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In this study, we have presented a new example, solu- 
bility, of physical properties of polymers that can be 
controlled reversibly by selection of the irradiating wave- 
length. We can expect to control reversibly many other 
aspects of the properties of polymers by using photores- 
ponsive polymers. 
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ABSTRACT: The homogeneity of samples of 12-arm- and 18-arm-star polystyrenes was investigated by 
ultracentrifugation sedimentation in a 0 solvent and with gel permeation chromatography combined with 
low-angle laser light scattering. The former method permits the detection of star polymers with different 
numbers of arms in a sample, and the latter allows the determination of the number of arms in the stars. 
Light scattering studies revealed that the star polymer coils are expanded from the random walk size in a 
0 solvent for the linear polymer. The strong upward curvature a t  p > 4 in the reciprocal scattering curve 
of the stars in a good solvent suggest3 that the average segment density distribution in the stars is more uniform 
than predicted by the random walk model. Sedimentation velocity and intrinsic viscosity measurements indicate 
that these highly branched polymers behave hydrodynamically almost like hard spheres in dilute solution. 

Introduction 
Star polymers are ideally suited for the study of the 

relation between the segment density in polymer coils and 
the physical properties of the polymers, because they allow 
the segment density to be changed without a concomitant 
change in the molecular weight of the polymer.'P2 Initially, 
only stars with three, four, or six equal arms could be 
synthesized by the rigorous method of linking monodis- 
perse living anionic polymers with multifunctional chlo- 
r~s i lanes .~  Star polymers with more than six arms were 
prepared by coupling living polymers through divinyl- 
benzene nodules. This method does not allow one to 
predict accurately the number of arms of the stars, nor 
does it yield polymers with a uniform number of arms.4 
Recently, it has become possible to prepare 8-, and 
18-arms stars by an extension of the chlorosilane method. 
However, as the number of arms increases, it becomes 
increasingly more difficult to ascertain the monodispersity 
in molecular weight and number of arms of the star 
polymers. 

A careful analysis of two very high molecular weight 
samples of polystyrene with 12 and 18 arms, respectively, 
has been made in an attempt to identify the homogeneity 
in architecture and molecular weight of the samples. Light 
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scattering experiments in a 8 solvent and in a good solvent 
have been made in order to probe the segment density 
distribution in the stars, at least at long segment-segment 
distances. Comparisons are made with the random flight 
model. Data on the intrinsic viscosities and sedimentation 
velocity coefficients are also included. The hydrodynamic 
properties of the stars are compared with their static di- 
mensions in solution. 
Experimental Section 

The synthesis of the 12- and 18-arm polystyrenes was performed 
along the lines described for 12-arm polyi~oprenes~ and 18-arm 
polyisoprenes? First a narrow molecular weight linear polystyrene 
was prepared by anionic polymerization techniques with sec-BuLi 
as the initiator. A small fraction was removed and terminated 
with degassed MeOH. It is the reference "arm" material. The 
living polystyryllithium was capped with a few units of butadiene 
prior to reaction with the multifunctional chlorosilane compound. 
The 12-arm star was prepared by linking of the arms with 
Si[CHZCH2SiCl& and the 18-arm star was obtained with [CHzSi- 
(CH2CH2SiC13)3J2. About 50% excess living polymer was used 
in order to force the linking reaction to completion. The linking 
reaction was monitored by comparison of the high molecular 
weight "star" peak and the low molecular weight =arm" peak of 
GPC traces. The excess living polymer was terminated with 
degassed methanol. The polymers were extensively fractionated 
in order to remove the excess arm material. The 18-arm star, 
18-PS1, was used as such. The 12-arm star, 12-PS1, was analyzed 
but was also subjected to an additional four-step fractionation 
at  very high dilution in a mixture of benzene and methanol. This 
yielded two relatively pure fractions 12-PSlBlA and 12-PSlC, 
which were further studied. 
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a slight upward curvataue at the bigheat wncentratiom m e a m 4  
2 x 1O-S g/mL in toluene and 4 X lo* g/mL in cyclohexane. 

Sedimentation coefticients boo) were determined as described 
previoualy.1° In thin m e ,  the rotor speed was 24000 and 20000 
rpm for 1BPSlBlA and 18-PSl. respectively. The higheat con- 
centration studied was 1.6 X lod g/mL in toluene and 2.0 X l@ 
g/mL in cyclohexane. The values of soo quoted are the experi- 
mental sedimentation coefficients extrapolated to zero concen- 
tration, after pressure correction to 1 atm and radial dilution 
correction.'0 

Results 
The ordinary differential refractive index traces of the 

GPC elution peaks of the star polymers are in all case8 
symmetrical and indicate weight distributions that are, 
within experimental error, indistinguishable from those 
of high molecular weight narrow-distribution linear poly- 
mers. However, when the LALLS instrument is connected 
in l i e  with the GPC and the instantaneous weighhaverage 
molecular weights over the star elution peaks are mea- 
sured, it is found that there is substantial drift of the 
molecular weight for 12-PS1 (Figure l), contrary to what 
is normally observed for truly monodisperse polymers. The 
curves for the 12- and 18-arm precursors given in Figure 
1 are examples of the latter. The sedimentation pattern 
of 12-PS1, shown in Figure 2 4  clearly indicates two major 
components approximately in a 1:l weight ratio (after 
extrapolation to zero concentration), which correlates with 
the range of molecular weights observed in the GPC- 
LALLS analysis of that sample. 

From Figure 2b, it can be seen that the high molecular 
weight fraction 12-PSlBlA. derived from 12-PS1, consists 
of the high molecular weight component contaminated by 
about 10% of the low molecular weight component. This 
is supported qualitatively by the presence of a low mo- 
lecular weight tail in the GPC-LALLS trace of 14PSlBlA 
(Figure 1). The low molecular weight fraction 12-PSlC 
(Figure 2c) is contaminated by a small amount of the high 
molecular weight component, which cannot be seen in the 
GPC-LALLS trace shown in Figure 1. Samples 12- 
PSlBlA and 12-PS1C were considered sufficiently pure 
to derive the weightaverage molecular weight of the major 
component from their GPC-LALLS traces. 

Although lBPSl sediments 88 a single band (Figure 2d) 
with perhaps some faster moving impurity, the GPC- 
LALLS pattern of this polymer shows a low molecular 
weight tail. Both constitute small weight fractions of the 
total sample. The weight-average molecular weights ob- 
tained from GPC-LALLS experiments are compared with 
those obtained by ordinary light scattering in cyclohexane 
and toluene in Table I. 

Mwi x IO-= 

Figure 1. Cumulative mol& weight distribution of star 
polystyrenes as determined by GPC-LALLS. 

The fractionated star samples and the arm material were an- 
al+ with a lowangle laser light scattering instrument WLS 
Chromatix KMX-6) coupled to a size excluaion chromatograph 
(GPC Waters 301) with six Styragel columns of 3 X ld, 1 X 108. 
3 x 106,l x 106,l x 10'. and 1 x 103 A nominal size. The eluting 
solvent wan THF at 35 OC and the flow rate was 1.1 mL/min. The 
refractive index increment of polystyrene in THF at 633 nm was 
found to be 0.1% mL/g at 25 OC. The eamplea were also anal+ 
hy sedimentation in a Spinco Model E analytical ultracentrifuge. 
The speed was 60000 rpm and the solvent was cyclohexane at 
35.0 "C. The relative amounts under the aedimenting bands were 
determined after extrapolation to zero concentration in order to 
correct for the Johnston-Ogston effect? 

The weightaverage molecular weights of the star and the arm 
polymers were measured with a Fica 50 photcgoniometer in cy- 
clohexane at 34.6 % and in toluene at 35.0 OC. For 436-nm light 
the refractive index increment for polystyrene is 0.181 and 0.114 
in these two solvents. respeetively. The Rayleigh ratio of benzene 
was taken as 50.8 X lo4 at 35 OC. The radii of gyration were 
obtained from the zemconcentration angular dependence of the 
scattered light Data obtained with 365-, 436-.546-, and 633-nm 
light were combined. Details of the beam alignment and data 
handling have been given previously! In cases of very high 
dkymmetry of the scattered light, a correction for hack-reflection 
was made according to 

1 
(1) R(0) = -[R(0)ou - fR(lS0 - 0)ob.dl 

where f = (nl - +)*/(a + nJz and n, and + are the refractive 
indices of the solution and of the eolvent bath, respectively? 

Intrinsic h i t i e s  were measured in semimicro Cannon-Ub 
belohde viscometers with solvent flow times of about 150 8. 

ntrapolation to zero wncentration in qw/c VB. c took into amunt 

1 - P  

Figure 2. Ultracentrifugation sedimentation patterns of star polystyrenes in cyclohexane at 35 "C. Sedimentation is from left to 
right. From left to right: (a) 12-PS1 (0.2%): (h) 12-PSlBlA (0.1%); (c) 12-PS1C (0.2%); (d) 18-PS1 (0.2%). 
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Table I 
Molecular Weight Data for Star Polystyrenesu 
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sample ( M ~ ~ G P C - L A L L S  (Mw )LS,C,H,,  (Mw )LS,C,H. P b  
12-PS arm 

18-PS arm 
12-PSlBlA 

18-PS1 

0.41, 
5.6 
0.48 
8 .2  

0.43 
5.5 5.8 12.3 

0.53 
8.9 9.3 16.8 

a All molecular weight x ~ O - , .  b p  (number of arms) = (Mw)s tar , c ,~ , , / (Mw)- , c ,~ , .  

Table I1 
Radii of Gyration for the Star Polystyrenes 

Cyclohexane, 34.6 "C 

12-PSlBlA 1 . 2 x  l o s  0.27, 0.236 0.35 1.17 0.96 
18-PS1 1.6 x 105 0.22, 0.160 0.28 1.42 0.97 

Toluene, 35.0 "C 
A, x 105, 

sample (S'),, A' gexotl (cm3~ml)/g' $J gP4I5 d 

1 2-PS1 B1 A 3.3 x 105 0.24, 8.3 1.10 1.77 
18-PS1 4 .8  x i o5  0.20, 5.7 1 .10 2.05 

(I Equation 6. Equation 4 .  cgMc = ratio of radii of gyration calculated by the Monte Carlo method.Ig 
W h ] ~  based on (Sz)k = 1.66 X l o - ' *  M,"". 

[@')I 

Or p9r.w. 

Figure 3. Inverse scattering function against p for 12-PSlBlA 
in cyclohexane at 34.7 "C: (A) 366-nm light; (0) 436 nm; (0) 
546 nm. The line represents the l /P(p) function (eq 3) based 
on the random walk model plotted against pgm. (9) = 1.2 X lo5 
A2 and p = 12. The insert shows the data at low p values. 

The experimental z-average mean-square radii of gyra- 
tion, (S2),, were derived from the zero-concentration an- 
gular dependence of the scattered light according to 

(2) 
c /Io 16r2 lim - = 1 + -(S2), sin2 (8/2) 

c-0 c/Io 3X'2 
0-4 

where Io and Io are the intensity of the scattered light a t  
angle 0 and angle zero, respectively, and X' is the wave- 
length of the light in the medium. The results obtained 
in cyclohexane (8 solvent) and in toluene (good solvent) 
are collected in Table 11. 

Figure 3 shows the experimental (c /18)/(c/Io)  = l/P(p) 
data as a function of p = ( ~ ~ T ~ / X ' ~ ) ( S ~ ) ,  sin2 (0/2) for 
12-PSlAlB in cyclohexane measured with three different 
wavelengths. The solid line drawn in Figure 3 is the 

20 / 
I 

I 
I 

r Or / 4 r . w .  

Figure 4. Inverse scattering function against p for 18-PS1 in 
toluene at 35 "C. Symbols as in Figure 3. The lines represent 
theoretical scattering functions. Chain line: random walk linear 
polymer; full line: random walk 18-arm star (eq 3); dashed line: 
uniform segment density sphere. (9) = 4.8 X lo5 A2 for all cases. 

theoretical scattering function for a 12-arm star obeying 
the random walk configuration for all its subchains. For 
a regular star with p branches" 

P(p) = - + -[@ - 3) - 2(p - 2)e-~/p + @ - ~)e-~"p] 2 P  
W P  

(3) 
Since p in eq 3 is defined in terms of (S2)h, the theoretical 
function has to be plotted against pg- in order to have the 
correct slope (l /J  a t  small p. For regular stars12 

(4) 

where the subscript rw denotes the random walk model. 
Similarly, the experimental scattering curve for 18-PS1 in 
cyclohexane a t  the 8 temperature follows the theoretical 
function based on the random walk model in the range of 
accessible I.( values. These results confirm the observations 
made on 12-arm polyisoprene stars.13 

The 1/P(p) curve obtained with 18-PS1 in the good 
solvent toluene is shown in Figure 4. For comparison, the 

g, = (3P - 2)/P2 
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Table I11 
A. Hydrodynamic Data for Star Polystyrenes 
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soo x 1013, [ f l  x 'f x 
sample cm*/s l o 5 ,  cm h a  h,  106,c  cm rf/(S2)1'2 

Cyclohexane, 35 "C 
12-PSlBlA 43.1 8.05 0.81 0.62 4.26 1.23 
18-PS1 58.5 9.57 0.76 0.53 5.08 1.27 

Toluene, 35  "C 
12-PSlBlA 36.1 11.7 0.70 
18-PS1 45.5 14.9 0.68 

B. Hydrodynamic Data for Star Polystyrenes 

6.20 1.08 
7.90 1.14 

sample [v 1,  mL/g g' m e  r,, x 106 , f cm r,,/'f 
Cyclohexane, 35 "C 

1 2-PS 1B 1 A 79.5 0.41 0.62 4.11 0.96 
18-PSI 86.5 0.35 0.58 4.96 0.98 

Toluene, 35 "C 
12-PSlBlA 27 1 0.35 0.82 6.29 1.02 
18-PS1 320 0.26 0.74 7.78 0.98 

a Equation 12.  Equation 13. Equation 14. Equation 16. e Equation 17. f Equation 18. 

random walk model scattering curves of linear polymers 
and l&arm regular stars are included as is that for a sphere 
with uniform segment density having the same radius of 
gyration as 18-PS1. From Figure 4 it can be seen that the 
experimental 1/P(p) curve of the star lies between the 
random walk curve for a regular 18-arm star and that for 
the uniform-density sphere. Similar data were obtained 
with 12-PSlBlA in toluene. The phenomenon seems quite 
general as it was also observed, albeit less clearly, for 12- 
arm polyisoprenes in the good solvent cyc10hexane.l~ 

The second virial coefficients A2 ((cm3.mol)/g2) of the 
stars in toluene are given in Table 11. The values are much 
smaller than those of linear polymers of similar molecular 
weight or radius of gyration. 

Table I11 collects the intrinsic viscosities [ q ]  and sedi- 
mentation velocity coefficients, soo, for the stars measured 
in cyclohexane and in toluene. The intrinsic friction 
coefficients of the polymers, [fl, are calculated from the 
sedimentation velocity coefficients by 

where qo and po are the solvent viscosity and density, re- 
spectively, and & is the partial specific volume of the 
polymer in the solvent. 

Discussion 
A. Polymer Analysis. As was shown, it is possible to 

analyze highly branched regular star polymers qualitatively 
for their homogeneity in branch structure and molecular 
weight with complementary ultracentrifugation sedimen- 
tation and GPC-LALLS. The former method resolves a 
sample into individual components and allows an estimate 
of the weight fraction of each component; the latter me- 
thod supplies molecular weights. Such analysis is aided 
significantly by the near-monodispersity of the precursor 
and the individual species of star molecules. It should be 
remarked that these very high molecular weight stars 
passed through the GPC-LALLS system apparently un- 
degraded, in contrast with the behavior of linear polymers 
of similar molecular weight.14 

Although strictly speaking number-average molecular 
weights have to be used, we have to rely on weight averages 
for the determination of the number of branches of the 
stars according to p = (MW)&/(Mw)-. However, the error 
so introduced should be within the experimental error for 

narrow molecular weight distribution polymers. The 
number of arms given in Table I agrees within experi- 
mental error with the functionality of the linking agents. 

The molecular weight ratio of 12-PS1C and the 12-arm- 
star precursor (Figure 1) suggests that 12-PS1C is mainly 
9-arm-star material. An analysis of the early stages of the 
sedimentation of 12-PS1 in cyclohexane indicates that the 
higher molecular weight fraction sediments 1.14 times 
faster than the lower molecular weight impurity. Without 
taking into account concentration and branched structure 
effects, one calculates that in cyclohexane, where soo = 
K i W 2 ,  the 12-arm star will sediment 1.155 times faster 
than the 9-arm star. The fact that no 10- and ll-arm stars 
are apparent in 12-PS1 suggests that the linking reaction 
of the living polymer ends with the multifunctional silicon 
chloride goes to completion. The 9-arm-star polymer could 
then originate from the presence of an impurity in the 
dodecachlorosilane, presumably a molecule with one SiC13 
group missing. 

B. Star Polymer Conformation. Because the light 
scattering experiments had to be performed at  very low 
concentrations, it could not be accurately ascertained that 
A2 = 0 in cyclohexane at  34.6 "C for the star polymer. Our 
further discussion, however, is based on this assumption. 
From the experimental (S2)e values, which are, strictly 
speaking, z averages, go was calculated according to 

where (S2)o,lin = 7.9 X 10-l8Mw for p~lystyrene.~ The ge 
values for the 12- and 18-arm stars are compared with the 
random walk values (eq 4) in Table 11. It can be seen that 
ge > g,, indicating that these star polymers are expanded 
at  the 8 temperature. This is different from observations 
on 4- and 6-arm ~ t a r s . ~ J ~ 3  The 8 temperature expansions, 
ae2 = g,/g,, are given in Table 11. The value for 12- 
PSlBlA is lower than the 1.4 value found for 12-arm-star 
p01yisoprenes.l~ It is difficult to say at this point whether 
this is a genuine difference due to differences in the 
polymer-solvent pair or whether this must be ascribed to 
experimental errors. Similar &temperature expansions 
of divinylbenzene-polystyrene stars were 0b~erved.l~ The 
agreement with the present results must be somewhat 
fortuitous as those data are based on a quite different 
( S2)ofi-M relation, eA2 < 8, and the divinylbenzene-linked 
stars have larger molecular weight distributions as seen 
in their ultracentrifugation sedimentation patterns.14 
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Candau et ai.'* have suggested that the expansion of 
branched polymers at the 8 temperature is due to residual 
triple contacts and given by 

(7) 

where CMJ' contains polymer and solvent constants only. 
From the present data the value of the interaction pa- 
rameter 1 / 3  - x2 = 5 X is derived. This is quite dif- 
ferent from the value 4.5 X derived from the 8A2 
temperature depression of 4- and &arm stars.15 In the case 
of polyisoprene stars 1 / 3  - x2 values from 8A2 and aBp are 
in rather good agreement.13 

Recently, a Monte Carlo computation of the configu- 
ration of regular combs was made and the gMC values for 
stars with many arms were also derived.lg I t  can be seen 
from Table I1 that ge are somewhat smaller than gMC in 
the case of polystyrenes while the previously obtained ge 
data for polyisoprene stars with 8- and 12-arms agree fairly 
well with the gMC v a l ~ e s . ' ~ J ~  

In a recent theoretical study of the conformation of stars, 
the effect of increased segment density near the central 
branch point was taken into account.m The central part 
of the star consists of a hard core where the monomer 
concentration is of order unity. Further out from the 
center the monomer concentration is typical of a semidilute 
solution. In the outer region of the star with sufficiently 
long branches, the conformation is that of isolated chains. 
From this model it was derived that gep'12 will be inde- 
pendent of pS2O The g,p1l2 values are given in the last 
column of Table 11. For 4- and 6-arm polystyrene stars, 
geP'l2 = 1.26 and 1.13, re~pectively.~J~ It appears, there- 
fore, that there is a small residual decrease of g,p'I2 with 
increasing p. This decrease is less in the case of poly- 
isoprene stars.20 

Although the radii of gyration of the 12- and Warm 
stars are larger at the 8 temperature than the random walk 
model predicts, their scattering curve follows closely the 
theoretical curve base on that model (Figure 3). This 
indicates that the expansion at  the 8 temperature does not 
cause a profound perturbation from the Gaussian segment 
distribution, a t  least not a t  the large distances viewed by 
the light scattering experiments. I t  is, of course, possible 
that compensating effects cancel each other (vide infra). 

In the good solvent toluene, a strong upward departure 
of the l/P(p) function from the Gaussian model is ob- 
served when p > 4. No such deviation was found in the 
scattering curves of 4- and 6-arm stars.* 

Downward departures from the scattering curve based 
on the random walk model have been observed for linear 
polymers in good solvents when p > 5-10,21-25 and an ex- 
ample is shown in Figure 5. In the case of linear polymers, 
the observed downward departure is the result of two 
opposing effects.21 The t effect is caused by the fact that 
in good solvents, the average segment-segment distance, 
( rij)  , depends no longer linearly on the number of segmenta 
separating i and j but rather 

(rij2) a li - jl'+t (8) 

where 0 < t < 0.2. This effect alone will produce a 
downward curvature from that for the random walk model 
(e = 0). The segment density distribution, 4 ( r / ( r i j ) ) ,  
around the average distance ( rij) is no longer Gaussian ( t  
= 2) but narrower; i.e., it is better represented by t > 2 
in 

ae8 - (Ye6 = " / 3 3 C ~ , l ' ( f / 3  - ~ ~ ) g ~ - ~  

W / ( r i j ) )  0: e x ~ [ - ( r ~ / ( ~ i ~ ) ) ~ / ~ I  (9) 
making the segment density distribution more uniform and 
producing an upward curvature from that for the random 
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Figure 5. Inverse scattering function against p for a narrow 
molecular weight distribution linear polymer. M = 6.8 X lo6. 
Solvent: toluene. (p) = 1.7 X 106 A*. (A, 0, and 0) As in Figure 
3; ( 0 )  633-nm light. The line is for a random walk chain. The 
insert shows the data at low p values. 

walk model. In linear polymers the t effect is obviously 
stronger than the t effect. 

If the same two phenomena operate in the case of star 
polymers, then the t effect must be dominant. From the 
available part of the l/P(p) function, no separation be- 
tween the e and t effects can be made. Since gTol < g, 
(Table 11), stars with many arms expand less than the 
linear polymer with the same number of segment~. '~ It 
is thus conceivable that the value of t  is less for those stars. 
On the other hand, the crowding of segments inside the 
coils of highly branched stars may produce a spatially 
limited segment density distribution around ( r i j ) ,  thereby 
reinforcing the t effect. 

By Fourier transformation it is possible to obtain the 
average segment-segment distribution in the polymer coil, 
W(r),  from the scattering f u n c t i ~ n . ~ ~ , ~ ~  If one considers 
only deviations of the actual segment density distribution 
from the Gaussian one 

AW(r) = 11mhAP(h2) sin (hr) dh (10) 27r2r 0 

where AP(h2) = P(h2) - P G ~ ~ ~ ~ ~ ( ~ ~ )  and h = (47r/X') sin 
(8/2). Qualitatively, it can be said that the observed de- 
parture of the scattering curve from that of the random 
walk model reflects a decreased segment density distri- 
bution for intersegmental distances ( rij)  smaller than about 
500 A and a slight increase of segment-segment distances 
when 700 < ( r i j )  < 1000 A, Le., of the order of the radii 
of gyration. The range of distances over which differences 
in the segment density distribution occur depends to some 
extent on the unknown continuation of the experimental 
P(p)  function at p > 5 X lo6 cm-', which is not accessible 
with light scattering. It would be interesting to use neutron 
scattering to expand the range of scattering vectors and 
probe the shorter segment-segment distances in these star 
molecules. 

I t  should be pointed out that the observed departures 
of the P ( p )  function from that for the random walk one 
represent minimum values, since residual molecular weight 
polydispersity and structural variations will lower the 
experimental l/P(p) function. 

In Table 11, the second virial coefficients, A2, for the star 
polymers in toluene are given. These values are 2 and 2.5 
times lower than those for linear polymers of the same 
molecular weight in the case of the 1Barm and 18-arm star, 
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respectively. 
function #27 

The values of the noninterpenetration 
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given in Table I1 are much higher than the limiting value 
for linear polymers in good solvents (-0.26) and approach 
the value for a hard sphere (1.61).27 

The scaling concept leads to the conclusion that gp4I5 
is a constant for regular stars in a good solvent.20 Values 
of gp4I5 are given in Table 11. The corresponding values 
for 4- and 6-arm-star polystyrenes are 1.94 and 1.93, in- 
dicating that within experimental error gp4I5 is indeed 
constant. 

C. Hydrodynamic Properties of Stars. Sedimenta- 
tion velocity coefficients and intrinsic viscosities of star 
polystyrenes with 4 and 6 arms have been studied previ- 
ously for the cases of the 8 solvent (cyclohexane, 35 "C) 
and the good solvent (toluene, 35 "C). The data on the 
12- and 18-arm stars, which are collected in Table 111, can 
now be used to extend a number of relations previously 
observed between the various properties to regular stars 
with a higher number of arms. 

The sedimentation velocity coefficients of the stars are 
compared with those of linear polymers of the same mo- 
lecular weight by 

Assuming the random walk model for chains and Kirk- 
wood-Riseman hydrodynamic interactions between chain 
segments, one can calculate for regular stars28 

h, = p1I2[2 - p + 2lI2@ - 1)I-l (13) 

The comparison in Table IIIa shows that the experimental 
values of h (eq 12) are larger than the calculated ones, 
especially in the 8 solvent. In fact, h = hm1I2. This was 
also found with 4- and 6-arm stars.l0 

The radii of the equivalent spheres, i.e., spheres with the 
same intrinsic friction coefficients as the polymer mole- 
cules, can be obtained by Stokes' law 

r f  = [fl /6r (14) 

These hydrodynamic radii are given in the sixth column 
of Table IIIa and compared with the radii of gyration of 
the polymers in the next column. 

Traditionally, the relation between the intrinsic friction 
coefficient of a polymer and its radius of gyration has been 
expressed byz9 

[ f l  = P'(S2)1/2 (15) 

The P' values (Table IV) of the stars increase with the 
number of arms from the value for linear polymers to the 
value for a hard sphere. 

It has been pointed out that deviations from the random 
walk model would be equally found in the conformational 
property ( S2) and the hydrodynamic property and that 
h/g1I2 derived from experiments would be approximately 
equal to (h/g1/2),.30 However, for the 12- and 18-arm stars 
h/g,1/2 = 1.54 and 1.59, respectively, compared with 1.28 
and 1.33 for (h/g1/2),. Similar discrepancies are found 
in toluene. The larger experimental ratios were already 
observed for 4- and 6-arm polystyrene stars.1° 

From the intrinsic viscosity data in Table IIIb one can 
derive 

g' = [vlstar/ [v l l i n  (16) 

Table IV 
Hydrodynamic Constants for Regular Stars ( O  Solvent) 

linear 15.0 0.39 2.26 
linear 12.5d 0.3ge 2.7 

4-arm star 17.5 0.55 2.17 
6-arm star 20.4 0.77 2.08 
12-arm star 23.3 1.05 2.03 
18-arm star 23.9 1.20 2.06 

theoretical 

hard-sphere 24.3 1.35, 2.11 
limitf 

a Equation 15. Equation 19 with [ q ]  in mL/g. 0' 

Reference 27, p 351. 
with [ q ]  in dL/g. Reference 27 p 272. e Reference 
27, p 298 (Pyun-Fixman value). 

at constant molecular weight. Values of g' in the 0 solvent 
are given in Table IIIb. They are always lower than those 
proposed theoretically according g' = g,1/231 but higher 
than those proposed according g' = h,3.28 These dis- 
crepancies were already observed for stars with 4 and 6 
a r m ~ . ~ J ~  However, for all regular star polymers it is found 
that m = 0.58 in the relation 

ge' = g," (17) 

and this exponent seems to be a lower limit for branched 
polymers. Indeed, m values for combs are larger than 0.58 
and tend to this value when the branches are very large 
(starlike combs).32 Values of m in a good solvent are always 
higher than the 8 solvent value. 

The radius of the spherical partical that produces the 
same increase in viscosity as the polymer is given by 

r,, = (3M[q]/10~N,)~/~ (18) 

The equivalent hydrodynamic radii from viscosity (r,,) for 
the 12- and 18-arm stars are given in Table IIIb. It can 
be seen that rv and rf data are identical within experimental 
error as was found previously for linear, 4-arm and 6-arm 
stars, and combs.1° 

The direct relation between [q] and (9) is of the formB 

[q ]M = @'(S2)3/2  (19) 

Values of 4' for star polystyrenes are collected in Table 
IV. The increases of @'values with increasing number of 
arms in the stars leads to @'values near that for the hard 
sphere. The ratio @'1f3/P' is remarkably constant and 
allows calculation of soo from [q] and vice versa. 
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Scaling Relations for Aqueous Polyelectrolyte-Salt Solutions. 1. 
Quasi-Elastic Light Scattering as a Function of Polyelectrolyte 
Concentration and Molar Mass 
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Department of Physical and Macromolecular Chemistry, Gorlaeus Laboratories, 
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ABSTRACT Quasi-elastic light scattering experiments are reported on sodium poly(styrenesulfonate) solutions 
in aqueous 0.01 M NaC1. Samples of three different molar masses have been investigated as a function of 
the macromolecular concentration covering the dilute and the semidilute regimes. Experimental homodyne 
intensity autocorrelation functions of the scattered light were found to be nonexponential and had to be fitted 
with the help of a cumulant expansion using a floating value for the base line. From the value of the first 
cumulant an effective translational diffusion coefficient was evaluated. This diffusion coefficient exhibits 
a different behavior according to the concentration regime considered. In the dilute regime it is molar mass 
dependent but only slightly increases with concentration. In the semidilute regime the predictions of the 
scaling approach to the cooperative diffusion seem to be confirmed. The effective diffusion coefficient is molar 
mass independent and increases with concentration according to a power law that is close to the theoretically 
predicted one if adequate corrections for the change of the ionic strength of the solution with the polyelectrolyte 
concentration are applied. The experimentally found concentration power, larger than the theoretical value 
of 0.75, depends, however, on the value of the intrinsic persistence length of the polyelectrolyte (theoretically 
treated as a wormlike chain), which enters the correction factor mentioned. The results therefore seem to 
confirm that in the semidilute regime investigated a cooperative diffusion depending on the correlation length 
of the polyelectrolytes determines the diffusional effects as observed in quasi-elastic light scattering whereas 
in the dilute regime they depend on the translational behavior of individual chains. Both regimes are separated 
by a transition region where the effective diffusion coefficient seems to be molar mass and concentration 
dependent. 

Introduction 
Quasi-elastic light scattering provides a useful technique 

for determining the diffusion of macromolecules i n  solu- 
tion. In the case of neutral polymers i n  good solvents i t  
has been predicted that according to the concentration 
regime considered, different diffusion coefficients should 
be measured:l below a critical concentration c*, which 
represents the concentration at which the individual chains 
i n  solution start to overlap considerably, the diffusion 
coefficient of the individual chains  is measured. It is 
controlled b y  t h e  averaged dimension of t h e  macromo- 
lecular coils, for  which the Flory l imit  of the radius  of 
gyration m a y  be taken  as the characteristic quantity.2 
Above c* intermolecular entanglements produce coopera- 
tive modes analogous to those of a permanent network. In 
the resulting cooperative diffusion the characteristic di- 
mension is  the correlation length t ,  which represents the 
average distance between successive entanglements along 
a chain and which should be independent of the molar 
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mass of t h e  chain but dependent on the concentration 
according to a C-0.75 power law.3 Several light scat ter ing 
experiments  have been reported i n  the l i t e r a t ~ r e ~ ~  for 
solutions i n  the semidi lute  regime. In general, slightly 
different power dependences with concentration have been 
found as compared to the theoretical p r e d i d i ~ n s . ~  In some 
studies also nonexponential behavior of the light scattering 
correlation function was reported, in contrast to the others. 

More recently, OdijkE has extended the scaling relation 
for  neutral  polymers to the case of semidilute polyelec- 
t rolyte  solutions with or without  added salt.  In th is  ap- 
proach changes i n  the flexibility of the macromolecular 
chain due to charge interactions are taken  in to  account  
within the context of a wormlike chain m ~ d e l . ~  In the 
presence of an excess of the added salt t h e  theory predicts 
behavior of the polyelectrolytes analogous to that of neutral 
polymers if the necessary corrections for  charge interac- 
t ions a r e  applied. In an earlier short communication we 
found some confirmation of the theoretical prediction 
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