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ABSTRACT: The optimized Rouse-Zimm approach to the local dynamics of polymer solutions (ORZLD: 
Perico, A. Acc. Chem. Res. 1989,22,336) is extended to describe star polymers. A first-order model in the 
ORZLD hierarchy is defined for dilute 0 solutions, based on a freely rotating chain (FRC) description of 
semiflexible stars. The effects of the correlation at the star center and of the total or partial stretching of 
the arms due to segment concentration in the interior of the star are approximately taken into account. The 
partially stretched FRC star model is found in fairly good agreement with the available shrinking factor data 
on polystyrene stars as a function of the molecular weight. Strong effects are calculated for the slowing down 
of the correlation times for the bond relaxation in the interior of the star. 

Introduction 
On a local spatial scale, star polymers display very 

different monomer  concentration^.'-^ This concentration 
is as high as in the melt a t  the center but decreases to that 
of a dilute solution in the outer  region^.^ In a long linear 
homopolymer, all the properties are uniform along the 
chain with the exception of end effects whose range 
becomes asymptotically irrelevant. For a star polymer of 
very long and equal arms regularly joined at the center, 
the local static and dynamic properties near the center 
and in the outer regions are strongly different. 

These very peculiar properties were tested by many 
experimental techniques like viscosimetry, light scattering, 
and small-angle neutron scattering (SANS). Properties 
such as the radius of gyration, the hydrodynamics radius, 
static and dynamic structure factors, the intrinsic viscosity, 
and the Huggins coefficient were studied4-10 as a function 
of the total number of arms f in the star. 

Static and dynamic structure factors are of particular 
interest as they give information on different length and 
time scales. 

Local properties could be well discriminated by NMR 
relaxation times and NOE experiments especially on label 
nuclei or by fluorescence anisotropy on polymers with a 
fluorescent label. 

One of the more outstanding features emerging from 
experimental data, Monte Carlo simulations, and renor- 
malization group (RG) calculations is that in good solvents 
the shrinking factorg, the ratio of the mean-square radius 
of gyration of the star to that of the linear polymer at  the 
same molecular weight, is close to the Gaussian ideal result 
of Zimm-Stockmayer,' thus showing a remarkable insen- 
sitivity to excluded volume.ll Also the scaling prediction 
of Daoud and Cotton,3 g = f-4/6 (large f )  is almost 
indistinguishable from the 3f-' (large f )  Gaussian result, 
taking into account the inability for scaling to predict pre- 
f a~ to r s .~J l  On the contrary, in 8 solutions, despite the 
difficulties in locating the 0 point, the shrinking factor, 
evaluated experimentally or derived by simulations, RG 
theory, or scaling, tends to be always greater than the 
Gaussian value, this difference increasing ~ i t h f . ~ , ~ J l  This 
deficiency of the Gaussian model for 0 stars could be due 
to ternary interactions whose probability increases with 
chain branching.11 

In this paper, simple star polymer models in 8 solvent 
are discussed with reference to the main experimental 
indications. These models are based on a freely rotating 
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chain picture with possible extensions to the rotational 
isomeric state (RIS) or other more detailed descriptions. 
Following Mansfield and Stockmayer12 the proposed 
models are devised to describe the influence of the stiffness 
and of the correlation at the branch point on the solution 
properties in 8 conditions. But, according to the sug- 
gestions of Huber, Burchard, and ~o-workers,~ a rough 
model is introduced to take into account the stretching of 
the arms due to the concentration in the core of the star, 
getting ultimately the behavior of the blob model.3 

The ORZLD (optimized Rouse-Zimm local dynamics) 
approach13J4 to the dynamics of polymer chains may be 
of great utility to study star polymers, as in this framework 
the local properties of these highly nonuniform objects 
can be easily approached for a wide hierarchy of polymer 
models. In this paper the ORZLD procedure is generalized 
to include the above models as a first approximation to 
the dynamics of dilute 8 solutions of star polymers. Results 
for the bond correlation times of the main local regions 
are presented and discussed. Recently an extension of 
the Gaussian Zimm model to deal with several polymer 
architectures including uniform stars was proposed.l6 Vis- 
coelastic and oscillatory flow birefringence properties were 
derived. This model may be considered as zero order in 
the optimized Rouse-Zimm hierarchy.13 Here we focus 
on local relaxation properties of semiflexible stars with 
internal concentration effects. Extensions to include 
explicitly binary or ternary interactions and more detailed 
polymer models are in progress. 

Partially Stretched Freely Rotating Chain Arms 
for Star Polymers in  the 8 State 

Consider a star o f f  arms, each one with N bonds of 
length I ,  and a total number of beads n: 

n = N f + l  (1) 
Each arm is a freely rotating chain (FRC) with a valence 
angle 8' for the first N' (IN) bonds and 0 for the remaining 
N - N' bonds with 

the stiffness of the core and of the outer part of the star, 
respectively. (The symbol p for the stiffness of the FRC 
instead of the usual g is used to avoid confusion with the 
shrinking factor.) 
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The arms have equivalent correlations at the branch 

(4) 
for any couple of arms i and j .  Taking into account that 
the mean-square length of the vector 

point 

( lil.ljl)/P = aii = a 

P = L l i l  
i=l 

must be positive definite 

it follows thatl2 

-(f - 1)-1 I a I 1 (7) 
For a = -(f - l)-l the star center has spherical symmetry. 
This symmetry is progressively lost as a increases. For a 
= 0 (obtained also in the limit of large f )  there is no 
correlation at  the branch point, while in the limit a = 1, 
all the first bonds of the star arms are superimposed, and 
the star takes the shape of a horse tail. 

For this model the mean-square radius of gyration, ( S2),, 
can be calculated exactly (see Appendix A) as 

(8) 
with Sself and S,,,,, the contributions due to one or two 
arms, respectively 

(S2), = 12(f/n2)[Sself + (f - 1)ScrwJ 

SWlf = (N’ + 1)2(s2(N’,p’))l/12 + ( N - N ’  + 1)2 x 
(S2(N-”,p))1/z2 + ( N -  N’)F(N’,p’) + 

N‘F(N-N‘,p) + 2p(p - l)-’@’ - l)-’G(N’,p’) G(N-N’,p) 
(9) 

s,,, = NF(N’,p’) + N ( N  - ”) (R2(N’,p’) ) / 
l 2  + NF(N-N’,p) + 2Np[ (p’)” - 11 ( p  - 1)-1 x 

@’ - l)-’G(N-N’,p) - a{(N - N’)[(p’)” - I]@’ - I)-’ + 
p@’)”-’(p - l)G(N-N’,p) + G(N’,p’)(p’ - (IO) 

where (S2(N,p))l and ( R 2 ( N , p ) )  are the mean-square 
radius of gyration and end-to-end distance for a freely 
rotating linear chain of N bonds and stiffness p ,  respec- 
tively, and 

F(N,p )  = (1 + p )  (1 - p)- lN(N + 1) / 2 - 2pN( 1 - p)-2 + 
2p2(1 - p N ) ( l  -p)-3 (11) 

G ( N , p )  = (pN+’ - l)(p - l ) - l -  ( N  + 1) (12) 

The star model here sketched is compared with a linear 
freely rotating chain of stiffness p ,  the same molecular 
weight or total number of beads n, and mean-square radius 
of gyration 

(S2)1 = (P /n ) (F(n ,p )  - (1 + p ) ( n  + 1)(2n + 1) x 
( l - p ) - ’ / 6 + p ( n +  1 ) ( 1 - ~ ) - ~ - 2 p * [ ( l - p ” ) /  

n - p “ ( l  -p)l(l  - P ) - ~ )  (13) 
The measure of the contraction of the star, the shrinking 
factor g, is then defined as 

g = (S2),/(S2)l (14) 
The blob model takes into account the effect of segment 
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concentration in the interior of the star and finds that 
even in the 8 state the arm conformation is stretched, 
and, in the limit of large f and large N ,  g = f-lf2. The 
scaling results are confirmed by a modified Flory approx- 
imation in both good and 8 solvents and are in qualitative 
agreement with RG calculations.ll Assuming N = N‘, eq 
14 with eqs 8 and 13 gives in the limit of large N 

In the case p = p‘ = 0, the Gaussian result typical of the 
random-walk chain is recovered 

If eq 15 is constrained to reproduce the prediction of the 
blob model, f-‘I2, an estimate of the stretching of the arms 
is obtained as 

with c a constant taking into account the prefactors not 
included in the scaling arguments of the blob theory. Note 
that in the modified Flory approximation the prefactor c 
for the scaling prediction in good solvents, g = cf4f5, is 
found to be 1.94, while the Monte Carlo estimates are 
about 1.8 + 1.9.11 In the 8 solvents there is not an 
estimation, but similar values are expected. Given the 
stiffness of the linear polymer, p ,  the molecular weight 
dependences of ( S 2 ) ,  and g are then obtained, assuming 
N = N’, respectively, from eq 8 and eq 14 using eq 13. 

Recent extensive experimental results4 for long-arm 
polyisoprene stars with branch point functionality f 
ranging from 3 to 56 under 8 conditions gave an exponent 
for the g dependence on f equal to -0.562, a little bit lower 
than -0.5 predicted by the blob model but much larger 
than the Gaussian exponent -1.0, ( 3 f -  2)/P = f-’. A similar 
behavior was found for polybutadiene stars.1° On the other 
hand, several  author^^,^ found by light scattering and SANS 
a molecular weight dependent g for high enough func- 
tionality. They underline that, for f I 6 and high M, 
substantial agreement is found with the Gaussian g, 
factor, while, for larger f ,  g is greater but perhaps 
approaching again the Gaussian factor for higher M. This 
inference is confirmed by fitting the scattering function 
with a broken wormlike model (wormlike arms freely 
jointed at  the branch point).6 A best fit in the region of 
wave vector q < 0.4 nm-l is obtained, with Kuhn lengths 
of the broken wormlike model being higher, the smaller 
M is. This seems an evidence that only the portion of the 
arm in the interior of the star is stretched, while the outer 
portion behaves like linear chains. A similar indication 
emerges from the work of Lantman et a1.7 on SANS studies 
of star block copolymers, although in good solvents, when 
the experiments probe the deuterated outer regions, 
dimensions are found to be identical with the free chain. 

Thus, as suggested by Huber, Burchard, and others,516 
another model can be considered with the first N‘ bonds 
in the star having an enhanced stiffness p’ and the outer 
N - N’ bonds having the stiffness of the same linear chain 
in 8 conditions. This is a rough approximation to the 
arms with the stiffness continuously decreasing with the 
increasing of the distance from the star center and getting 
in the limit the free chain value. I t  is evident that in the 
limit N >> N’ >> 1, this model from eqs 14,8, and 13 recovers 
the Gaussian factor grw. The parameters N’ and p’,  
characterizing the molecular weight dependence at  con- 
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N = N', a case equivalent to the Mansfield-Stockmayer 
wormlike model.12 As it is well-known, semiflexible star 
models give a shrinking ratio increasing asymptotically 
with M to the Gaussian limit and therefore cannot explain 
the experimental behavior. 

ORZLD Approach to the Dynamics of Star 
Polymers: Bond Correlation Times 

A review of the ORZLD approach was given elsewhere.'3 
Here, a few considerations are added to extend the 
treatment to the star architecture. 

In a homogeneous star, the n beads, of equal friction 
coefficient {, are conventionally ordered as i = 1 for the 
star center and i = 2 ,  ..., N + 1; N + 2 ,  ..., 2N + 1; ... for 
the bead sequence of the farms. The bead coordinates 
evolve in time according to a linearized Langevin equation 
specified by a bond rate constant 

u = 3kBT/12{ (18) 
a static bond correlation matrix 

I F9 1 I . - .  

 ti m 0 

I I 
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F/ 100 

Figure 1. Shrinking factor g for polystyrene star at f = 12 as 
a function of the molecular weight. All the full curves have a = -u- l)-'. FS1 and FS2: fully stretched arm models, respectively, 
at p' = 0.87 and p' = 0.80. PS: partially stretched arm model 
at p' = 0.87, p = 0.77, and N' = 250. FJ: freely jointed star model 
(the dashed curve has a = 0). FRC: freely rotating star model 
at p = 0.77. Experimental data (0) are from refs 5, 8, and 9. 

stant f, may be evaluated by careful fitting with experi- 
ments. 

Similar results were obtained by a star model charac- 
terized by branches emerging from the surface of an 
impenetrable sphere describing the star core,16 

I t  has to be stressed that this partially stretched arm 
star model with cy = -(f - l)-l is spherically symmetric. 
Therefore, it cannot display any umbrella shape as found 
by Ganazzoli et al.,I7 taking explicitly into account the 
repulsive screened interactions arising from the intrinsic 
chain thickness as the origin of the stretching of the arms. 

In Figure 1 the shrinking factor g, for f = 12 and CY = 
-(f- l)-l, as a function of the molecular weight is reported 
for the fully and partially stretched FRC star models, for 
the FRC star model, and for the freely jointed star model 
(N  = N', p = p' = 0). Also reported are experimental 
results on polystyrene (PS) stars by different  author^.^^*^^ 
Light scattering data of Huber et aL5 are not considered 
because they do not closely match SANS data for similar 
M and more recent d a h 8  Nevertheless, the considerations 
here reported do not qualitatively change using all the 
data. The value of p = 0.77 is obtained by fitting the 
linear FRC model to the experimental results for linear 
PS in 8 solvents.18 The value of p' = 0.87 is obtained by 
fitting eq 14, with eqs 8 and 13 and N = N', to the data 
for the lower molecular weights, on the assumption that 
these short arms are totally stretched. Then N' = 250 is 
obtained by fitting all the data. The upper curve corre- 
sponds to a fully stretched model a t  p' = 0.87, and for N' - 03 gives the scaling result with c = 1.5, a reasonable 
value consistent with the discussion following eq 17. If 
the fully stretched model is constrained to reproduce the 
g values for the highest M ,  a much lower curve is obtained 
having p' = 0.80 and c = 0.93. Note that the fully stretched 
models cannot display any decrease of g with M .  On the 
contrary a fairly good fit to the experimental data is 
obtained by the partially stretched model (curve PS in 
Figure 1 ) .  

Also reported are the curves for the freely jointed star 
model with correlation at the branch point a = -(f - 1)-1 
and without correlation, a = 0. The comparison of these 
two curves shows a small effect indeed. In fact the 
contribution of a is appreciable mainly at  small f and 
becomes in any case irrelevant at large M .  The lower curve 
in Figure 1 corresponds to a FRC star with p = 0.77 and 

Uij '  = ( li.lj) / 12 

and the adimensional mean inverse distances ( l / R i j ) .  In 
the Gaussian approximation, this average is in turn given 
in terms of U-1: 

( l / R i j )  = 1(6/a)'/'( (20) 
and 

Given U-' and ( l / R i j ) ,  the structural matrix A and the 
hydrodynamic interaction matrix H are calculated as 

Hi, = 6ij + cr( l/Ri,) ( 1  - 6 i j )  (23) 

cr = C/6n?l& (24) 
is the hydrodynamic interaction strength (0.25 in 8 
solutions). The bead-to-bond vector transformation ma- 
trix M, which is a function of the architecture of the 
polymer, is defined as 

Mli = n-' 

where U is the inverse of U-1 and 

i = 1, ..., n 

Mii = 1 

M. 1 + 1 J  .=-1 

i = 2 ,  ..., n 

i = 2  ,... , N N + 2  ,..., 2N, ... 
(f - l ) N  + 2...fN 

Mi, = -1 i = 2 ,  N + 2 ,  2N + 2 ,  ..., (f - l ) N  + 2 

Mi ,  = 0 otherwise (25) 

Static and dynamic quantities are then obtained in terms 
of the n - 1 nonzero eigenvalues A,, eigenvectors (&io}, and 
mean-square lengths of the modes 12fia-l, diagonalizing the 
product matrix HA in the Langevin ORZLD equation. As 
a typical local property, let us consider the adimensional 
bond correlation times 7i for the second-order bond time 
correlation function (TCF), Pzi(t): 

T~ = JmPp'(ut) dat (26) 
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In the ORZLD approach Pzi(t) is derived exactly as 

= 1 - 3(x2 - x3(7r/2)[l - (2/7r) arctan x ] )  (27) 
where 

x = [ l  - (Ml’(t))2]”2/Mli(t) (28) 
and 

n-1 

M,’(t) = C(Qi, - Qi-l,a)z~;l exp(-aA,t) (29) 
a i l  

For a homogeneous star the 7i are equivalent on each 
arm. Therefore 4 for an arm of length N will be studied 
and compared with the ~i for a linear chain of the same 
length. Clearly, a full hierarchy of dynamic models, 
characterized by specific U-’ (and (l /Rij)) ,  may be 
considered. Short-range interactions can be better in- 
cluded using rotational isomeric state (RIS) type mod- 
els.13J9 More refined models of the stretching of the star 
arms due to bead concentration can be considered, taking 
into account long-range binary and ternary interactions 
in 8 and good solvents.20J1 

As a first-order approximation to the dynamics of star 
polymers in 0 solutions, the star with partially stretched 
freely rotating arms of the previous section, in a Gaussian 
approximation for ( l /R i j ) ,  is discussed. This model should 
take into account two physical features characterizing the 
local relaxation times of a star arm in comparison to a 
linear chain of the same length of the arm. The first and 
most important is the shift of the center of mass toward 
one end of the arm due to the topological connection at  
the center of the f arm star. This effect does exist even 
in a simple Gaussian or semiflexible star. The second 
feature is the partial stretching of the arm due to the 
segment concentration in the star core. It was shown in 
the first section that a moderate increasing of the local 
stiffness in the core affects long-range static properties as 
theg dependence on molecular weight. It is expected that 
this local increase of stiffness causes an additional effect 
on the local relaxation times. 

In this first-order model, the matrix U-’ is 

D S S...S S 
ST D S...S S 

. ................. D S 

.................. ST D 
The matrix is of order f .N,  and D and S are submatrices 
of order N relative to the bond correlations on the same 
arm or between two different arms, respectively: 

U-’ = [ ........................... ] (30) 

D1 and SI are square matrices of order N’ describing bond 
correlations between the stretched portion of a single arm 
or a couple of arms, respectively. Similarly, D3 and S3 are 
square matrices of order N- ”relative to thenonstretched 
portions, while DZ and SZ are rectangular matrices N’(N 
-N’) coupling stretched and nonstretched portions. Using 
the definitions in the previous section, the elements of 
these matrices are 
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Figure 2. Bond correlation times ri as a function of the relative 
distance to the star center i / N  for an arm of length N, f = 12 and 
a = 0. Freely rotating stars with p = 0.87 (full curves) and p = 
0.77 (dashed curves); N = 10, 20, and 30 (from bottom to top). 

0.2 0.4 0.6 0.8 
i / N  

Figure 3. Bond correlation time 7i as a function of i / N  for an 
arm of length N = 30, f = 12, and a = -u, - 1)-1. FS: fully 
stretched arm model withp’ = 0.87. PS: partially stretched arm 
model with p = 0.77, p’ = 0.87, and N’ = N/2.  FRC: freely 
rotating chain star model at p = 0.77. The dotted curve has a 
= 0. Linear freely rotating chain of length N = 30 (dashed curves): 
upper curve, p = 0.87; lower curve, p = 0.77. 

Note that, in the limit N = N’ and p = p‘, the matrices 
D and S reduce to D1 and S1, and U-l describes the freely 
rotating star of stiffnessp with a correlation LY at  the center. 

It has been shown22123 quantitatively that for a linear 
polymer in 8 conditions the ORZ correlation time 4 
increases with stiffness from the Gaussian value to the 
limit of a rod. In this last case 7i becomes independent 
of i and equal to the rotational correlation time of the rod. 
For Gaussian and semiflexible chains, ri is a bell-shaped 
symmetric function of i, increasing with the bead number 
N toward a limit curve. In an ideal Gaussian or semi- 
flexible (FRC) star the symmetry of + around the middle 
of the arm is lost due to the presence of the farms. 

In Figure 2 the distortion of the symmetric curve for 7i 

with i / N  is shown for FRC stars of stiffness p = 0.77 and 
0.87. Again the curves increase with p and with N as in 
the linear case, but the maximum shifts from the center 
of the arm i = N / 2  toward the center of the star i = 1: 
the stiffer the arm, the less the shift; the longer the arm, 
the larger the shift. On the contrary, for the i / N -  1 limit 
the star curve sticks to the linear chain curve (see Figure 
3). 

This slowing down of the correlation times at  the star 
center strongly increases with the number of arms f. It 
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Figure 4. Slowing ratio for the bond correlation time of the star 
ri relative to that of a linear FRC chain of length N (arm length) 
(Ti)1J, as a function of i / N ,  N = 30; a = -(j- l)-l; f = 12. Fully 
stretched arm model (upper curve): p' = 0.87. Partially stretched 
arm model (medium curve): p' = 0.87, p = 0.77; N' = N / 2 .  FRC 
star model (lower curve): p = 0.77. 

has to be stressed that this effect is due to the topology 
of the star, affecting the center of mass position, and not 
to the correlation a at  the star center, which is a minor 
effect. As a matter of fact, the curves of Figure 2 are 
calculated at  a = 0. Nevertheless, a negative correlation 
at the center, cy = -(f - l)-l, increasing the symmetry of 
the star a t  the center, increases the slowing down of the 
correlation times at  the star center, i / N  << 1. This can be 
appreciated in Figure 3 where the T~ a t p  = 0.77 are reported 
for a = 0 and a = -(f - 1)-1, 

Figure 3 reports the correlation times T~ as a function 
of i / N  for the main models studied in this paper: the pure 
FRC linear chains (of length N) and stars a t  p = 0.77 and 
p = 0.87 and the partially stretched stars with p = 0.77 
and p' = 0.88. Here for the partially stretched star model 
N' = N / 2  was chosen. As a matter of fact, the exact 
calculation of the ORZLD models can be performed only 
up to 360 for n. This in turn implies an upper limit in N 
around 30, much lower than the values of N' estimated in 
section 11. Nevertheless, the chain with N' = N / 2  catches 
the essential features of the 7i behavior. Note that the 
fully stretched model is simply a FRC star model with an 
enhanced stiffness parameter. In the limit i / N  - 1 the 
fully stretched models give correlation times coincident 
with those of a free arm of the same stiffness. The partially 
stretched star, in this same limit, displays a decrease of 
T~ toward the T~ of a free arm with stiffness p .  On the 
left-hand side of the figure the strongest slowing down is 
observed for the fully stretched model. A slightly lower 
slowing down is observed for the partially stretched model 
in the range i << N'. 

Globally the topological slowing down of the correlation 
times for the partially stretched arm model is interme- 
dium between the fully stretched arm model and the FRC 
model a t  p .  The fully and partially stretched models 
display a significantly larger slowing down than the simple 
FRC star. 

The ratio of T~ in the star to the T~ in the linear chain 
of length equal to the arm length (791s~ is assumed as an 
index of the topological slowing down of the bond 
correlation time. This ratio is reported in Figure 4 for the 
fully stretched arm model (p' = 0.87), for the FRC arm 
model (p = 0.77), and for the partially stretched star model 
(p = 0.77, p' = 0.87, and N' = N/2) .  The denominator 
( T ~ ) ~ , N  is calculated for a linear FRC of stiffness p = 0.77 
and length N = 30. 

I I 
0 05 0.1 0.15 

1/N 

Figure 5. Correlation times 7l (lower curves) and 7= as a function 
of N-l for a FRC star withp = 0.77. Dotted curves: extrapolation 
to N - -. Full curves: f = 12. Dashed curves: f = 3. 

The slowing ratio is in any case very large at  the star 
center and becomes much lower in the outer region of the 
star. In the limit i - N i t  takes the value 1 for the FRC 
and the partially stretched model. For the fully stretched 
model, a t  large i / N ,  a value is obtained correlated with 
the stiffness induced by the segment concentration effect. 
These results for partially stretched stars are in a fairly 
good agreement with RG considerations on many-armstars 
and with oscillatory flow birefringence experiments show- 
ing strong slowing down of the internal modes while the 
modes of outer regions remain compatible with those of 
the linear polymer.24 

The discussion on local relaxation times is here confined 
to short arms. As a matter of fact, a maximum arm length 
of N = 30 could be reached for f = 12 using the exact 
ORZLD procedure while reliable approximate treatments 
are under study for large N. Nevertheless, some general 
predictions can be stressed about the long-arm limit. In 
Figures 2-4 the abscissas i / N  are used to normalize the 
arm length and compare curves at  different N. For linear 
chains the minimum relaxation time T~ and the maximum 
T~ located in the middle of the chain asymptotically 
increase with N to constant values. The ratio T ~ / T ~  runs 
from 10 at N = 30 to 17 at  N = 100 for p = 0.77 and from 
10 to 23 for p = 0.87. Note that a RIS model for linear 
PS gave similar results.23 This indicates a model inde- 
pendence of the behavior for local relaxation times as 
calculated for flexible linear polymers by ORZLD. In 
addition, these ORZLD results for linear chains were 
confirmed by anisotropy relaxation experiments on poly- 
p e p t i d e ~ ~ ~  and by NMR relaxation experiments on 13C 
located on the backbone and on the lateral chains of 
synthetic polymers.26 Also for stars it is expected that 71 
and +,with + the maximum relaxation time in the chain, 
increasing asymptotically with N .  

An estimation of this asymptotic enhancement of the 
slowing down with N for semiflexible stars is obtained by 
plotting 4 and T~ for a FRC star with p = 0.77 against N-l. 
In addition to the results for f = 12, results for f = 3 are 
reported as the extrapolation is here more reliable. Figure 
5 shows that all the relaxation times increase to finite 
values for N -+ m, with the dependence on N being more 
relevant for than for 71. Note that the limiting values 
are longer, the larger f is. 

In conclusion, Figure 3 is expected to give a qualitative 
description (although quantitatively changing increasing 
N) of the local relaxations in PS star polymers in 9 
conditions. Given a specific N = ."J, the real relaxation 
curve is expected between the curves FS 0, = 0.87 at  N 
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= and FRC (p = 0.77, N = m, although not necessarily 
stuck to the curve PS obtained by the rough partially 
stretched model. However, the real curve should stick to 
FS to the left and to FRC to the right. 

Notwithstanding the roughness of the models here 
discussed, it appears clear that accurate measurements of 
local relaxation times can discriminate between models, 
thus giving a better insight to the star physical behavior. 

Conclusions 

A local approach to the dynamics of star polymers has 
been presented and discussed. This approach is based on 
the optimized Rouse-Zimm approximation to polymer 
dynamics. A first-order model is proposed for 8 solutions, 
which takes roughly into account the stretching in the 
star arms, caused by the high concentration in the star 
core. The model has semiflexible arms (described as a 
freely rotating chain) with correlation at  the star center. 
The basic stiffness of the star is derived from that of the 
equivalent linear chain, while the stretching is determined 
by comparison to the experimental molecular weight 
dependence of the shrinking factor g. The stretching of 
the arms may be extended to the whole arm length, 
consistent with the scaling hypothesis, or limited to a core 
region, eventually recovering in the limit of very long arms 
the Gaussian behavior. The partially stretched arm model 
seems to describe very well the peculiar molecular weight 
dependence of g found by many authors for PS in 8 
solutions. 

The bond correlation times for the fully and partially 
stretched models together with the FRC star model are 
calculated and analyzed. Very large effects are predicted 
for the slowing down of these relaxation processes, 
particularly for the inner regions in the star. In addition, 
fully and partially stretched arm models and simple semi- 
flexible models present largely different behaviors. There- 
fore, the possibility of using local dynamics measurements 
to get information on the physical processes affecting the 
star conformation and dynamics exists. 

Large effects are expected also for the viscosity and 
hydrodynamic shrinking factors and for the static and 
dynamic structure factors. These effects are under current 
investigation. The rough models discussed here are only 
a first-order approximation to a full hierarchy of models 
amenable to calculation in the ORZLD approach. Work 
is in progress to explicitly include binary and ternary 
interactions together with more detailed polymer models 
(RIS models). 

Appendix A 

The mean-square radius of gyration 

for a star is first separated into two terms, S,K and S,,,, 
considering the i and j indexes on the same or on different 
arms, respectively: 

In both cases, (Rij2), the mean-square distance between 
i and j ,  can be written in terms of the distances from the 
star center: 

(Ri:) = (R,:) + (Ill:) - 2(R1i*R1,) (-43) 
When eq A3 is introduced into (S2), we get 

Local Approach to the Dynamics of Star Polymers 6173 

In the partially stretched model each contribution in eqs 
A4 and A5 is split in stretched and nonstretched parts 
that can be calculated by introducing the bond vectors 

The calculation of (Rli2) is broken into two parts 
(la). 

i l N ' + 1  

i-1 i-1 

a=l b = l  

i >  N'+ 1 

N' i-1 

The calculation of (RlCRlj) gives in the case of i a n d j  on 
the same arm 

i, j I N' + 1 

i, j > N' + 1 

i-1 N' 

c(la'lb) + 2 2 (1,'lb) (A9) 
o=N'+l b = l  o=N'+1 b=N'+l 

i 5 N'+ 1; j > N'+ 1 

In the case of two different arms, the equations are formally 
identical with eqs A8-Al0, with the 1, and l b  referring to 
different arms. The projection of l b  on 1, is calculated by 
the standard procedure developed for FRC. In the case 
of different arms, a continuous chain of length a + b + 1, 
correlated at  the star center with a stiffness parameter -a, 
is assumed. The remaining part of the calculation uses 
again and again the sums of geometric progressions to get 
the final results of eqs 9 and 10. 
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