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the film refractjve index was calculated by using the 
Lorentz-Lorenz equation which assumes an average of 
water and polymer refractive indices. Hence, our picture 
of the polymer monolayer is that of m extremely hydrated 
one. Microscopic models which take into account indi- 
vidual molecular p o l a r i ~ a b i l i t y ~ ~ J ~ - ~ ~ ~ ~ ~  predict that 6A is 
linear with 8. Unfortunately, within experimental error 
we cannot discern between linear dependence and that 
obtained by calculating the average refractive index with 
the Lorentz-Lorenz equation for the polymers studied 
here. Further experiments with other monolayers of higher 
ellipsometric contrast are in progress to address this issue. 
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ABSTRACT The dilute solution properties of long-arm polyisoprene stars with branch point functionality 
f ranging from 3 to  56 have been investigated both in good solvents (cyclohexane and toluene) and under 
0 conditions (1,4-dioxane). The intrinsic viscosity [VI,  Huggins coefficient kH,  second virial coefficient Az,  
diffusion coefficient Do, and radius of gyration RG were measured and compared in terms of the equivalent 
radii. A smooth evolution of properties with increasing f was found, leading eventually to what we have termed 
a fuzzy-sphere behavior at high f .  Thus, equilibrium properties such as Az and RG move into a spherelike 
relationship to one another a t  large f. The dynamical properties, [v] and Do, do likewise, and kH approaches 
the hard-sphere value. However, the radii deduced from dynamical properties are consistently smaller than 
those from equilibrium properties, suggesting the analogy between polymeric stars of larger functionality and 
spheres with a hydrodynamically penetrable surface layer. The dependence of size on functionality is different 
in good and 0 solvents, but the same fuzzy-sphere relationship emerges when f is large. The literature data 
for polystyrene stars follow the same pattern, being for the most part in quantitative accord with the polyisoprene 
data. Some unresolved descrepancies in this simple interpretation are pointed out. Good agreement was 
found between these results and theoretical predictions based on scaling, Monte Carlo calculations, and 
simulation. Analytical expressions were less satisfactory, especially a t  high functionality. 

Introduction 
A study of the dilute solution properties of linear PO- 

lyisoprene in the thermodynamically good solvent cyclo- 
hexane was presented recently.2 Dilute solution viscometry 
and light scattering were used to obtain the radius of gy- 

ration RG, the thermodynamic radius RT, the viscometric 
radius Rv, and the hydrodynamic radius RH. The molec- 
ular weight dependence of these various measures of coil 
dimensions was determined. The results were compared 
with theory and with data for other polymer species. In 
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Table I 
Molecular S t ruc ture  and Dilute Solution Properties of Three- and Four-Arm S t a r  Polyisoprenee in Cyclohexane 

sample" M X IO4, g mol-' Ma X g mol-' f A2 X lo4, mL mol g-2 ['I], dL g-' kH 
3-11 3.52 1.14 3.1 12.6 0.354 0.33 
4-11 4.65 1.14 4.1 12.4 0.376 0.35 
3-1 5.06 1.70 3.0 11.6 0.450 0.33 
4-1 6.80 1.70 4.0 10.4 0.480 0.36 
3-VI 11.1 3.67 3.0 9.0 0.803 0.42 
4-VI 14.8 3.67 4.0 8.9 0.869 0.37 
3-111 13.7 4.40 3.1 8.7 0.958 0.36 
4-111 17.3 4.40 3.9 8.5 0.973 0.34 
3-VI11 13.9 4.75 2.9 8.4 0.979 0.40 
4-VI11 18.8 4.75 4.0 8.1 1.03 0.41 
3 - v  21.1 7.22 2.9 7.7 1.34 0.38 
4 - v  28.0 7.22 3.9 8.0 1.45 0.39 
3-IV 27.8 9.50 2.9 7.1 1.65 0.36 
4-IV 38.0 9.50 4.0 7.3 1.74 0.37 
3-VI1 32.2 10.5 3.1 7.0 1.85 0.40 
4-VI1 41.0 10.5 3.9 7.0 1.95 0.46 

The paired three- and four-arm star samples were prepared by organochlorosilane linking by using the same batch of polyisoprenyl- 
lithium precursor: each pair has the same arm molecular weight, Ma. 

the present paper we extend the study to multiarm poly- 
isoprene stars and include data obtained under 8 condi- 
tions as well. The main issue to be considered here is the 
dependence of coil dimensions on branch point function- 
ality, with particular emphasis on the long-arm limit. 
Samples with constant chain microstructure, narrow mo- 
lecular weight distribution, and up to 56 arms per molecule 
were prepared by anionic polymerization methods. Mo- 
lecular weight M ,  second virial coefficient A2, and radius 
of gyration were determined by light scattering; intrinsic 
viscosity [q] and Huggins coefficient kH were determined 
viscometrically. The diffusion coefficient at  infinite di- 
lution, Do, was also obtained for selected samples. The 
data were organized in terms of equivalent radii and com- 
pared with the behavior of spheres and the predictions of 
molecular theory. 

Experimental Section 
The synthesis procedures used to prepare the polyisoprene stars 

have been described el~ewhere.~" The initiators were purified 
sec-butyl- or tert-butyllithium (Lithium Corp. of America); the 
linking agents were multifunctional c h l o r ~ s i l a n e s ~ ~ ~  and di- 
~ inylbenzene .~  The polymerization conditions used led to a 
statistically uniform stereoirregular chain microstructure ( N 7% 
3,4; -70% cis-1,4; -23% t r a n ~ - 1 , 4 ) ? * ~ ~ ~ ~ ~  The chlorosilane linking 
agents were used to prepare a series of 3-, 4-, 5-, 8, 12-, and 18-arm 
polyisoprene stars; in some cases, a small amount of butadiene 
was added just prior to linking to facilitate that reaction. Within 
each of these series the arm molecular weight was varied while 
the number of branches per molecule was kept constant. Four 
additional series of stars were prepared by divinylbenzene linlung. 
Within each of these series the number of branches per molecule 
was varied while the arm molecular weight was kept constant. 
In all cases a small aliquot of arm was withdrawn prior to  linking 
for subsequent determination of the branch point functionality. 

Light-scattering measurements were made with a Sofica PGD 
photometer (wide-angle light scattering (WALS)), a Chromatix 
KMX-6 photometer (low-angle laser light scattering (LALLS)), 
and a Brookhaven photometer and correlator (quasi-elastic light 
scattering (QELS)). Methods of solvent purification are described 
e l ~ e w h e r e . ~ ~ ~ ~ ~  Measurements were made for a series of concen- 
+rations well below the overlap concentration c* - [?I-'. The 
WALS and the LALLS data  were used to determine the 
weight-average molecular weight M ,  = M ,  the z-average radius 
of gyration ( R G ~ ) , ' ' ~  = R G ,  and the second virial coefficient A2 
by procedures described in the earlier paper.2 The  QELS data 
were used to determine the diffusion coefficient a t  infiiite dilution, 
Do, and the concentration coefficient kD: 

(1) 

Flow times for solvent and several polymer concentrations below 

D ( c )  = Do(1 + kDc + ...) 

c* were measured in Cannon-Ubbelohde capillary viscometers and 
used to determine the intrinsic viscosity ['I] and the Huggins 
coefficient kH: 

Data were obtained in good solvents and under 8 conditions. 
For the good solvent case, the light-scattering resulta were obtained 
in cyclohexane a t  23 "C, and the viscometric results were obtained 
in cyclohexane a t  25 "C and toluene a t  34 "C (Tables I-IV). The 
difference between these two solvents appears to  be negligible, 
a t  least judged by viscometric data. Thus, within experimental 
error, and as noted recently by others! the same Mark-Hou- 
wink-Sakurata equation describes ['I] vs M for linear polyisoprene 
in both cyclohexane2S6 and t01uene:~ 

[7] = 1.65 X 104Mo.745 (dL g-') (3) 

We also determined [a] in both toluene and cyclohexane for several 
of the branched samples (Tables I1 and IV) and found no sys- 
tematic differences. More detailed comparisons are summarized 
in the Appendix. We will treat these solvents as being 
"equivalently good" in the subsequent discussions. 

The 8 solvent used was 1,4-dioxane. A Flory temperature 0 
of 34 & 1 "C had been obtained earlier7 for linear polyisoprenes 
of this microstructure by measuring A2 (light scattering) a t  several 
temperatures and interpolating to the temperature at which A2 
= 0. Hadjichristidis and Roovers found 0 to be unchanged for 
four- and six-arm polyisoprene stars.7 However, we have found 
that  0 is reduced in the more highly branched stars, evaluated 
elsewheres and in this study (Tables I1 and 111). The change 
appears to become negligible, however, for sufficiently long arms, 
as shown in Figure 1. Similar results have been found for 
multiarm polystyrene stars."13 Although the effects of branching 
on the 8 temperature seem quite regular, we were unable to 
rationalize the systematics in terms of the existing the0ry.6'~ Also, 
neither arm molecular weight, Ma, nor total molecular weight, M ,  
provides a unified correlation of 0 (Figure la  and lb).  We assume 
that  the composite character of segment density for highly 
branched stars, a crowded core and more dilute exterior as opposed 
to the uniformly low segmental density of linear chains, is 
somehow responsible. In the absence of clear alternatives, the 
values of (R&, [qle, and (k& reported in Tables I1 and I11 were 
measured at 0 as determined for each sample by the Az = 0 
condition. We assume that any effects associated with 0 variations 
are small, especially so for our work here, which emphasizes 
behavior for large Ma. 

All stars were fractionated to remove unattached armse3s4 The 
average number of arms per molecule for the resulting samples 
(Tables I and 11) was calculated from the arm molecular weight 
Ma and the total molecular weight M as obtained by light scat- 
tering or, in a few cases, by osmotic pressure: 

f = M / M ,  (4)  
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Table I1 
Molecular Characteristics of Chlorosilane-Linked Polyisoprene S tars  

good solvent 
A~ x 104, 8 condition 

sample M X lo4, g mol-I f a  0, "C RG, nm [VI, dL g-' kH RG, nm dL g-l kHb mL mol g-* 
5-1 
5-11 
8-VI11 
8-VI1 
8-1 
8-11 
8-111 
8-VI 
8-IV 
8-V 
8-IX 
12-IX 
12-IV 
12-VI1 
12-1 
12-11 
12-111 
12-VI11 
12-v 
18-VI1 
18-VI11 
18-VI 
18-11 
18-1 
18-111 
18-IV 
18-V 
18-IX 

15.0 
25.0 
4.1 

11.0 
27.6 
61.0 
79.5 

171 
176 
440 
600 

4.1 
9.6 

25.0 
41.2 
81.0 

144 
390 
528 

6.4 
9.3 

19.7 
21.8 
38.4 
80.0 

148 
357 
680 

5.0 
4.9 
8.0 
7.9 
7.4 
6.9 
8.1 
8.1 
7.8 
8.3 
7.9 

11.7 
11.6 
11.9 
11.6 
11.8 
12.0 
12.0 
12.2 
17.9 
18.0 
18.0 
18.0 
18.1 
17.4 
18.0 
17.9 
17.4 

33.2 
33.0 
29.8 
31.0 
32.9 
32.7 
32.7 19.5 
33.2 28.3c 
33.2 29.0 
32.6 45.0 
33.5 52.4' 
21.0 
25.8 
28.7 
32.6 
32.0 17.8 
32.9 24.2 
33.0 39.4c 
33.0 44.4c 
24.5 
26.8 
28.1 
29.0 
30.0 
31.0 
32.0 22.0 
33.0 33.3 
33.2 45.5 

0.365 
0.454 
0.140 
0.232 
0.364 
0.555 
0.625 
0.895 
0.900 
1.43 
1.64 
0.110 
0.170 
0.269 
0.352 
0.484 
0.665 
1.09 
1.24 
0.094 
0.112 
0.178 
0.190 
0.238 
0.356 
0.470 
0.708 
1.01 

0.71 
0.68 
0.66 
0.63 
0.69 
1.0 25.5 
0.92 30.1 
1.0 44.1 
1.5 45.5 
1.6 75.1 
3.0 90.0 
0.77 
0.60 7.30 
0.65 
0.78 
0.90 25.0 
0.95 35.2 
1.2 58.7 
2.4 72.0 
1.0 4.9e 
0.92 
1.1 
1.2 9.6e 
1.3 
1.4 21.4 
3.3 29.9 
5.2 50.0 
9.2 70.0 

0.77 
1.03 
0.250d 
0.420 
0.875 
1.50 
1.84 
3.20 
3.25 
6.20 
7.80 
0.225d 
0.280 
0.580 
0.800 
1.36 
2.14 
4.23 
5.55 
0.144d 
0.180 
0.351 
0.371 
0.529 
1.02 
1.62 
2.92 
5.07 

0.35 
0.40 
0.46 
0.52 
0.52 
0.44 
0.55 
0.52 
0.56 
0.61 
0.53 
0.53 
0.72 
0.80 
0.74 
0.57 
0.79 
0.69 
0.68 
0.63 
0.88 
0.75 
0.67 
0.63 
0.78 
0.71 
0.71 
0.88 

7.5 
6.5 
7.4 
6.8 
5.9 
4.9 
4.5 
3.2 
3.1 
2.2 
2.0 
9.4 
5.5 
4.5 
3.9 
3.4 
3.0 
1.9 
1.9 
6.4 
6.0 
4.4 
3.9 
3.2 
2.7 
2.3 
2.0 
1.6 

'Average star functionality: values of Ma from either light scattering or osmometry reported in prior publications; ref 3, 4, and 8. 
*Measured in toluene. 'Obtained with Fica 50 photometer (ref 8). dValues not used in calculations due to departures from linear chain 
power law behavior when 2M, is 1104. eObtained by neutron scattering in benzene-d6 (ref 15). 
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F i g u r e  1. (a, Top) 8 temperature as a function of polyisoprene 
star molecular weight. (b, Bottom) 8 temperature as a function 
of polyisoprene star arm molecular weight. 

The  close agreement between f and the functionality of the 
chlorosilane linking agent used in each case is gratifying and 
indicates a highly uniform molecular structure for those stars. 
No direct comparison of this kind is available for the divinyl- 
benzene-linked stars, and some distribution in functionality is 
of course inevitable. However, the linking statistics should be 
no more Jeterodisperse than those for a Poisson distribution, so 
a t  large f the  distribution is probably rather n a r r o ~ . ~  Size ex- 
clusion chromatograms for the divinylbenzene-linked stars were 

0. 12-Arm Stars 

t--- 
d,-Benzene,/" 0 

l 1 I 
104 105 106 10' 

Figure 2. Neutron-scattering (open symbols) and light-scattering 
(solid symbols) based radii of gyration of polyisoprene stars. The 
dashed lines denote linear polyisoprene. 

Mw 

only marginally broader, if a t  all, than those for the stars prepared 
by chlorosilane linking. Differences in polydispersity, especially 
in the high molecular weight tail, could present a problem in 
dealing with RG because i t  is a z-average quantity. However, as 
noted below, we have found no significant difference between 
chlorosilane-linked and divinylbenzene-linked samples in the 
correlations. 

Analysis of Results 
The chlorosilane-linked stars provide information on 

arm length  effects at cons tan t  branching  archi tecture .  
Radius  of gyration as a funct ion of total molecular weight 
for  the 8-, 12-, and 18-arm archi tectures  i n  both good and 
0 solvents  i s  compared  with the corresponding data for  
l inear  polyisoprene i n  Figure 2. ( T h e  light-scattering- 
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Table I11 
Molecular Characteristics of Divinylbenzene-Linked Polyisoprene Stars 

8 condition good solvent 
M ,  x 104, M x 10-4, R G ,  [?I, RG, [ ~ l l , ~  A~ x 104, 

sample g mol-' g mol-' Fa 8, "c nm dLg-' k H  nm dL g-' kHb mL molg-' 
31 3.9 48.5 12.4 31.0 0.363 0.76 19.0 0.847 0.50 3.6 
32 62.5 16.0 30.6 0.346 0.82 19.9 0.835 0.62 2.8 
33 64.6 16.6 30.6 0.345 0.82 20.1 0.830 0.69 2.6 
34 102.0 26.1 30.6 0.303 0.90 21.4 0.820 0.77 1.9 
71 5.1 167.0 32.7 31.2 0.339 1.18 27.0 0.926 0.93 1.5 
21 8.4 72.0 8.6 32.2 0.566 0.79 27.7 1.38 0.57 3.2 
22 104.0 12.4 32.2 0.504 0.92 29.0 1.37 0.84 3.0 
24 188.0 22.4 31.8 0.463 1.19 32.3 1.35 0.98 1.9 
11 14.9 155.0 10.2 33.0 26.0 0.705 0.76 39.5 1.90 0.62 3.0 
12 178.0 11.9 33.0 27.0 0.650 0.71 41.1 1.95 0.78 2.8 
13 340.0 22.2 33.0 31.5 0.625 0.76 47.4 1.90 1.00 1.8 
14 840.0 56.2 33.0 37.0 0.525 0.75 54.5 1.85 1.02 0.5 

a Star polymer functionality: f = M/M,, where both M and M ,  have been established independently by light scattering or osmotic pressure 
measurements. Measured in toluene. 

Table IV 
Hydrodynamic Properties of Selected Polyisoprene Stars in 

Cyclohexane 
M x 10-4, D,, x 107, 

sample g mol-' [q], dL g-' k~ cm-2 s-' k ~ ,  mL g-' 
3-111 13.7 0.958 0.36 2.4 
4-111 17.3 0.973 0.34 1.87 76.5 
4-IV 38.0 1.74 0.37 1.20 138 
8-111 79.5 1.83 0.60 0.91 235 
8-IV 176 3.30 0.71 0.52 250 
8-V 440 6.37 0.51 
12-IV 9.6 0.294 0.81 
12-11 81.0 0.89 174 
12-VI11 390 4.33 0.58 0.368 560 
12-v 528 5.63 0.50 0.305 331 
18-VI11 9.3 0.182 0.79 
18-11 21.8 2.4 
18-1 38.4 1.88 35 
18-111 80.0 1.02 0.73 1.06 100 
18-IV 148 1.58 0.77 0.71 169 Mw 

18-V 357 2.90 0.78 0.455 303 Figure 3. Intrinsic viscosity for polyisoprene stars. 

based radii of gyration are supplemented by neutron- 
scattering results in benzene-d6 for some short-arm stars.15) 
A sequence of parallel or nearly parallel lines is obtained, 
showing that the effect of architecture is essentially in- 
dependent of molecular weight when the branches are long. 
Similar results have been found in other s t ~ d i e s ' ~ ~ J ~ J ~  and 
are expected for sufficiently long arms on the basis of 
theory. 

Figure 3 shows a similar comparison for the intrinsic 
viscosity. Again the effect of architecture is factorable, in 
this case demonstrated over a much wider range of mo- 
lecular weights. Similar behavior is found for the second 

virial coefficient. The molecular weight dependence of all 
three properties is well described by power laws: 

The main variation with branch architecture is contained 
in Kv, KR,  and KA. The values of the coefficients and 
exponents in eq 5-7, obtained by linear regression of these 
data and from the literature (see Appendix), are given in 
Table V. Slight variations in the exponents, mostly the 

Table V 
coefficients Describing the Molecular Weight Dependence of Intrinsic Viscosity, Radius of Gyration, and Second Virial 

Coefficient for Chlorosilane-Linked Polyisoprene Stars" 
good solvents 8 conditions 

structure Kv x IO4 a KR X lo2 (I K A  X 10' y Kv X lo4 a KR X 10' /3 ref 
linearb 1.70 0.741 12.6 0.050 3.27 0.50, 7, 16 
lineare 1.93 0.73, 1.91 0.578 1.32 0.230 2, 6 

this work 
4 armb 1.32 0.737 9.12 0.509 2.69 (0.50)d 7 
4 armC 1.16 0.75, 1.54 0.238 this work 
6 armb 0.98, 0.74, 8.4, 0.49, 2.27 (0.50Id 7 
8 armb 0.94, 3.72, 1.78 0.54, 1.89' 0.28, 7.5, 0.49, 2.56 0.4& this work 
12 armb 0.57, 0.74, 1.37 0.55, 2.27( 0.31, 5.39 0.50' 2.31 0.49,, this work 
18 armb 0.304 0.764 1.09 0.55, 0.66c 0.24,, 3.74 0.502 2.53 0.47, this work 

"See eq 5-7. Units are dL g-' for [q], nm for RG, and mL mol g-2 for A2. *Measurement made in toluene. 'Measurement made in 
cyclohexane. "Theoretical exponent used in order to establish K R  from limited data (three samples for four- and six-arm star polyisoprene 
samples, respectively). 

3 arm' 1.25 0.757 1.83 0.260 
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RT = 4.63 X 10-9(A2iW)1/3 (9) Table VI 
Size Parameters (nm) in Cyclohexane for 

Chlorosilane-Linked Three- and Four-Arm Polyisoprene 
Stars 

sample Rv RT sample Rv RT 
3-11 5.8 5.4 4-11 6.5 6.4 
3-1 7.1 6.7 4-1 8.0 7.8 
3-VI 11.2 10.3 4-VI 12.7 12.5 
3-111" 12.8 11.7 4-IIIb 13.9 13.6 

3-v 16.5 15.0 4-v 18.6 18.4 
3-VI11 12.9 11.7 4-VI11 14.5 14.2 

3-IV 19.4 17.6 4-IVc 21.9 21.9 
3-VI1 21.1 19.8 4-VI1 23.3 22.7 

"RH = 9.6 nm. bRH = 12.3 nm. 'RH = 19.2 nm. 

result of experimental scatter and limited data, make it 
difficult to draw quantitative conclusions directly from the 
Kv, KR, and K A  values in the table. 

Another way of examining the results is to convert the 
values of [g], A2, and Do into equivalent radii based on the 
respective equations for hard sphere~:~J ' J~  

(8) R~ = 5.41 x 10-9([4~)1/3 

RH = 5.31 X 10-2kT/~,Do 

where vS is the solvent viscosity, lz is Boltzmann's constant, 
Rv is the viscometric radius, RT is the thermodynamic 
(excluded volume) radius, and RH is the hydrodynamic 
radius. For monodisperse spheres, Rv = RT = RH = (51 
3)1/2RG. Dilute solution theories for the effects of 
branching on RG, Az, Do, and [a] are traditionally writtenlg 
in terms of parameters such as g, h, g', the Flory coeffi- 
cients P and 4, and the penetration function IC. (see below). 
We have chosen to express the results in a slightly different 
way here. For example, in place of IJ we use RT/RG, and 
in place of g we use RG/(RG)a, where (RG)a is the radius of 
gyration of an unattached arm. Both IJ and g contain 
precisely the same information as and RG/ (RG)a, 
but the choice is not a completely arbitrary one. Thus, 
as seen below, the variation of RTIRG with f displays in 
an explicit fashion the growing resemblance of star mole- 
cules to spheres as the functionality increases, and the 
variation of RG/ with f demonstrates directly the 

Table VI1 
Size Parameters (nm) for Chlorosilane-Linked Polyisoprene Stars with 5, 8, 12, and 18 Arms 

good solvents 8 conditions 

sample RG RH RV" RT RG RV 
5-1 12.2 11.9 9.5 
5-11 16.0 15.9 12.2 
8-VI11 5.1 5.0 4.5 
8-VI1 9.0 9.3 7.4 

8-111 30.1 28.5 (28.5) 30.4 19.9 

8-1 15.6 16.5 11.7 
8-11 25.5 25.4 24.3 26.3 17.5 

8-VI 44.1 44.2 45.3 28.9 
8-IV 45.5 44.4 44.9 (45.1) 45.6 29.3 
8-V 75.1 75.5 (76.3) 75.0 46.4 
8-IX 90.0 90.5 89.4 53.8 
12-IX 5.3 5.4 4.1 
12-IV 7.3 7.5 (7.6) 7.9 6.4 

12-1 17.3 18.7 13.2 
12-11 25.0 25.9 25.9 28.1 18.4 
12-111 35.2 36.5 39.5 24.7 
12-VI11 58.7 62.7 63.9 (64.4) 65.9 40.7 
12-v 72.0 75.0 77.4 (77.7) 80.7 47.0 
18-VI1 4.9 5.5 6.5 4.6 

18-VI 10.3 11.9 8.2 
18-11 9.6 9.5 10.9 12.3 8.7 
18-1 12.3 14.8 16.7 11.3 
18-111 21.4 21.8 23.3 (23.5) 25.8 16.5 

18-V 50.0 50.8 54.9 (54.7) 63.2 34.2 

12-VI1 13.2 14.1 10.2 

18-VI11 6.4 (6.5) 8.0 5.5 

18-IV 29.9 32.5 33.6 (33.3) 36.8 22.2 

18-IX 70.0 81.7 90.1 47.7 

19.5 
28.3 
29.0 
45.0 
52.4 

17.8 
24.2 
39.4 
44.4 

22.0 
33.3 
45.5 

" Based on [ q ]  in toluene. The values in parentheses were obtained from [q]  in cyclohexane. 

Table VI11 
Size Parameters (nm) for Divinylbenzene-Linked Polyisoprene Stars 

good solvents 8 conditions 

sample r RG RV RT RG RV 
31 12.4 19.0 18.7 20.3 14.1 
32 16.0 19.9 20.2 22.1 15.1 
33 16.6 20.1 20.4 21.9 15.2 
34 26.1 21.4 23.7 27.0 17.0 
71 32.7 27.0 29.0 34.6 20.8 
21 8.6 27.7 25.0 25.4 18.6 
22 12.4 29.0 28.2 31.6 20.2 
24 22.4 32.3 34.2 40.5 24.0 
11 10.2 39.5 36.0 41.4 25.8 
12 11.9 41.1 38.0 44.5 26.3 
13 22.2 47.4 46.7 59.1 32.3 
14 56.2 54.5 62.7 70.5 41.2 

26.0 
27.0 
31.5 
37.0 
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Table IX 
Radius Ratio and Huggins Coefficients for Polyisoprene 

Stars in Good Solvents 
f RT f RG RTIRV' hib 

linear 0.69 0.87 0.27 (0.34)c 
3 0.92 (0.37)c 
4 (0.99)d 0.34 (0.38)' 
5 0.99 0.38 
6 (1.02)d 0.37 
8 1.01 1.02 0.52 

12 1.24 1.05 0.69 
18 1.27 1.14 0.74 

12.4 1.06 1.09 0.50 
16.0 1.11 1.10 0.62 
16.6 1.09 1.07 0.69 
26.1 1.27 1.14 0.77 

32.7 1.28 1.19 0.93 

8.6 0.92 1.02 0.57 
12.4 1.09 1.12 0.84 
22.4 1.25 1.18 0.98 

10.2 1.05 1.15 0.62 
11.9 1.09 1.17 0.78 
22.2 1.25 1.25 1.00 
56.2 1.30 1.12 1.02 

nValues of Rv obtained from [ q ]  in toluene; other values ob- 
tained from cyclohexane data unless otherwise noted. * Measured 
in toluene unless otherwise noted. Measured in cyclohexane. 
dValues of RT obtained from A2 in toluene (osmotic pressure). 
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Figure 4. Ratio of thermodynamic radius to radius of gyration 
as a function of arm number for polyisoprene stars. The chlo- 
rosilane-linked stars are denoted by 0 and the divinylbenzene- 
linked stars by U. The dashed line indicates RT/Rc = 1.291 for 
hard spheres. 

swelling of chain dimensions as the number of arms in- 
creases. 

Values of RG, RT, Rv, and RH are collected in Tables VI 
and VI1 for the chlorosilane-linked stars and in Table VI11 
for the divinylbenzene-linked stars. The various ratios of 
radii are then calculated for individual samples; according 
to the early discussion these ratios should be essentially 
functions o f f  alone. The variations with f are examined 
and compared with the behavior of spheres and finally with 
the predictions of various molecular theories. 

In good solvents the ratios of radii and the values of kH 
are practically the same within each series of chloro- 
silane-linked stars. Their averages, with results for the 
shortest arm stars omitted in some cases, are given in Table 
IX. Figure 4 shows the ratio of statically determined radii, 

as a function of branch point functionality in good 
solvents. Results for both the chlorosilane-linked and 
divinylbenzene-linked species are included. The values 
rise rapidly with increasing f from = 0.69 for linear 
polyisoprene and then level off rather near the hard-sphere 
value, RT/& = ( 5 / 3 ) ' 1 2  = 1.291. The approach appears 

I 

I 

O'gl 08 

O.' ~ 2 3 4 5 6 8 10 20 40 60 100 
- 
f 

Figure 6. Ratio of thermodynamic radius to viscometric radius 
as a function of arm number for polyisoprene stars. The chlo- 
rosilane-linked stars are denoted by 0 and the divinylbenzene- 
linked stars by U. The dashed line indicates RTIRV = 1 for hard 
spheres. 

to be more gradual for the divinylbenzene-linked stars, 
perhaps because of the slightly broader dispersion of 
functionalities in those materials, but the limit seems to 
be the same in both cases. 

The ratio of dynamically determined radii, RVIRH, is 
available only for selected samples of the chlorosilane- 
linked stars (Table VII), and unfortunately those data are 
somewhat scattered. That ratio is 1.11 for linear poly- 
isoprene,2 and there appears to be a weak trend toward 
the hard-sphere value 1.0 a t  higher f, albeit with consid- 
erable scatter. Roovers and Toporowski" found RV/RH 
to be near unity for a wide variety of branching architec- 
tures in polystyrene. 

The dependence of the Huggins coefficient kH on branch 
point functionality is shown in Figure 5. The pattern is 
similar to that found for RTIRG and R V I R H .  The values 
rise from IZH = 0.34 for linear polyisoprene and approach 
hard-sphere behavior,20 kH = 0.99, a t  high functionalities. 
An unambiguous determination at  high f is difficult to 
achieve, however, because contributions from the higher 
order terms in eq 2 appear rather quickly when k H  is large. 

Comparisons of statically and dynamically determined 
radii show a similar pattern of dependence on branch point 
functionality, although the hard-sphere limit a t  large f 
seems not to apply in this case. The most plentiful data 
for comparing static and dynamic radii are those on RT and 
Rv; the ratio RT/RV is shown as a function of f  in Figure 
6. The values increase from 0.87 for linear polyisoprene 
but pass smoothly through the hard-sphere value of unity 
and appear to scatter around a limit of approximately 1.17, 



Macromolecules, Vol. 22, No. 5, 1989 Chain Dimensions in Dilute Polymer Solutions 2343 

Table X 
Values of Rv/RG for Polyisoprene Stars in Good Solvents 

and under 9 Conditions 
good solvent 8 conditions 

linear 0.79" (0.79)b 0.83c (0.85)b 

4 (0.91)b 0.95 (0.96)b 
6 (0.99)bfd 1.04 (1.07)b 
8 0.99 1.03 

12 1.06 (1.13)b 1.04 ( l . l O ) b  
18 1.11 ( l . l l ) b p d  1.03 (1.25)b*d 
12.4 0.98 
16.0 1.02 
16.6 1.02 
26.1 1.11 
32.7 1.07 
8.6 0.90 

12.4 0.99 
22.4 1.06 
10.2 0.91 0.99 
11.9 0.93 0.97 
22.2 1.00 1.03 
56.2 1.16 1.11 

r R V I R G  R V I R G  

3 (0.84)b (0.88)b 

" Based on the data of ref 2. Polystyrene results given in par- 
entheses; ref 9, 10, 13, and 17. OBased on the data ref 7 and 16. 

the average of values for f I 18. The analogy to a "fuzzy" 
sphere,30b with deeper hydrodynamic than thermodynamic 
penetration of the outermost regions occurring even at  
large f ,  is suggested. 

Thus, it seems that many properties of star polymers 
in good solvents, including the relationships among static 
and dynamic measures of chain dimensions, change 
smoothly from a linear chain limit at low f to some 
spherelike limit a t  large f. Such behavior is perhaps not 
totally unexpected, but it is nevertheless reassuring to find 
it so clearly evident. It is also useful in providing a 
framework for the examination of molecular theories. 

Results are more limited for branched polyisoprenes at  
the 8 condition. The thermodynamic radius RT is iden- 
tically zero, of course, from the A2 = 0 definition, and we 
have not data on (RH),g for polyisoprene stars. Further- 
more, it is clear from Table I1 that the values of (kH),g 
increase with Ma within each series of chlorosilane-linked 
stars. Thus, in contrast with k~ in good solvents, (kH),g is 
not a function off alone. The same pattern has also been 
found for linear polyisoprene2 and for four- and six-arm 
polyisoprene stars.21 Such behavior is contrary to theo- 
ry22-26 and also appears to depend somewhat on the 
polymer species. Thus, for example, (k& in polystyrene 
systems depends, as expected, only on the branching ar- 
~hi tecture , '~  but other species show the same anomalies 
as p~lyisoprene.~' 

The only radius comparison available for 8 conditions 
is that provided by RG and Rv. The values of (RV/RG),g 
appear to be independent of Ma within each series of 
chlorosilane-linked stars. The averages of RV/RG under 
8 conditions and in good solvents are shown in Table X. 
There is an upward trend with increasing f in both cases, 
as expected from previous comparisons of radius ratios. 
However, even at large f the values are smaller than 
= 1.29 for spheres. As in RT/RV for good solvents (Figure 
61, we are here comparing a dynamically determined radius 
with a static one. From the RTIRV results and the 
fuzzy-sphere analogy, we expect a limit of RV/RG = 
1.2911.17 = 1.10 at  large f. The observed values seem to 
be reasonably consistent with this limit. Interestingly, the 
values of RVIRG for each branching architecture turn out 

One sample. 

Table XI 
Values of Rv/ (Rv)~  and RG/(RG)a for Polyisoprene and 
Polsstsrene Stars in Good Solvents and 9 Conditions - -  

good solvents" 8 conditions" 

2 1.50 (1.49) 1.49 (1.50) 1.42 (1.42) 1.41 (1.41) 
3 1.78 (1.77) (1.68) (1.64) (1.57) 
4 2.01 (2.00) (1.78) 1.86 (1.83) 1.66 (1.60) 
5 2.18 2.01 
6 2.37 (2.33) (1.91) 2.15 (2.11) 1.68 (1.65) 
8 2.57 1.93 2.30 1.88 

12  2.93 (2.93) 2.08 (2.10) 2.60 (2.60) 2.10 (2.03) 
18 3.33 2.33 2.85 2.28 
12.4 2.92 2.16 2.64 
16.0 3.16 2.26 2.82 
16.6 3.19 2.29 2.84 
26.1 3.71 2.43 3.18 
32.7 3.88 2.63 3.40 
8.6 2.48 2.02 2.34 

12.4 2.82 2.12 2.57 
22.4 3.41 2.36 3.05 
10.2 2.58 2.07 2.46 2.06 
11.9 2.72 2.15 2.51 2.14 
22.2 3.35 2.48 3.09 2.50 
56.2 4.50 2.85 3.94 2.93 

"Values for polystyrene in parentheses: ref 9, 10, 13, and 17. 
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Figure 7. Ratio of viscometric radii for star and unattached arm 
as a function of arm number for chlorosilane-linked (solid symbols) 
and divinylbenzene-linked (open symbols) polyisoprene stars. The 
8 condition three-arm data point is for polystyrene. The dashed 
lines are predictions based on the fuzzy-sphere picture (see eq 
15 and subsequent discussion). 

to be about the same in good solvents and 8 solvents. We 
conclude that the "extra" hydrodynamic penetration is 
roughly similar in good solvents and 8 solvents for high 
functionality stars. 

Another comparison of radii can be made by using in- 
trinsic viscosity data alone. The ratio of Rv for a star 
polymer to (Rv)a, the viscometric radius for the corre- 
sponding unattached arm, depends only on f. Values of 
(Rv)a were calculated for each star using the known value 
of Ma and the [ q ]  vs M relationships for linear polymers 
given in Table V. The results are given in Table XI. 

The variation of Rv/(Rv)a with f is shown in Figure 7 
for good solvents and at  the 8 condition. In both cases, 
the average values of Rv/(RV)a for each series of chloro- 
silane-linked stars and the individual values for divinyl- 
benzene-linked stars lie along the same curve. The rela- 
tionship between Rv/ (Rv)a and f is, however, somewhat 
different in good solvents and 8 solvents. The generality 
of the behavior was tested with the published data on 
chlorosilane- and divinylbenzene-linked polystyrene 
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Expressions obtained for the chlorosilane-linked stars alone 
are practically the same (1.41f and 1.22f o.21, respec- 
tively). Even the value of RG/ for a "two-arm star" 
under 8 conditions agrees with eq 12. Note that values 
for individual samples rather than the averages for series 
were used in the regression analyses here and later to 
obtain power law exponents and coefficients. Thus, data 
for each chlorosilane- and divinylbenzene-linked sample 
were weighted equally. The results obtained by either 
procedure are practically the same, however. 

The behavior for RG/(RG), and Rv/ (RVla differs some- 
what. The power law dependence off describes Rv/(Rv)a 
a t  high functionality reasonable well (see Figure 7), but 
it emerges more slowly than for R G / ( R G ) a  The following 
expressions are obtained by regression analysis for f L 6: 

RV/(RV)~ = 1.36f 0.304 (good solvents) (13) 

Rv/(Rv)a = 1.29f0.279 (8 conditions) (14) 

The results are practically the same for f I 8 or f I 12 but 
are different for f 2 4. 

The exponents are larger for Rv/(RV), than for RG/(RG), 
(eq 11 and 12), and the order is reversed for good solvents 
and 8 solvents. This seems inconsistent with the fuzzy- 
sphere picture we suggested earlier, because that would 
require the exponents for Rv(Rv), and RG/(RG)a to be the 
same. Thus, in the large f limit we expect 

Rv/(Rv)a = (1*29/13') [(R~)a/(Rv)al (RG/ (RG)a) (15) 

in which 1.29/1.17 is RV/RG for hard spheres, corrected 
for a deeper penetration of the hydrodynamic interaction, 
and (RG),/(Rv), is the value for linear chains ((0.75)-' in 
good solvents and (0.83)-l in 8 solvents from Table X). 
With these quantities, the power laws for RV/(Rv), can be 
predicted from eq 11 for good solvents and eq 12 for 8 
solvents. The results are shown by the dashed lines in 
Figure 7. The prediction could be an asymptote for 
Rv/(Rv)a vs f a t  the 8 condition, but that seems not to be 
true for the data in good solvents. Either the oversim- 
plified nature of the fuzzy-sphere analogy or the experi- 
mental scatter and sparcity of data at large f are a t  fault. 
We have been unable to decide on the basis of present 
evidence. 

As a final point, it is interesting to consider the depen- 
dence of intrinsic viscosity on the branch point function- 
ality a t  constant arm molecular weight. Thus, for the 
definition of Rv in eq 8 

= 6.32 x 1 0 2 4 ~ ~ 3 / ~  (16) 

so the variation of [v] with increasing f depends on the 
competition between an increasing Rv and an increasing 
M = fMa. The span molecular weight for a star is 2Ma, 
and the intrinsic viscosity of a linear polymer with that 
molecular weight is [77lsP, = 2"[77],, where [71a is the in- 
trinsic viscosity of the unattached arm and LY is the ex- 
ponent in eq 5.  Thus 

[~l / [~Ispan = [ R v / ( R v ) ~ I ~ / ~ ~ ~  (174 

[Vl/[VIs,, = (f/2)"g' (1%) 

where g' is the intrinsic viscosity ratio (see below). If 
desired, Rv/(RV),,, and RG/(RG)~?, can also be obtained 
from the results in Table XI by diwding the corresponding 
values for f 1 3 by those for f = 2. 

Figure 10 shows [q]/[qlspm vs f in good and 8 solvents, 
calculated with the values of Rv/(Rv)a in Table XI and a 
for linear chains in Table V. Starting from the defined 

or more simply32 

1 
4 r  Good Solvents - 

Figure 8. Ratio of viscometric radii for star and unattached arm 
as a function of arm number for divinylbenzene-linked polystyrene 
stars: ref 11 (0); ref 28 (0); ref 29 and 30 (0). The lines are those 
from Figure 7 .  
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3 1  'R 
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Figure 9. Ratio of radii of gyration for star and unattached arm 
as a function of arm number for polyisoprene stars. The solid 
symbols represent the chlorosilane-linked samples, and the open 
symbols represent the divinylbenzene-linked samples. Polystyrene 
results are used when the corresponding polyisoprene results are 
not available (Table XI). 

 tar^.^^^,^^,^^,^^-^^ Comparisons with chlorosilane-linked 
polystyrene stars are shown in Table XI. The agreement 
is reasonably good, as shown in Figure 8. As explained 
e l ~ e w h e r e , ~ ~  we have found such data to he useful for es- 
timating the aggregation number for linear polymers 
containing a strongly associating group on one end of the 
chain. 

Similar examinations of the reduced radius of gyration, 
RG/(RG)a, were made. Values of (RG), were calculated from 
Ma by using the results for linear polyisoprene given in the 
Appendix. Results are shown in Figure 9 for good solvents 
and at  the 8 condition. As in the other comparisons, the 
average values for chlorosilane-linked stars and the indi- 
vidual values for divinylbenzene-linked stars agree rea- 
sonably well. Comparisons with literature data for chlo- 
rosilane-linked polystyrene s t a r ~ ~ J ~ , ~ ~ J '  are given in Table 
XI. The value of 12-arm polystyrenes at  the 8 condition 
is slightly smaller, but otherwise the agreement is excellent, 
so we have included polystyrene values in Figure 9. The 
literature results for divinylbenzene-linked polystyrene 
stars" do not agree with the polyisoprene data or with the 
trend of data for chlorosilane-linked polystyrenes. Those 
values of RG/ (RG)a are consistently larger, an observation 
that we assume is caused by polydispersity. 

Aside from the data for six-arm stars at  the 8 condition, 
the results for f 1 3 are described quite precisely by power 
laws: 

RG/(RG), = 1.37f0.'75 (good solvents) (11) 

&/(&la = l.21f0.219 (0 condition) (12) 
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others in terms of the parameters defined by eq 20-24. It 
is therefore expedient to develop "translation" formulas 
based on the definitions of size used in eq 8-10 and the 
molecular weight exponents for linear chains as defined 
in eq 5-7: 

RG/(&)a = g1I2fB (26) 

Rv/(Rv),  = (9')1/3f1+a)/3 (27) 

RT/RG = l.10$1/3 (28) 

(29) 

RT/RV = 0.856a1I3 (30) 

RV/RH = ( R V / R H ) L ( ~ ' ) ' / ~ ~ - '  (31) 

For regular stars with unperturbed (random walk) arm 
dimen~ions,3~ i.e., at the 8 condition and ignoring crowding 
effects in the core region 

g,, = (3f  - 2 ) / f  (32) 

Diffusion coefficient and intrinsic viscosity have also been 
calculated analytically for random walk stars by using the 
Oseen approximation for hydrodynamic interactions and 
a preaveraging approximation for the intersegmental 
 distance^:^^^^^ 

(33) 

g:, = g, 112 (34) 

RV/RG = 5.41 x 1 0 - ~ 4 ' / ~  

h,, = f1/'/[(2 - 2ll2) + (2lI2 - l ) f ]  

The latter is the Zimm-Kilb c~njec ture?~ based on cal- 
culated values of [q] for a limited range of functionalities. 
The Stockmayer-Fixman conjecture34 is 

g h  N hm3 (35) 

Monte Carlo methods have been used recently to cir- 
cumvent preaveraging and to incorporate excluded volume 
effects. Values of g, g', and h for stars with 6, 12, and 18 
arms were obtained in this way by Rey, Friere, and de la 
T ~ r r e . ~ ~  Renormalization group methods have been ap- 
plied to stars by Miyake, Douglas, and Freed3'*% to obtain 
the leading terms of a series expression for g and $ in good 
solvents. Daoud and Cotton used scaling arguments to 
allow explicitly for segmental crowding negr the core of 
a multiarm star.39 For long arms and large f they predict 

RG/(RG), N f ll5 (good solvents) (36) 

R G / ( R G ) ~  = f lI4 (8 condition) (37) 

Grest, Kremer, and Witten have used a molecular dy- 
namics simulation to examine the structure factor and 
chain dimensions for self-avoiding star polymers with up 
to 50 arms.4o 

The experimental values of RG/ (RG),, Rv/ ( R V ) ~ ,  and 
RV/RH at f = 6,12, and 18 are compared in Table XI1 with 
values calculated from the Monte Carlo resultsM through 
eq 26, 27, and 31, respectively. The agreement for good 
solvents is excellent. The only significant departures are 
those for &I(&), at the 8 condition, where the predicted 
values are consistently smaller than observed. We have 
also compared the data with other Monte Carlo 
With one exception,45 these have dealt with relatively low 
fundionalities (f I 6)  and are in reasonable agreement with 
the data on chain dimensions and dynamic behavior in that 
range. Barrett and Termain examined* chain dimensions 
for good solvents up to f = 24 and fit their results with the 
formula g = 1.86f-4/5. With eq 26, this translates to 
RG/(RG)a = 1.36f0.'7s, in remarkably good agreement with 
our data (eq 11). 

0 

I 

Equation (18) 

I I I I I I I  

2 3 4 5 6 0 10 20 40 60 100 - 
f 

Figure 10. Values of giPm and g'as a function of arm number 
for chlorosilane-linked (solid symbols) and divinylbenzene-linked 
(open symbols) polyisoprene stars. The 8 condition three-arm 
data point is for polystyrene. 

value of unity at f = 2, [v]/[q]span increases at first, passes 
through a broad maximum, and finally decreases slowly 
as f becomes large. From eq 17a, the power law expressions 
a t  large f (eq 13 and 14) lead to 

[v]/[qIapm = 1.51f -O.OS8 (good solvents) (18) 

[vl/[vlspa,, = 1.52f4.le3 (0 conditions) (19) 

These results are shown as dashed lines in Figure 10. The 
addition of more branches in polymeric stars can appar- 
ently result in a lower intrinsic viscosity i f f  is already 
sufficiently large. In 8 solvents the intrinsic viscosity 
decreases with increasing f to values below those for the 
linear span (f = 2). In good solvents, it appears that [v] 
may merely approach [vlSpm for large f. 

Comparison with Theory 
The experimental results for stars in dilute solution were 

presented and compared in the previous section in terms 
of equivalent molecular radii. Alternative schemes are 
available in which the radius of gyration, intrinsic viscosity, 
and molecular friction coefficient are compared with 
corresponding values for linear chains of the same total 
molecular weight: 

g = R G ~ / ( R G ~ ) L  (20) 

g' = [Sl/[SlL (21) 

h = (Do)L/DO (22) 

Second virial coefficient-chain dimension relationships are 
expressed in terms of the penetration functionlg 

$ = A&P/~T~/~N,$J' (23) 
in which N,, is Avogadro's number. Intrinsic viscosity- 
chain dimension relationships are expressed in terms of 
the Flory coefficientlg 

4 = (24) 

Intrinsic viscosity-second virial coefficient relationships 
can be expressed in terms OF' 

= A2M/[vl (25) 
In the dilute solution theories for f-arm star polymers, 

these quantities depend on f and differ for good solvents 
and 8 conditions, but, like the various radius ratios dis- 
cussed earlier, they become independent of molecular 
weight for sufficiently long arms. The results of some 
theories have been expressed in terms of radius ratios and 
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while with eq 27, eq 32 and the Zimm-Kilb conjecture (eq 
34) lead to 

(39) 

Likewise, eq 33 and the Stockmayer-Fixman conjecture 
(eq 35) lead to 

Rv/(RV)a = (3f2 - 2f)'16 

RV/(RVla = f / [ 2  - 2112 + (21'2 - l ) f ]  (40) 

Equations 38 and 40 systematically underestimate the 
values of RG/ and Rv/(Rv)a a t  the 8 condition, and, 
in fact, they predict that these quantities rather quickly 
approach limiting values with increasing f ,  contrary to the 
observations. Equation 39, on the other hand, provides 
a rather good discription of Rv/(RV)a a t  the 8 condition 
up to f - 8. Beyond that range, the predicted values are 
too large by amounts that increase systematically with f ,  
but even at  f = 50 the error is only about 10%. 

Summary and Conclusions 
The radius of gyration, thermodynamic radius, viscom- 

etric radius, hydrodynamic radius, and Huggins coefficient 
were obtained in good solvents and at  the 8 condition for 
nearly monodisperse polyisoprene stars with from 3 to 56 
branches per molecule. When the arms are long, the ratios 
of radii are independent of arm molecular weight and vary 
systematically with the number of arms. For large arm 
numbers, these ratios settle into values near those for hard 
spheres. However, the equivalent radii derived from hy- 
drodynamic properties are consistently smaller than those 
from equilibrium properties, suggesting an analogy be- 
tween polymeric stars with many arms and spheres with 
a hydrodynamically penetrable surface layer. The same 
fuzzy-sphere picture seems to apply for both good solvents 
and 8 solvents and to polystyrene stars as well as those 
of polyisoprene stars. Some apparent inconsistencies with 
this simple interpretation were noted and could not be 
resolved on the basis of the available data. 

The results were compared with theoretical predictions 
based on scaling arguments, analytical calculations, Monte 
Carlo methods, and simulations. Behavior of the radius 
of gyration agrees very well with the scaling predictions 
of Daoud and Cotton,39 the molecular dynamics simula- 
tions of Grest, Kremer, and Witten,@ and the Monte Carlo 
simulations of Rey, Freire, and de la Torre.% Viscometric 
and hydrodynamic radii are also reasonably consistent with 
the Monte Carlo results. Analytical predictions, whether 
derived from random walk models with preaveraging or 
from renormalization group calculations, are less satis- 
factory and are especially so at  high functionalities. 
Crowding in the core region, growing progressively with 
arm number, seems a likely cause of those discrepancies. 

In conclusion, we wish to mention the recent work of 
Roovers, Toporowski, and Martin,50 which deals with po- 
lybutadiene stars with functionalities of 263-278, with the 
linking agent in these cases being a hydrosilated 1,2- 
polybutadiene. The extrapolation of our relations, eq 
11-14, 18, and 19, to these functionalities yields values in 
excellent agreement with those of Roovers and co-work- 
emm The only exception to this is the good solvent ratio, 
RGI(RG)a, where eq 10 yields a value of 3.7 while experi- 
ment yields 5.1 (excluding the star with the lowest arm 
molecular weight). It is possible that this discrepancy is 
related to the small arm molecular weights used in Ro- 
over's work, ranging from Ma = 4.5 X lo3 to 4.2 X lo4. The 
crowding effects would be expected to be quite pronounced 
in good solvents for such highly branches stars with rela- 
tively short arms. Overall, the good agreement between 
our findings and those of Roovers, Toporowski, and 

Table XI1 
Comparison of Experimental Results with Predictions 

Based on Monte Carlo TechniquesJd 

/ theory exptl theory exptl theory exptl 
Good Solvents 

1 1.11 1.11 1.0 1.0 1.0 1.0 
6 1.04 (1.08)" 1.88 (1.82)" 2.35 2.30 

12 1.02 (1.06)" 2.04 2.09 3.02 2.93 
18 0.98 (1.06)" 2.19 2.23 3.20 3.36 

8 Conditions 
1 1.0 1.0 1.0 1.0 
6 1.72 1.88 2.05 2.13 

12 1.99 2.10 2.53 2.60 
18 1.95 2.30 2.78 2.85 

RV/RH RG/(RG)n Rvl(Rv)a 

"Values based on only a few samples or interpolated from the 
values of other functionalities. 

Table XI11 
Comparison of Experimental Results in Good Solvents with 

Predictions Based on Renormalization Group 
T e ~ h n i a u e s ~ ~ , ~  

.. - . 

f theorv exDtl theorv exDtl 
1 1.0 1.0 0.71 0.69 
4 1.76 1.78 0.89 (0.83)" 
6 1.04 (0.91)" 
8 2.06 1.93 1.20 1.01 

10 1.35 (1.06)' 
16 2.49 (2.2)" 
32 3.14 (2.6)O 

"Values based on only a few samples or interpolated from the 
values for other functionalities. 

Table XIV 
Comparison of Experimental Results in Good Solvents with 

Molecular Dynamics  simulation^'^ 
RG/(RG)a RG/(RG)n 

f simulation exrJtl f simulation exDtl 
1 1.0 1.0 30 2.51 2.60 
6 1.93 1.82 40 2.64 2.70 

10 2.09 2.01 50 2.76 2.80 
20 2.31 2.30 

Comparisons of RG/(RG), and RT/RG in good solvents 
with the renormalization group  calculation^^'^^^ of g and 
$ (through eq 26 and 28, respectively) are shown in Table 
XIII. Agreement is good when f is small, but the predicted 
values in both cases become consistently larger than ob- 
served as f increases. Calculations of $ were not carried 
out for sufficiently large f to test whether the predicted 
values of RT/RG would level off near the hard-sphere value 
(see Figure 4). 

Results of the molecular dynamics calculations for 
RG/ in good solventsa are compared with experiment 
in Table XIV. Agreement is excellent over the entire 
range (1 I f I 50). Both the molecular dynamics results 
and the experimental data are in reasonable accord with 
the scaling result for good the predicted ex- 
ponent is 0.20 (eq 36) and the observed exponent is 0.175 
(eq 11). The observed exponent is slightly larger a t  the 
8 condition (eq 121, as is the scaling prediction (eq 37). An 
explanation for the rapid approach to the asymptotic form 
has been suggested recently.49 

We conclude with some comments about the analytical 
expressions based on random walk stars and the preav- 
eraging approximation (eq 32-35) a t  the 8 condition. 
Thus, with eq 26, eq 32 leads to 

(38) & / ( R d a  = (3 - 2 / f  ) ' I2  
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Martin50 is indeed striking and gratifying. 
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Appendix 
Analysis of the dilute solution properties of polyisoprene 

stars requires at several places the corresponding data for 
linear materials. Results in the 1 i t e r a t ~ r e ~ ~ ~ ~ ' J ~ ~ ~ ~  for both 
good solvents and 8 conditions were used to develop the 
correlations for linear polyisoprene, summarized in Table 
V. 

For good solvents, the cyclohexane and toluene data in 
ref 2,6,7, and 51 were used. The combination of intrinsic 
viscosity in both solvents gives eq 3 of the text; the cor- 
relations for those solvents individually are given in Table 
V. The RG-M relationship for linear polyisoprene in cy- 
clohexane (Table V) was determined from the combined 
results of ref 2 and 51. All samples in both studies were 
prepared at Akron, and we excluded the result for samples 
L-11 and L-16 in ref 51 because of uncertainties in their 
molecular weight distributions. 

For the 8 condition, the data in ref 6, 7, and 16 were 
used. Slight deviations from true 8 were eliminated by 
the Burchard-Sto~kmayer-Fixman~~~~~ procedure for in- 
trinsic viscosity and the Baumann procedure" for RG. The 
correlations were established in all cases by unweighted 
linear regression analysis. Light-scattering intensity data 
were interpreted as described in Appendix A of ref 55. 
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