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ABSTRACT: Areduceddescription ofthe ORZLD local dynamics of homogeneous star polymers in © solutions
is presented. The reduced description directly uses bond variables whose dynamics are solved in terms of
normal bond modes. The bond modes enable us to take advantage of the symmetry of the star, thus drastically
reducing the computer time required to diagonalize the involved matrices. The behavior of the reduced
relaxation modes as a function of mode range, flexibility, and hydrodynamic interaction is obtained and
discussed. An improved description is given of the bond relaxations for a partially stretched star model

including the core segment concentration effect.

Introduction

In a recent paper! (hereafter referred as paper 1) we
presented a model for static and dynamic properties of
homogeneous star polymers in O conditions. The model,
of the type ORZLD (optimized Rouse-Zimm local dy-
namics),? is devised to describe accurately the local
dynamics of astar polymer with a discrete number of beads
by a linear Langevin equation in a mean-field potential.
The star polymer is described as a semiflexible chain with
partially stretched arms to take roughly into account the
segment concentration effect in the star core.3*

ORZLD isgivenin terms of matrices H and A describing
respectively the hydrodynamic interaction between beads
and the structural matrix including static correlation with
all the beads in the polymer chain. Although the important
variables in the ORZLD model are the polymer bonds
(effective, or real), the theory uses also the bead coordi-
nates. This turns out to be a little redundant for linear
chains. For star polymers a direct description in terms of
bonds not only removes this redundance but also cuts down
drastically the order of the matrices H and A to diago-
nalize.5

Paper 1 used the full bead description, and the order
of the matrices to diagonalize was equal to the total number
of beads in the star. Treating long-arm stars therefore
resulted in long time-consuming computations, which
limits the molecular weight amenable to calculation.

In this paper we give a reduced description of the
dynamics of star polymers based on bond representation
and full exploitation of the symmetry of a homogeneous
star. This reduced description implies the diagonaliza-
tion of only two matrices of order equal to the number of
bonds in a single arm and results in an enormous saving
of computing time. Here it is also shown how static and
dynamic quantities can be expressed in this reduced
description. All the eigenvalues, eigenvectors, and diag-
onal elements necessary to evaluate these properties are
explicitly calculated and related to the full description.
Illustration and discussion are concentrated on the im-
portant case of semiflexible polymer stars. Finally the
bond relaxation calculations of paper 1 are revisited to
confirm and better describe, for large molecular weight,
the behavior already found there.

Before describing the reduced version of our ORZLD
dynamic model for star polymers, we note that not all the
main physical consequences of the high segment density
in the interior of the star have been considered in the
model. In fact our approach uses a preaveraged hydro-
dynamic interaction, thus ignoring the nonpreaveraging

0024-9297/92/2225-5942803.00/0

correction. It is well-known®8 that this correction is of
increasing importance with an increase in the number of
star arms f, as the hydrodynamicinteraction computations
are very sensitive to the high segment concentration in
the star core. The nonpreaveraging correction strongly
affects the intrinsic viscosity, as can be seen by Monte
Carlosimulations.®*1° The first cumulant of the structure
factor, Q, can be calculated directly with and without preav-
eraging of the hydrodynamic interaction. The relative
error, AQ/Q, is found to be on the same order as that
obtained for linear chains only for f < 4 but on the order
of up to 40% for f > 100 at intermedium wavevector.’
Thus our model can be applied directly to dynamic
calculations only for small f values. For a higher number
of arms a comparison between exact and preaveraged
theory can be given for the first cumulant. The first cu-
mulant, in fact, is derived exactly from static averages,
without knowing the exact space-time distribution func-
tion.1112 These static averages are then computed by
generalized Gaussian procedures, using the statistical
properties of the partially stretched, freely rotating arm
star. Finally this comparison should be used as a guide
in the discussion on local dynamic properties and on the
dynamic structure factor derived using the reduced version
of our ORZLD star model. Computations in this sense
are in progress.

ORZLD Dynamics for the Bond Variables

In a homogeneous star, the n beads, of equal friction
coefficient {, are conventionally ordered as i = 1 for the
star centerand i = 2,.. N+ ; N+ 2,..,2N + 1; ..., Nf
+ 1 for the bead sequence of the f arms, each one of N
bonds. The bead coordinate R; evolves in time according
to a linearized Langevin equation?

2 HA) R, = v*t) M
j=1
with v*;(t) the random velocity and

o = 3kgT/1%¢ 2

the bond rate constant, with /2 the mean-square length of
each vector bond 1;, The matrices H and A are given on
the basis of the static bond correlation matrix

Uij_l = <li'1j>/12 3

and the adimensional mean inverse distances (//R;;). In

]
- Rl(t) +0
at
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the Gaussian approximation, this average is in turn given
in terms of UL

(VRy) = U6/m) 2R, ) @
and
j
RH=2 Y U j>i )

These static averages are defined in terms of the equi-
librium distribution function

(1) = ¢ [ d{R} exp-V(RJEsDIAL) ()
with
¢ = [diR} exp(-V({R}/ksD ™
and V({R;}) the intramolecular potential.

Remarkable simplifications are obtained for flexible,
semiflexible, and RIS models.13.14

Given U~ and {1/R;;}, the structural matrix A and the
hydrodynamioc interaction matrix H are calculated as

=mT(0 O )
A=M (0 u/M ®
Hy= 8+ L(U/R;) (1= 5 ©
where U is the inverse of U™l and
$ = §/6mnyl (10)

isthe hydrodynamic interaction strength. Ina ©solution,
¢+ has been estimated theoretically and experimentally to
have the value 0.25.1518 The bead-to-bond vector trans-
formation M, which is a function of the architecture of the
polymer, is defined for a homogeneous star polymer as!

M;=n" i=1,.,n
M;=1 i=2.,n

M,.=-1
i=2,..NNN+2, ..,2N;..(f~-1LHN+2,..,fN

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

M,-j =0 otherwise (11)

Static .and dynamic quantities are then obtained in terms
of the (n — 1) nonzero eigenvalues A, and eigenvectors
{Qis} obtair.2d by diagonalization of the product matrix
HA.

In the case of homogeneous star polymers it is possible
to reduce drastically che order Nf + 1 of the matrix to
diagonalize, transformii g the Langevin equation for beads
into the corresponding eqquation for the bonds and taking
advantage of the symmetry of the star. In addition,
improved descriptions of the local dynamics in the ORZLD
hierarchy are obtained by simply choosing more accurate
bond variables (virtual bonds, backbone bonds, backbone
and lateral chain bonds).}4 These are further reasons in
favor of the evaluation of dynamics in terms of bond
variables instead of bead ones.
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The bond vectors are obtained from the bead coordinates
as

1, = ZM,.,.R,. i=1,.,n (12)
J

Equation 12 together with eq 11 defines, in addition to the
real bond vectors 1, 15, ..., 151, a fictitious bond vector 1,
related to the position of the center of mass. Multiplying
eq 1 by M to the left, we obtain, using also eq 8

0 0
0 U

with 1’ the column of the n bond vectors defined by eq 12
and v*(t) the column of the random velocities of the n
beads. Introducing the rectangular matrix a obtained from
M after suppressing the first row, we get for the reduced
column 1, obtained suppressing 1y in I’, the Langevin
equation for the bond variables:

%m) + aMHMT( )l’(t) =Mv*t) (13)

%1(::) + oLUI(t) = av*(t) = v/(¢) (14)
with
L =aHaT (15)

1 and v’ columns of order n - 1, and L and U matrices of
order n - 1. The solution of eq 14 is obtained via the
standard procedure!’ by transforming to normal coordi-
nates §,

n-1
l_,' = ZQ,‘GEG (16)
a=1
with
QLUQ=A 17

and A the matrix of the eigenvalues of LU coincident with
the nonzero eigenvalues of HA. It is worth noting that
the matrix LU is in general nonsymmetric and @ non-
orthogonal, with the exception of the Gaussian case where
U = 1. In normal coordinates the equation becomes

4 = o
(5 + a)\a)Ea(t) =V (t) (18)
with the time correlation for the random velocities
6kgT
(VWD) = —Fv,d,4(8 = ) (19)
and mean normal-mode square length
(&%) = Pu,* (20)

The elements u, and », are the diagonal elements of the
diagonal matrices QTUQ and Q1LQ"T, respectively, and
are related to A\, by

A, = Bo¥, 21

It is important to note that the actual p, and v, defined
for the bond equation are quite different from the
corresponding quantities defined for the bead equation.217

The time correlation function for the normal modes
results in

(&,(0)6,(0)) = 8,(£,%) exp(=a),t) (22)
From the transformation (16) and the properties (20) and
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(22) the bond orientational correlation function (TCF)!8
is simply obtained as

n-1

ML) = (L)L) = Y Q% exp(-ot) (23)

a=1

A full reduced description can now be obtained by
generalization of the approach of Sammler and Schrag’ to
take into account the symmetry of the homogeneous star.

Reduced Description

Note that the matrices L and U can be written in blocks,
each of order N, the number of beads in an arm, f identical
blocks on the diagonal representing the contribution
internal to each individual arm and f(f ~ 1) identical off-
diagonal blocks representing the two-arm contribution.

F=LU=
L, L, L, L\/U U U U,
L, L, L, L[ U U U
L2 Ll UZ Ul

(249

The matrices L; and L, are simply derived using the block
properties of matrices a and H as

2N+1 N+1

(Ll)ij = Z ;aiaﬂabaﬂ, (25)

a=1

2N+1 N+1

(Lz)ij = Z ;aNﬂ',aHaba}'b (26)

a=]l

Similarly, U; and U, are obtained from the diagonal, D,
and off-diagonal, S, blocks of order N in U-1:

U, =U,+(D-9" (27
U,=-[D+ (f-1)SIS(D-8)! (28)

The product matrix of block matrices, type L or U, is
again a matrix of the same form; therefore, from eq 24

A B B B

p=( B A B B 29)
B A
with

Taking advantage of the fact that matrices related by
similar transformations have the same eigenvalues, the
eigenvalues of the matrix F are obtained in two steps.
First the block matrix F is reduced to a block diagonal
matrix by an orthogonal transformation T of order f

Fy 0
p=TLUT=| © o 32)

o Fy
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with
1 1 1 1 1
-1 1 1 1 1
o -2 1 1 1
T= 0 0 -3 1 1
0 -(f-2) 1 1
0 0 -(f-1n 1
(33)
and
F,y=A-B (34)
Fy=A+({-1)B (35)

Then the two different blocks Fp’ and Fy’ are diagonal-
ized as

Qy 'FyQp = AP (36)

Qv 'FyQy = A" 37

Therefore, the F matrix of any ORZ homogeneous star of
f arms of length N has N eigenvalues of degeneracy f -1
and N nondegenerate eigenvalues for a total of Nf eigen-
values.!® Finally the matrix of the eigenvectors is easily
obtained by the product of T and a block diagonal matrix
as

Q O
- 0 Q 0 _
Q= Q O
0 Qy
Q Q Qp Qp Qy
'QD QD QD QD QN
0 —ZQD QD QD QN (38)
0 -3Qp Qp Qn
0 0 ‘(f - 1)QD QN

Note that if Qp and Qy contain normalized eigenvectors
a normalized Q is obtained simply by multiplying each,
column i of the first f - 1 columns by 8; with

8, = 1/liG + D12 (39)

and the last column by 1/v/f to obtair, finally

8:Q 6,9 8% Qw/ VY
-5,Q B:Qp B8:1Qp Qv/Vf
Q= 0 -28,Qp ﬂj_lQD Qn/ \/f
0 (f-DB8.Qp QN vf
(40)

Using eq 40, it is straightforward to show that both u, and
v, are resolved in N u,P and »,P of (f - 1) degeneracy and
N nondegenerate u,N and »,N whose expressions result in
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Qp U, -U,)Qp),, = > (41)
[Qp@;-Ly Q)T =" (42)
[QyTIU, + (F - DULIQy),, = " 43)

Q'L + (- DLIQy D =2 (@9

The reduced description of the ORZ dynamics of any
homogeneous star of f branches of length N is given in
conclusion in terms of the eigenvalues A,” and AN and
eigenvectors {Q;.P}{Q:.} together with the related quan-
tities u.P, uoN and ».2, ».N witha =1, 2, ..., N.

Summarizing the reduced procedure amounts to the
following: read the input matrices D and 8 of order N;
read (or calculate in the case of the Gaussian approxi-
mation) the inverse distances between beads on the same
and in different arms (and calculate the relative H
counterpart); calculate the inverse of (D - 8); construct
matrices L, L;, Uj, and Uy; derive matrices Fp’ and Fy';
diagonalize matrices Fp’ and Fy’ to get degenerate and
nondegenerate eigenvalues A,P and AN and eigenvector
matrices Qp and Qu; calculate, using Qp and Qx and U;
and L;, the diagonal elements u,P, u,N and »,?, »,N. Note
that also in the case f = 2, i.e., the linear chain of length
2N + 1, the dynamics calculations are reduced to the
diagonalization of two matrices of order N with relative
saving of computing time.

Static and Dynamic Properties

As an example, the fundamental TCF of eq 23, by use
of eq 40 and taking into account that

-1
Y B =(¢-1if (45)

=1

is reduced to the form
N

Ml®) = (- DF'Y_ QD W™ exp(-on 0 +
a=1

N
Y@Mk expt-an,Nt) (46)
a=1

including only 2N terms.

Note that since the bond length is normalized,!® it turns
out that

N N

¢-DFY QD WD+ Y@M =1 @)
a=1 a=1

The reduced description can be applied, as well, to all the

static and dynamic quantities of interest. For instance,

for the intrinsic viscosity, which requires only the eigen-

values, we get

l=——=I¢-D) A"+ ) \)]1 (48
6n M & ° &
and a similar formula for the properties related only to
the eigenvalues.

For properties like the dynamic structure factors it is
enough to express in terms of bonds 1; the dynamic
distances (|r;(¢) — r;(0)]?) with r; the distance of bead i
from the center of mass. For the static structure factor

Local Dynamics of Star Polymers 5945

we need only the static distances
-1 -2 i-1
(e, -2/ = Z(lpz)/l2 + 22 Z (LA G> j)
p=] p=] q=j+i
(49)
for i and j on the same arm and
(=202 = (= x )/ 2+ (|r; - x ) /12 -

PITCRS HUCIES DV R( IES AOVIAE R( JE8 HOVIE
-1 j-1

2) " > (1:1,)/1 (50)

p=l g=1

for i and j on different arms, with r; the position of the
center of the star and p and ¢ running on different arms.
Equations 16 and 40 give for (1,:1;) on the same arm

N
A = (F = DF'Y QP Qe (kD)™ +
a=1

N
1R Qu M (61)
a=1

and
N

AP =~ Q,.°Q,, ™ +
a=1

N
Q0" Q ™ (52)
a=1

ondifferentarms. Equations 51 and 52 are generalizations
of eq 47 to different bonds in the same or in different
arms, respectively.

Full Bead Description
The full bead description is obtained from the reduced
one according to the following procedure.

The hydrodynamic eigenvalue problem, expressed in
bead coordinates relative to eq 1, is

0 N

with A’ the matrix of the nonzero eigenvalues of HA.
Multiplying on the left by a and using eqs 15 and 8, one
obtains

HAS = s(o 0 ) (53)

_ 0 0
LUaS = aS(O A’) (54)
Taking into account the structure of a and that the first
column in 8 is the constant eigenvector corresponding to
the center of mass motion, it is recognized that aS takes
the form

aS=0 Q) (55)

As a consequence, eq 54 isreduced to eq 17 by suppressing
the center of mass motion and Q' and A’ are identified
with Q and A, respectively. It remains to construct 8
from the knowledge of Q and of the constant eigenvector.
Equation 55 can be written using matrices of order n as

II_IZ;E;ﬂ

nol2 W n'LS,, ) - P
(0 . MS (55

Equation 55’ cannot be inverted to obtain S directly, as
we do not know the first row on the right-hand side.
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In the free-draining case, due to the properties of A and
the orthogonality of S, we have

> 8,7 = nil%,, (56)

and therefore eq 55’ can be immediately inverted to give
-2

8P = M“(" ) 57

0 Q (6]

written in unnormalized form.
The matrix ML can be written in blocks as

1l v v v
1 A B B
M'=| 1 B A B (58)
1 B B A
with v a row of order N of elements
v,=~(N-i+1)/n (59)

and A and B, matrices of order N, of elements
A;=-(N-j+D/n j>i
Aj=(n-N+j-1)/n j<i (60)
B;=-(N-j+1/n (61)

Using eq 40 for Q and eq 58 for M1, we get for SFD after
final normalization

sFD =

nte 0 0 0 Ry

n2 B8y  B8p B18p Sx

ni/2 B8y B8p B:18p Sy

nt? 0 -28,8p  B14Sp Sx

nl/? ~(f-DBSp Sy

62)
where
M2 N

J .
Ry); = - -n—Z(N i+ 1)@y (63)

1=1

(SD)U = 'sz (QD)aj (64)

a=1

Sn)yy = 20,) " (Qu),; + Ry, (65)

a=]

and the normalization constants «; and «; are obtained
from

N
By + (Y Sy =1 (66)
1=1
N
2 8p)’=1 67

1=]
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Thus in the free-draining case the bead description is
completely obtained in reduced terms.
In the partial-draining case eq 56 is substituted by

Y 8,7 =n'l%, (56)
a

The full solution of eq 55’ for 8 is then obtained taking
into account eq 56’ and the normalization conditions. For
star polymers of large f and large N this procedure is highly
computer time consuming and therefore it is advisable to
use the reduced description in bond coordinates of the
previous section after transforming configurational ob-
gervables in functions of bond coordinates. This can be
easily done in the case of local dynamics and of structure
factor (see previous section). Anyway, if a full bead
description is required, it is still possible to avoid the above-
described cumbersome computations by using the stan-
dard approximation:

8, ~8,M™ (©8)

This approximation is correct within a few percent for
these polymer models and therefore can be used confi-
dently.

Relaxation Spectra for Semiflexible Stars

Although the reduced approach is valid for any ORZ
model, in this section we focus on semiflexible stars
modelized as a freely rotating chain (FRC)! with valence
angle ¢ and stiffness parameter

p=-cos ¢ (69)

The correlation of the bond vectors attached to the star
center is taken as

(1) =a (70)

for any two different arms with 1, the first bond of arm
i

Note that this condition assigns to the star center a
degree of flexibility increasing with f. This is probably
unphysical for real stars obtained by chemical synthesis.2!

The results obtained for these FRC stars are easily
generalized to more refined star models, as the partially
stretched star, following paper 1.

For any ORZ star model, as well as for Gaussian stars,’
the degenerate eigenvalues are f independent, while the
nondegenerate eigenvalues are f dependent. This follows
from the eigenvalue equations (36) and (37) taking into
account that the A-B matrix, due to the structure of A
and B (eqs 30 and 31), is f independent.

All the eigenvalues turn out to be almost independent
of the correlation at the star center «, with the exception
of the largest nondegenerate eigenvalue AyN. This eigen-
value, which is also almost N independent, cumulates
almost all the dependence on « of the model. As «
decreases to the minimum possible value o, = —(f - 1)},
the star becomes symmetric at the star center satisfying
the equation:!

f .
(Pry=0 P=>1 (1)
=1

As a consequence, a degree of freedom is frozen and the
correspondent eigenvalue Az takes an infinite value:

lim AN =~ (o - agh™ (72)

As a increases, A\xN decreases, taking in the free-draining
flexible case the value f2/(f - 1) for a = 0 and reaching a
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00 0z 04 06 08 10

Figure 1. Highest nondegenerate eigenvalue AxN as a function
of the correlation at the star center a, for p = 0.0 and 0.6: partial
draining (full curves), free draining (dashed curves).

00.0 04.2 Of4 0.6 08 10
a/N
Figure 2. Degenerate eigenvalues A, (full curves) and nonde-

generate eigenvalues \,N (dashed curves) in the free- and partial-
draining conditions.

constant, f-dependent, asymptotic value at « = 1 (see
Figure 1). The hydrodynamic interactions for small o
simply lower the curve of AyN versus . For higher a values
ANYN increases and finally diverges with the H matrix for
a=1. Thisisduetothe divergence of the inverse distances
between the second beads of different arms (the first bonds
of each arm are coincident in the limit & = 1). This result
is an artifact of the actual model which could be easily
overcome. Nevertheless it is irrelevant in the region of
highest interest in a: « < 0. Increasing the stiffness does
not change the qualitative behavior but simply gives higher
curves.

After separation of the particular ANN eigenvalue, the
general behavior with the mode number of the remaining
nondegenerate eigenvalues A\,N and of the degenerate
eigenvalues AP is sketched by the known analytic form
of the degenerate eigenvalues in the Gaussian free-draining
case (Rouse star)

(AD)g = 48in’ {r(2a + 1)/[22N + 1)}}
a=0,1,.,N-1 (73)

coincident with the odd Rouse eigenvalues for a linear
chain of length 2N + 1.

It turns out that, if the eigenvalues are reported against
the normalized index a/N, the plot becomes, in fairly good
approximation, N independent for N 2 50. This result is
confirmed for any hydrodynamic interaction or stiffness.

In Figure 2 the eigenvalues for a flexible star (p = 0) are
reported in the free- and partial-draining cases ({; = 0.25).
The arm length is fixed at N = 100 to guarantee an
N-independent plot. It is noteworthy that the curves for
degenerate and nondegenerate (with exclusion of AnYN)
eigenvalues have only slight differences. As an example,
inthe Rouse case the nondegenerate eigenvalues are fairly
well approximated by the even eigenvalues of the Rouse
linear chain of length 2N + 1 (see eq 73).
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Figure 3. Degenerate eigenvalues A2 in the free- (---) and
partial-draining (—) cases and nondegenerate eigenvalues A,N in
the free- (- - -) and partial-draining (- - - -) cases. Upper curves
p = 0.6; lower curves p = 0.0 (in this case nondegenerate curves
are graphically undistinguishable from the degenerate ones).

In Figure 3 the effect of stiffness p is described. Again
degenerate and nondegenerate eigenvalues lie almost on
the same curve. The raising of the eigenvalues due to
stiffness and the effect of the hydrodynamic interaction
are quite similar to those reported in the linear case.!4

For the diagonal elements u,P, u,¥, »,P, and »,N defined
in eqs 41-44, the following properties should be underlined.
In the Gaussian case (a = 0, p = 0) the bond correlation
matrix is simply the unit matrix (U=1,U; =1,U; = 0),
and therefore u,2 = u,N = 1; »,P and »,N become simply
the Gaussian eigenvalues (A\,D)o and (A\;N), and the Q
matrix is symmetric. On the contrary, for a semiflexible
star uL and u.N are approximately given by the inverse
of the star degenerate and nondegenerate characteristic
ratios, C,P and C.N, which are the eigenvalues of the matrix
U-l, Thesmalldifferences are due to the nonorthogonality
of the Q transformation. »,” and »,N are almost inde-
pendent of the stiffness, the slight dependence being due
again to the nonorthogonality of Q. These diagonal
elements are instead strongly dependent on the Rouse
connectivity of the chain and on the hydrodynamic
interaction strength, both informations being absorbed in
eq 15defining L. Ifthesmall effect of the nonorthogonality
of Q is ignored, »,” and v,N are well approximated by the
eigenvalues of the symmetric matrix L. Summarizing

D= 0P v = A, (74)
RS (e T (o) (75)

This suggests a useful approximation, valid in a few
percent, of eq 21 for the eigenvalues \,:

Ay = (A)oC, (76)

which is an extension to star models of a similar property
of linear models.'* Here (A\;)o is the eigenvalue for a
Gaussian star with hydrodynamic interaction and eq 76
separates the stiffness effect C,! from connectivity and
hydrodynamic interaction effects.

Bond Relaxation of Partially Stretched Stars

Here we take advantage of the reduced bond description
to improve the calculation of the bond relaxation times
including larger molecular weights than those reported in
paper 1. As a matter of fact, with the actual reduced
description, an arm length N up to 300 bonds (indepen-
dently from f) can be treated as opposed to the previous
30 bonds (for f = 12). Therefore, some features of the
local relaxation behavior can be better described.
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120 i

100

N

Figure 4. Bond correlation times 7 as a function of the relative
distances to the star center i/N; f = 12, a = —(f - 1), and freely
rotating stars with p = 0.77. Solid curves from top to bottom:
N =300, 200, 100, 50, 30, 20, and 10. Dashed curve: linear chain
of length N = 300.

We take as a measure of the local dynamics the
correlation time for the second-order time correlation
function (as measured in fluorescence anisotropy or NMR
relaxation) P4i(t) for bond i:18

7= [ P(ot) dot an

As well-known,!® in ORZLD, P;i(t) is a simple analytic
function of My(t), reported in eq 46.

In a homogeneous star, bonds on the same position on
different arms have identical TCF Pyi(st). Therefore, for
a complete description, it is sufficient that { changes from
1, at the star center, to N.

In Figure 4 we improve Figure 2 of paper 1, reporting
i as a function of i/ N for freely rotating stars (FRC) with
p = 0.77 (this stiffness is characteristic of linear polymers
PS in O conditions!) and several values of N with 10 < N
< 300. Also reported is the curve for the linear chain at
N = 300. While in the outer regions of the star the bond
relaxation times stick to those of the linear chain, in the
inner region a strong slowing down appears given a
maximum in 7/, located at a small constant distance near
the star center and asymptotically increasing with N.

The slowing down of the correlation time * was discussed
in a detailed way in paper 1 (see as an example Figure 4
of paper 1 and the related comments). Here, taking
advantage of the computations at larger molecular weights,
the asymmetry introduced by the star architecture is better
elucidated. For very large arms, disregarding a small
number of internal bonds attached to the star center, the
physical dynamic behavior of the star displays a large
increase in 7' approaching the star center. The small
portion of internal bonds showing a decrease in 7 near the
star center is strictly model dependent and reminiscent
of approximation (70). A more physical dynamic de-
scription of this small region requires knowledge of the
real chemical structure of the branching point. Clearly
rigid connections and different valence angles between
different arms will reduce strongly the mobility of the
first few bonds, canceling the small internal well of Figure
4. Nevertheless, for a very long arm star, the model catches
the main architecture effects with exclusion of this small
region effect. In addition, in Figure 6 the segment
concentration effect in the interior of the star is taken into
account. The behavior of 7 with N is better elucidated
in Figure 5 (Figure 5 of paper 1) where the correlation
time of the bond at the star center 7! and of the bond at
the maximum slowing down 7™ are reported against 1/N
toobtain animproved extrapolation to N — «, using values
of N < 300. Comparing with Figure 5 of paper 1, which
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Figure5. Correlationtimes 7! (lower curve) and ™, as a function
of N-! for FRC stars with p = 0.77, f = 12, and a = —(f - 1)L
Dotted curves: extrapolation to N — o,
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Figure 6. Bond correlation time 7 as a function of i/N for an
armlength N =200,/ = 12,and a = ~(f-2)"1. FS: fullystretched
arm model with p = 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. Linear freely rotating chain of a
length N = 200 (dashed curves): upper curve, p = 0.87; lower
curve, p = 0.77.

used N < 30, the extrapolated values of ™ result in a
factor 1.4 higher. Nevertheless, the asymptotic behavior
is confirmed.

Figure 6, Figure 3 of paper 1, represents fully, partially,
and FRC star models for 7. The partially stretched star
model, assumed to describe roughly the effect of the
segment concentration in the interior of the star, is defined
in paper 1 as having the first N bonds in the arm of stiffness
D’ and the remaining bonds of stiffness p. This model
with p = 0.77, p’ = 0.87, and N’ = N/2sticks, at i/N < 0.5,
to the fully stretched model (p = 0.87), and, at i/N > 0.5,
to the FRC model (p = 0.77) which in turn sticks to the
linear chain for i/N — 1. Despite the rough model used
here, what we can expect for a more detailed model of the
internal concentration effect is just a smoother transition
between the two limits as i/N increases.

Conclusions

A reduced description has been presented of the statics
and dynamics of star polymers in 6 condition. The ORZLD
type theory is given in terms of bond variables and solved
in terms of reduced bond normal modes. This enables us
to save an enormous quantity of computing time as
equations are given to derive eigenvectors and eigenvalues
of matrices of order Nf + 1 in terms of eigenvector and
eigenvalues of two matrices of order N. The general
behavior of the reduced relaxation modes is described and
discussed as a function of mode range, flexibility, hydro-
dynamic interaction, and correlation at the star center.
The theory can be applied to the calculation of any static
and dynamic quantity given in terms of bond vectors or
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static and dynamicinternal distances. Inafollowing paper
this star model and reduced description will be applied to
the derivation of the behavior of static and dynamic
structure factors.

References and Notes

(1) Guenza, M.; Mormino, M.; Perico, A. Macromolecules 1991, 24,
6168.

(2) Perico, A. Acc. Chem. Res. 1989, 22, 336.

(3) Daoud, M.; Cotton, J. P. J. Phys. (Paris) 1982, 43, 531.

(4) Huber, K.; Burchard, W.; Bantle, S.; Fetters, L. J. Polymer
1987, 28, 1990.

(5) Sammler, R. L.; Schrag, J. L. Macromolecules 1988, 21, 1132.

(6) Douglas, J. F.; Roovers, J.; Freed, K. F. Macromolecules 1990,
23, 4168.

(7) Burchard, W.;Schmidt, M.; Stockmayer, W. H. Macromolecules
1980, 13, 580.

Local Dynamics of Star Polymers 5949

(8) Burchard, W. Adv. Polym. Sci. 1983, 48, 1.
(9) Zimm, B. H. Macromolecules 1984, 17, 2441.
(10) Freire, J. J.; Rey, A.; Garcia de la Torre, J. Macromolecules
1986, 19, 457.
(11) Ackasu, Z.; Gurol, H. J. Polym. Sci. 1976, 14, 1.
(12) Ackasu,A.Z.;Benmouna, M.; Han, C.C. Polymer 1980, 21, 866.
(13) Perico, A.; Guenza, M. J. Chem. Phys. 1986, 84, 510.
(14) P6erico, A.; Ganazzoli, F.; Allegra, G. J. Chem. Phys. 1987, 87,
3677.
(15) Perico, A.; Piaggio, P.; Cuniberti, C. J. Chem. Phys. 1975, 62,
4911,

(16) Osaki, K.; Schrag, J.; Ferry, J. Macromolecules 1972, 5, 144.

(17) Zimm, B. H. J. Chem. Phys. 1956, 24, 269.

(18) Perico, A.; Guenza, M. J. Chem. Phys. 1985, 83, 3103.

(19) Zimm, A. H,; Kilb, R. W. J. Polym. Sci. 1959, 37, 19.

(20) Yamakawa, H. Modern Theory of Polymer Solutions; Harper
and Row: New York, 1971,

(21) Roovers, J.; Hadjichristidis, N.; Fetters, L. J. Macromolecules
1983, 16, 214.



