near 0 
and on four-arm star polystyrene in cyclohexane and 
benzene.5·6 Its major purpose is two-fold. One is to deter
mine the ratio of each of<S2 > 2 (the z-average<S2 >), 
Az, A 3, and [7]] for the six-arm star polymer in the good 
solvent to that for the linear chain with the same mo
lecular weight. The other is to test our previously pro
posed interpolation formulas5 for the radius expansion 
factor as [=(<S2 >l<S2 > 0)

112] and the interpenetration 
function 'P appearing in A2, where<S2 > 0 denotes the 
unperturbed<S2>. With regard to the second purpose, 
the following remarks may be pertinent here. 

The interpolation formulas5 for a8
2 and 'P were con

structed in the binary cluster approximation by combin
ing the respective first-order perturbation theories 7•

8 

with the Monte Carlo data in the self-avoiding limit.9
•10 

The use of this approximation is based on our pervious 
finding5 that the effects of ternary cluster interactions 
on< S 2 > and A2 for four-arm star polystyrene in cyclo
hexane at the 0 temperature are negligible in the range 
of weight-average molecular weight Mw (from 8.5 X 104 

to 3.1 X 106
) studied if the binary cluster integral is re

placed by a linear combination of the binary and ternary 
cluster integrals.11 For six-arm star polystyrene in the 0 
solvent, the residual ternary effects on<S2 >and A2 ap-
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peared to remain as predicted by perturbation calcula
tions,5·12 but they were not so significant as to impair the 
binary cluster approximations to as2 and 'P.4 

EXPERIMENTAL 

Polymer Samples 
The previously investigated samples4 of six-arm star 

polystyrene, 6S10, 6S17, 6S36, 6S85, 6S190, 6S260, and 
6S570, were used for the present study. They had been 
prepared by anionic polymerization followed by frac
tional precipitation. The ratio of Mw for each sample to 
that for its arm was 6±0.3. The weight-average to 
number-average molecular weight ratios estimated by 
gel permeation chromatography were less than 1.04 for 
samples 6S17, 6S36, 6S85, 6S190, and 6S260.4 

Light Scattering 
Intensities of light scattered from six-arm polystyrene 

in benzene at 25°C were measured on a Fica-50 light 
scattering photometer with vertically polarized incident 
light of 436-nm wavelength in an angular range from 30 
to 150°C. As in our previous work,4 benzene at 25°C was 
used to calibrate the apparatus. Seven solutions of dif
ferent polymer concentrations were studied for each 
sample. The polymer mass concentration c was calcu
lated from the weight fraction of the solute with the so
lution density approximated by the solvent density. This 
approximation did not introduce errors greater than 
0.3% in the values ofA2 andA3 . 

The specific refractive index increment an;ac of six
arm star polystyrene in benzene at 25 'C and 436 nm was 
measured for all of the seven samples using a modified 
Schulz-Cantow differential refractometer. It was a 
weakly increasing function of Mw represented by 
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Figure 1. Plots of S (c1,c2) us. c1 +c2 for the indicated samples of 
six-arm star polystyrene in benzene at 25°C. 

Viscometry 
Intrinsic viscosities for all samples in benzene at 25'C 

were determined by conventional capillary viscometers 
of the Ubbelohde type. 

RESULTS 

Analysis of Light-Scattering Data 
Excess reduced scattering intensities R0 at scattering 

angles 0 were extrapolated to 0 =Oto obtain Ro (i.e., R 0 

at 0 =O), with the aid of the square-root plot13 of (Kc/ 
R 0 )

112 vs. sin2(0/2) for all samples except the highest mo
lecular weight one, 6S570 (K denotes the optical con
stant). This type of plot for 6S570 bent upward for sin2 

(0/2) larger than 0.4 at any c studied and the extrapola
tion for the sample was facilitated by plotting (Kc!R0 )

114 

against sin2(0/2). According to our previous analysis6 of 
the particle scattering function for Gaussian star chains 
composed off identical arms, the plot of (Kc/RO)11P vs. 
sin2(0/2) follows the initial tangent over the widest 0 if 
pis taken as 64/17, a value close to 4, for f =6. 

The data for Kc/R0 obtained were analyzed according 
to the equation14·15 

(Kc!Rolc=c
2 

- (Kc!RoLc, 
S(c1,c2)----~----~ 

c2-c1 

(1) 

where (Kc!R0 )c=c, and (Kc!Rolc=c, denote the values of Kc! 
R0 at different concentrations c1 and c2, respectively. The 
plots of S(c1,c2) vs. c1 +c2 constructed are shown in Fig-
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Figure 2. Angular dependence of(Kc/R0 \~/
2 for samples 6S36, 

6S85, 6S190, and 6S260 and that of(Kc/R8 )c-o
114 for sample 6S570, 

all in benzene at 25°C. 

Table I. Results from light scattering and viscosity measurements 
on six-arm star polystyrene samples in benzene at 25°C 

104A2 102A <S2>;12 10-2[17] 
Sample 10-•Mw 3 

cm3 mol g- 2 cm6 mol g-3 3 -J nm cm g 

6S10 6.07 4.82 0.58 0.195 
6S17 10.1 4.21 0.63 0.296 
6S36 21.9 3.43 0.93 12 0.475 
6S85 53.3 2.80 1.53 20.8 0.883 
6S190 119 2.13 2.3 33.5 1.66 
6S260 151 2.05 2.5 39.4 1.93 
6S570 335 1.60 4.3 61.3 3.80 

ure 1, where the data for pairs of neighboring c1 and c2 in 
a series of polymer concentrations have been omitted, 
since they were less accurate. The plotted points for each 
sample follow a straight line whose intercept and slope 
give A 2 and A 3 , respectively. 

With the virial coefficients thus obtained, the appar
ent molecular weight Mapp defined by Mapp=(Kc/R0 -

2A2c -3A3c
2)-1 was calculated for each sample, and Mw 

was evaluated by its extrapolation to infinite dilution. 
The plot of Mapp vs. c was essentially horizontal for any 
sample, facilitating the extrapolation. 

Values of (Kc!R 0 )c=O, i.e., infinite-dilution values of 
Kc/R0 , were obtained by extrapolation of(Kc!R0 )

112 plot
ted against c at fixed 0. Figure 2 shows the angular de
pendence of (Kc/R0 \=a112 or (Kc/R0 )c=o1I4 (for sample 6S 
570), from which<S2>2 for each sample was deter
mined. The numerical results of Mw, A 2, A 3, and<S2>2 

are summarized in Table I, along with those of [77 ]. 

Molecular Weight Dependence of< S 2 >,, A2, A 3, and [ 1]] 
Our<S2>2 data for six-arm star polystyrene (unfilled 

circles) in benzene at 25°C are compared with those for 
four-arm star6 (half-filled circles) and linear16.l7 (filled 
circles) polystyrenes in Figure 3. As the arm number in
creases, the log<S2>2 vs. log Mw relation parallely 
shifts down ; note that the linear polymer corresponds 
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Figure 3. Molecular weight dependence of <S2 >z for six-arm 
star polystyrene (0), four-arm star polystyrene6 (0), and linear 
polystyrene16·17 ce) in benzene at 25°C. 

to {=2. The straight line for the six-arm star polymer is 
expressed by 

(2) 

in units of cm2. This is combined with the relation 
<S2>z=l.47 X10- 18 M}·19(cm2) for linear polystyrene 
in benzene (the uppermost straight line in the figure) to 
give 0.45 as the ratio g5 of< S2 > z for six-arm star poly
styrene to that for the linear polymer with the same mo
lecular weight, i.e., g 5 =<S2>2 (six-arm star)l<S2>2 

(linear). This ratio agrees substantially with Hoovers 
and Bywater's value2'18 0.4 7 in toluene, another good sol
vent for polystyrene, and also with results (about 0.45) 
from renormalization group theory2·19 and Monte Carlo 
simulations.9·20 These ratios in the good solvent limit do 
not differ much from the experimental values 0.46-0.49 
for the same polymer in cyclohexane at the 0 point.4

•
18 

They are even closer to Zimm and Stockmayer's theoreti
cal value21 0.444 for Gaussian six-arm stars (see eq 8), as 
already observed for star polymers with f :2 6 by previ
ous workers. 2•

3 

Figure 4 compares the molecular weight dependence 
of A2 for six-arm star polystyrene in benzene at 25°C 
with that for four-arm star6 and linear polystyrenes16·17 

in the same solvent. The curve appears systematically 
lower for larger f. The negative slope for the six-arm star 
polymer is slightly steeper than those ( - 0.25) for the 
other polymers in the Mw range examined, but above Mw 

106, the three lines are almost parallel, yielding 0. 72 
for the ratio A2(six-arm star)/A2(linear). Figure 5 shows 
that A 3 is also systematically smaller for larger f. The 
three curves for the respective polymers6·22 are essen
tially linear and parallel with slope 0.6 for Mw above 5 X 
105, and the ratio Aa(six-arm star)/A3(linear) in the high 
molecular weight region is estimated to be 0.68. 

In Figure 6, the reduced third virial coefficients I'(= 
A 3/A2

2Mw) for the three types of polystyrene in benzene 
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Figure 4. Molecular weight dependence of A2 for six-arm star 
polystyrene (0), four-arm star polystyrene6 (0), and linear poly
styrene16·17 (e) in benzene at 25°C. 

Figure 5. Molecular weight dependence of A 3 for six-arm star 
polystyrene (0), four-arm star polystyrene6 (0), and linear poly
styrene15'22 ce) in benzene at 25"C. 

are plotted against log Mw. As f increases, r at a fixed 
Mw becomes larger, suggesting that its increase toward 
the value 0.625 for rigid spheres23 is due to that in seg
ment density. It should be noted, however, that in the 
region of Mw above 3 X 105, r for each polymer is also an 
increasing function of molecular weight ; r is roughly 
proportional to Mw 0·1 since A 2 ccMw- 0

·25 and A 3 cx:Mw 0·6 

for high Mw. Norisuye et al.24 theoretically explained the 
dependence of r on as3 and hence on Mw for linear poly
styrene by incorporating effects of chain stiffness and 
three-segment interactions on A3 into the classical 
mean-field theory of Stockmayer and Cassassa.25 Ac
cording to their analysis,24 these effects are significant 
only for low Mw where I' stays almost constant or even 
increases with decreasing Mw. Thus, the larger r for 
larger f observed at high Mw may be considered a reflec
tion of the difference in molecular architecture, and 
ought to be explained by a more sophisticated theory. 

The molecular weight dependence of [ 1J] for six-arm 
star polystyrene in benzene is shown in Figure 7, which 
includes typical data for four-arm star6 and linear poly
styrenes17·26 in benzene. As is the case with<S2 >2 , A2, 
and A3, [1]] lowers with increasing arm number. The 
straight line for the six-arm star polymer is represented 
by 

[7]] =4.7X10-5Mw075 (6-armstar) (3) 

in units of 102 cm3 g- 1. Combining this with the relation 
[7]] =8.2 X 10-5 Mw 0·75 (102 cm3 g-1) for the linear poly-
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Figure 6. Plots of r us. Mw for six-arm star polystyrene (0), 
four-arm star polystyrene6 

(()), and linear polystyrene15'22 eel in 
benzene at 25°C. 
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Figure 7. Molecular weight dependence of [7]] for six-arm star 
polystyrene (0), four-arm star polystyrene6 (()), and linear poly
styrene17'26 ceJ in benzene at 25°C. 

mer, we obtain a value of 0.57 for the ratio gry [=[IJ] 
(six-arm star)/[IJ ](linear)], which is slightly smaller than 
our previous value 0.63 in cyclohexane at the 0 point.4 

Such differences in gry between good and 0 solvents are 
known for various star polymers. 2·3 

Values of the Flory viscosity factor <P [ = [IJ lMw/(6 
<82>z)312] for six-arm star polystyrene were calculated 
to be (3.6±O.3)X 1023 mol- 1 from the data in Table I. 
Note that since [7J]cx:Mw0·75 and <82>2 cx:Mw1.19 for the 
system, <P is almost independent of Mw in the limited 
range from 2.19X105 to 3.35X106. Our <P of 3.6X1023 

mol- 1 is somewhat smaller than the values 3. 7 X 1023-
4.2 X 1023 mol- 1 in toluene reported by Douglas et al.,2 

but it is quite close to the Monte Carlo result (3.6 X 1023 

-3. 7 X 1023) of Shida et al. 9 These <P values are much 
larger than what is known for linear16·17·26 and four-arm 
star6 polystyrenes (about 2.1 X 1023 mol- 1 and 2.8 X 1023 

mol - 1, respectively) with comparable molecular weights 
in benzene at 25°C, reflecting the difference in molecular 
architecture. 
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Figure 8. Plots of a4 
2 us. z for six-arm star polystyrene in benzene 

(0) and cyclohexane (o), four-arm star ,polystyrene in benzene6 

(()), and linear polystyrene in benzene16·1 (e). The solid, dashed, 
and dotted lines represent eq 5 for f = 6, 4, and 2, respectively. 

DISCUSSION 

Expansion Factors 
As discussed previously,4 both as2 and aJ (the expan

sion factor for [77]) for six-arm star polystyrene may be 
treated approximately in the conventional two
parameter theory27·28 corresponding to the coil limit of 
the quasi-two-parameter scheme29 for the helical worm
like chain, provided that Mw is higher than 1.2 X 106. In 
this limit, these expansion factors should be universal 
functions of z defined by 

[ 
3 ]3/2 z= --- f3n112 

2nb2 (4) 

where f3 is the binary-cluster integral for the interaction 
between a pair of beads, n is the total number of beads 
in the chain, and b is the bead spacing. In the analyses 
below, we take a monomeric unit as one bead and make 
use of all the< 8 2 > and [ 77 ] data given in Table I, though 
the effects of chain stiffness on them may not always be 
negligible for Mw < 106. 

With Miyaki's f3 value of 3.OX 10-23 cm3 for linear 
polystyrene in benzene16·17·28 and our previous< 8 2 > 2 

data4 for six-arm star polystyrene samples 6S85, 6Sl9O, 
6S26O, and 6S57O in cyclohexane at the 0 temperature 
(34.5°C), we calculated a8

2 and z in benzene; as in our 
previous work on four-arm star polystyrene,5·6 we ig
nored the possible difference between the unperturbed 
dimensions in benzene and cyclohexane. The resulting 
relation is shown by larger unfilled circles in Figure 8, 
along with the previously determined relation for the 
six-arm star polymer in cyclohexane near the 0 point4 

(smaller unfilled circles) and those for four-arm star6 

(half-filled circles) and linear16·17 (filled circles) polysty
renes in benzene. For clarity, cyclohexane data for the 
four-arm star and linear polymers, which almost overlap 
those for the six-arm star polymer,4 are not shown here. 
The experimental relations for the three polymers in 
benzene are hardly distinguishable within experimental 
error, as was found previously for cyclohexane solutions. 

The previously proposed interpolation expression5 of 
a8

2 for regular star polymers is 

as2=(1 +5.56Krz + 10.62z2019)°-1s (5) 
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Figure 9. Plots of ~ 3 vs. z for six-arm star polystyrene (0), four
arm star polystyrene (0), and linear polystyrene17"26 (e) in ben
zene. 

which was derived by combining the first-order pertur
bation theory7 and the asymptotic relation9 a 8

2 = 1.53z 215 

in the limit of infinite z. Here, Kr is the first-order per
turbation coefficient given by 

Kr 6 { __§2_+268y2-67(f-l) 
f 112(3f -2) 315 315 

1202y2-276(f-l)(f-2) l (6) 
315 

Equation 5 with eq 6 for f=2 gives as2 that agrees with 
the familiar Domb-Barrett equation30 within 1.3% for 
z >O. The solid, dashed, and dotted lines in Figure 8 rep
resent eq 5 for /=6, 4, and 2, respectively. They come in
distinguishably close to one another and fit the experi
mental points for the star and linear polymers in ben
zene as well as those in cyclohexane. Thus, we may con
clude that eq 5 gives a fairly satisfactory description to 
the z-dependence of as2 for the three types of polymer of 
high molecular weight. Note that the stiffness effect on 
as2 is not very significant in the molecular weight range 
examined. 

Figure 9 shows the a,,3 us. z relations for six-arm star, 
four-arm star, and linear polystyrenes in benzene, 
where, as in the case of a§ , the [7]] data in cyclohexane 
at the 0 point have been used for the unperturbed in
trinsic viscosities in benzene. The plotted points for the 
six-arm and four-arm star polymers appear slightly but 
systematically below those for the linear polymer. This 
difference in a,,3, at least for z >2, is a direct consequence 
of the smaller g" for the star polymers in benzene than 
in cyclohexane at 0. For z < 1 the stiffness effect on a,,3 

may not be negligible, since we previously observed no 
such difference in the a,,3 us. z relation among the three 
polymers of high molecular weight in cyclohexane at dif
ferent temperatures where z was smaller than 0.7.4 In 
any event, the a,,3 us. z relations for four-arm and six
arm star polystyrenes remain to be explained theoreti
cally. 

Interpenetration Function 
Figure 10 shows the '¥ data plotted against as3 for 

six-arm star, four-arm star, and linear polystyrenes in 
benzene (the larger symbols) and those for high molecu
lar weight samples of the three polymers in cyclohexane 
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Figure 10. Plots of 'f' vs. a5
3 for six-arm star polystyrene in ben

zene (0) and cyclohexane4 (O), four-arm star polystyrene in ben
zene6 (0) and cyclohexane5 (Cl), and linear polystyrene in ben
zene16'17 (e) and cyclohexane16'17 (e). The curves represent the val
ues calculated from eq 7 with eq 5 for f = 6, 4, and 2, respectively. 
The value of a/ ( = 0.22) for 6S36 in benzene was obtained with 
the aid of the unperturbed mean-square radius of gyration esti
mated indirectly by linear extrapolation of the previously estab
lished log <S2>2 vs. log Mw relation for six-arm star polystyrene 
in cyclohexane at the 0 point.4 

near the 0 temperature (the smaller symbols). Here, '¥ 
is defined by '¥=A2Mw21(4n 312NA<S2>2

312 ), with NA be
ing the Avogadro constant, and the cyclohexane data are 
the reproductions from previous work.5·17 As the arm 
number increases, '¥ shifts up, reflecting an increase in 
segment density. A fearure common to the three poly
mers is that, while '¥ in cyclohexane near 0 is a sharply 
increasing function of as3, that in the good solvent is a 
gradually decreasing function of it. For the six-arm star 
polymer, '¥ appears to decrease to a value of about 0.6, 
which agrees rather well with recent Monte Carlo data 
(0.62-0.64).31•32 A similar agreement between experi
ment and Monte Carlo simulation was previously found 
for four-arm star polystyrene in benzene.6 

The curves in Figure 10 represent the theoretical val
ues calculated for the three types of polystyrene from 
our interpolation equation5 

'¥ (7) 

and eq 5 for a8
2. Here, Cr is the first-order perturbation 

coefficient8 for A 2 (5.39, 3.87, and 2.865 for /=6, 4, and 
2, respectively), '¥* is the value of'¥ in the limit ofz---+ 
00 (0.64, 0.44, and 0.235 for f =6, 4, and 2, respec
tively),10·31·32 and g80 is the value of g 8 in the unper
turbed state given by21 

gso = (3f- 2)/{2 (8) 

The general agreement between the calculated and ex
perimental '¥ is fairly good, allowing us to conclude that 
eq 7 is capable of consistently explaining the behavior of 
'¥ for the three types of polymer. 

It cannot be overlooked, however, that the present 
benzene data tend to deviate upward from the theoreti
cal curve with decreasing a8

3 . This deviation is similar 
to or even more pronounced than those for four-arm 
star6 and linear flexible polymers16·28·29·33- 37 in good sol-
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vents, and may be ascribed primarily to the effect of 
chain stiffness on A2• 

29
•
36 To obtain a better agreement, 

incorporation of this effect into eq 6 seems necessary. 

CONCLUSIONS 

The present data of<S2 > 2 , A2, A3, and [7]] for six-arm 
star polystyrene samples with Mw of 6.1 X 104 to 3.4 X 106 

in benzene at 25°C have been compared with the known 
results for four-arm star6 and linear16

•
17

•
22

•
26 polysty

renes in the same solvent. The difference in molecular 
architecture among the three types of polystyrene mani
fests itself in the molecular weight dependence of each 
property and more distinctly in the interpenetration 
function P and Flory's viscosity factor. The relations be
tween as2 and z are essentially the same for the three 
polymers of high molecular weight and explained by the 
previously constructed interpolation formula5 over a 
broad z range. On the other hand, the curves of a,, 3 vs. z 
for the four-arm and six-arm star polymers come slightly 
but systematically below that for the linear chain, differ
ing from the previous observation4 for cyclohexane solu
tions at small z where the three curves were essentially 
superimposed. Our tp for the six-arm star polymer in 
benzene tends to decrease with increasing Mw or a8

3 and 
approaches a value close to Monte Carlo results (0.62-
0.64). Though the previous interpolation formula fairly 
well reproduces the tp data in the good solvent, it fails to 
explain the gradual decrease in experimental tp with in
creasing a8

3 probably owing to the neglect of the stiff
ness effect on A 2 . 
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