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Monte Carlo simulation of the motions associated
with a single Rouse segment

Y.-H. Lina) and Z.-H. Luo
Department of Applied Chemistry, National Chiao Tung University, Hsinchu, Taiwan, Republic of China

~Received 27 July 1999; accepted 1 February 2000!

The validity of the Monte Carlo simulation for studying the dynamics of a Rouse chain with a finite
number of beads,N, is established by showing the close agreement between the simulation results
and the analytical solutions for the time-correlation function of the end-to-end vector. Then, the
Monte Carlo simulation is used to calculate the dynamic functions associated with the bond vector
b(t) or directionu(t)5b(t)/ub(t)u of an elastic dumbbell and a Rouse segment in a chain. The
effect of chain connectivity on the motions of a single Rouse segment is studied. In particular, it is
shown that the dynamic function̂P2@u(0)•u(t)#&2 over a wide dynamic range, which is the main
region probed by the depolarized photon-correlation spectroscopy, is basically independent of the
values ofN>8 in agreement with the experimental results. Furthermore, the line shape of the
depolarized photon-correlation functions of the concentrated solutions~'60 wt. %! of polystyrene
in cyclohexane at the theta point can be fully accounted for by including the effect of chain
connectivity regardless of the crudeness of the Rouse segment relative to the chemical structure.
From this study, the molecular weight for a Rouse segment of polystyrene in the concentrated
solutions is estimated to be 1100, which is slightly larger than the valuesm5780– 900 obtained for
polystyrene in the melt state by other methods. ©2000 American Institute of Physics.
@S0021-9606~00!50316-X#
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INTRODUCTION

Slow polymer dynamic and viscoelastic behavior in
entanglement-free system can be well described by theo
developed in terms of the Rouse segment as the basic s
tural unit.1–3 If our interest is not limited to the slow mode
of motions of a long polymer chain, we have to ask ho
short the Rouse segment can be as it is defined statistic
Related to this is the early studies of the Kuhn segment~con-
sidered as equivalent to the Rouse segment! based on the
determination of the persistence length by neut
scattering.4,5 In the recent years, there was much resea
interest in the subject; and different approaches had b
taken:~1! The Rouse segment size was calculated from
high frequency rubbery modulus determined by analyz
the measured dynamic viscoelastic and birefringence spe
with the assumption of a modified stress-optical rule
glassy polymer.6,7 ~2! Through a theoretical analysis relatin
the depolarized photon-correlation and viscoelastic result
a polystyrene melt, the dynamics and size of a ‘‘Rous
segment can be studied.8–10 ~3! The line shapes of the vis
coelastic spectra of a series of the polystyrene blends in
entanglement-free region have been analyzed in terms o
Rouse model for the high-molecular-weight component a
the elastic dumbbell model for the low-molecular-weig
component. The best value for the Rouse segment size
curs, when the viscoelastic spectrum is best described by
theory in both the low and high frequency regions cor
sponding to the viscoelastic responses of the high- and sm
molecular weight components, respectively.11 The values for

a!Author to whom correspondence should be addressed.
7210021-9606/2000/112(16)/7219/8/$17.00
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the molecular weight of a Rouse segment of polystyrene
tained by these studies range from 780 to 900.

In the second approach listed above, it has been sh
that the collective motion observed by the depolarized R
leigh is basically that associated with a Rouse segmen
each Rouse segment is treated as an elastic dumbbell
undergoes the freely rotational diffusion motion, the corre
tion time t r for ^P2@u(0)•u(t)#& @where u(t) is the unit
vector indicating the orientation of the Rouse segment;
P2 is the second-order Legendre polynomial#, which is the
dynamic function probed by the depolarized photo
correlation spectroscopy, can be obtained to be

t r5z8^b2&/18kT5z^b2&/36kT, ~1!

wherez8 is the friction constant experienced by each bead
the elastic dumbbell, which is half the friction constantz for
each bead on the Rouse chain (z/z852, because the mass o
an elastic dumbbell is treated as equivalent to that of a Ro
segment; and the mass of the bead of the former is half
of the latter!. On the other hand, the relaxation time of th
highest Rouse viscoelastic mode is given by

tv5z^b2&/24kT5Kp2m2/24 ~2!

with the friction factorK given by

K5z^b2&/kTp2m2, ~3!

where m is the molecular weight of a Rouse segment.12,13

With the m value known,tv can be calculated from the vis
coelastic data, such as the zero shear viscosity, whic
given by

h05~cRTp2/36!KM , ~4!

wherec is the weight amount of polymer per unit volum
andM the molecular weight of the polymer sample.
9 © 2000 American Institute of Physics
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Equations~1! and~2! indicates that the two characterist
time constants as can be obtained by the depolarized pho
correlation and viscoelasticity measurements have the s
temperature dependence~that of z, which is often described
by the WLF equation14! and the same order of magnitud
These expectations have been supported by the results o
depolarized photon-correlation and viscoelasticity meas
ments.

In obtaining Eq.~1!, the connections of each Rouse se
ment in both ends to the rest of the chain are neglected.
connection of the Rouse segments in a chain gives rise to
Rouse normal modes of motions. Based on the Rouse mo
the viscoelastic spectrum and the time correlation function
the end-to-end vector can be theoretically expressed in te
of the normal modes.1–3 The dynamic functions,̂ us(0)
•us(t)& and ^P2@us(0)•us(t)#& associated with a single
Rouse segment, which do not have an analytical solut
can be calculated by the Monte Carlo simulation based
the Langevin equation.

With the effect of the connection between neighbori
Rouse segments included, any dynamic function associ
with a single Rouse segment is expected to be nonsin
exponential. It is well known that the depolarized photo
correlation function of a polymer melt or concentrated so
tion is not a single exponential.15,16 This study allows us to
study the chain connectivity in affecting the non-sing
exponential decaying behavior.

First, we shall establish the validity of the Monte Car
simulation by the comparison with the analytical solution
the time-correlation function of the end-to-end vec
^R(0)•R(t)& of a Rouse chain with a finite number of bead
N. Then we can use the Monte Carlo simulation to calcul
the time correlation functions,

C0s~ t !5^bs~0!•bs~ t !&/^bs
2&, ~5!

C1s~ t !5^us~0!•us~ t !& ~6!

and

C2s~ t !5^P2@us~0!Ius~ t !&#, ~7!

wherebs(t) is the bond vector of thesth Rouse segment a
time t and us(t)5bs(t)/ubs(t)u. Before the effect of chain
connectivity as reflected by the above dynamic functions
studied, we shall examine by the Monte Carlo simulat
how well in the elastic dumbbell caseC0(t)5^b(0)
•b(t)&/^b2& can be approximated byC1(t)5^u(0)•u(t)&
@whereu(t)5b(t)/ub(t)u] and how applicable is the freel
rotational diffusion model in relatingC0(t) @or C1(t)] and
C2(t)5^P2@u(0)•u(t)#&. And finally the average
Ss51,N21C2s(t)/(N21) in a Rouse chain will be studied a
a function ofN and compared with the results of the dep
larized photon-correlation measurements.

THE LANGEVIN EQUATION

Consider a linear Gaussian chain withN beads, whose
configuration is represented by the set ofN position vectors
of the beads$Rn%[(R1 ,R2 ,R3 ,...,RN). While the move-
ment of each bead is hindered by a friction force charac
ized by the friction constantz, it receives the random forc
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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fn(t)5(zgn(t)) due to the incessant collisions of the be
~the Brownian particle! with the fluid molecules or segments
Then the motions of the chain are described by the Lange
equations2,9

dRn /dt52~3kT/^b2&z!~2Rn2Rn112Rn21!1gn~ t !
~8!

for the internal beads (n52,3,4,...,N21) and

dR1 /dt52~3kT/^b2&z!~R12R2!1g1~ t !, ~9!

dRN /dt52~3kT/^b2&z!~RN2RN21!1gN~ t !, ~10!

for the end beads (n51 andN!. The random fluctuationgn is
Gaussian and characterized by the moments

^gn~ t !&50, ~11!

^gna~ t !gmb~ t8!&52Ddnmdabd~ t2t8!, ~12!

whereD(5kT/z) is the diffusion constant of a free bea
anda, b represent thex, y, zcoordinates.

The bond vectors$bs% and the end-to-end vectorR are
defined, respectively, as

bs5Rs112Rs , ~13!

R5RN2R15Ss51,N21bs . ~14!

Following the usual procedure of transformation to t
normal coordinates,1,17 the time correlation function of the
end-to-end vectorR(t) is obtained as

^R~0!•R~ t !&5Sp5odd,1 toN21~2^b2&/N!

3@cos2~pp/2N!/sin2~pp/2N!#

3exp~2t/tp! ~15!

with Sp5odd,1 toN21 meaning summation over oddp’s from 1
to N21, and

tp5z^b2&/@12kT sin2~pp/2N!#

5Kp2M2/@12N2 sin2~pp/2N!#, ~16!

whereK is given by Eq.~3!.
WhenN→`, Eq. ~15! in combination with Eq.~16! re-

duces to the result obtained from the continuous Rouse c
model.2

The time correlation function ofbs(t) @Eq. ~5!# is ob-
tained in terms of the normal modes as

C0s~ t !5~2/N!Sp51,N21 sin2~spp/N!exp~2t/tp!. ~17!

THE MONTE CARLO SIMULATION

In the Monte Carlo simulation, the Langevin equation
replaced by the calculation of the positions of the beads
the next step$Rn(t i1Dt)% from their positions$Rn(t i)% at
some present timet i ~notet i 115t i1Dt).18,19Corresponding
to Eq. ~8!,

R~ t i1Dt !5R~ t i !2S@2Rn~ t i !2Rn11~ t i !2Rn21~ t i !#1dni ,
~18!

where

S53DDt/^b2&, ~19!
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 This a
and the random displacementdni is Gaussian and characte
ized by the moments,

^dni&50, ~20!

^danidbm j&5da,bdn,md i , j2DDt, ~21!

wherea, b represent thex,y,zcoordinates~for instancedx

represent thex-component ofd!. Equations equivalent to Eq
~18! can similarly be written for Eqs.~9! and ~10!. Depen-
dent on the choice of 2DDt5 l 2 in the Monte Carlo simula-
tion, the number of time steps corresponding totp @Eq. ~16!#
is given by

tp /Dt5~^b2&/ l 2!/6 sin2~pp/2N!. ~22!

COMPARISON OF THE SIMULATION RESULTS AND
THE ANALYTICAL SOLUTIONS

We have chosen the simple chain systems,N52, 3, and
5 for making the comparison between simulation and theo
According to Eq.~15!, only a single relaxation mode occu
in the time correlation function of the end-to-end vector
either theN52 or the N53 system; and two relaxatio
modes in the case ofN55. Shown in Fig. 1 are the compar
sons of the simulation results ofN52 andN53 with Eq.
~15! in combination with Eq.~22!. The chosen parameters
the simulation arêb2&0.5510, andl 50.4. The shown simu-
lation results are the outcomes of averaging over 43108

steps. As shown in Fig. 1 forN52 and 3, both the initial
values and the relaxation times obtained from the simula
are in close agreement with the theoretical results. In the c
of N55, similar close agreement between theory and sim
lation is obtained. The results shown in Figs. 1 as well as
obtained forN55 illustrate that the chain dynamics as d
scribed by the Langevin equations@Eqs. ~8!–~12!# can be
faithfully calculated by the Monte Carlo simulation. Thu
the Monte Carlo simulation can be used to calculate dyna
functions of a physical quantity or of a system with ad
tional effects, which are impossible to obtain analytically

FIG. 1. Comparison of the analytical solution~the solid line! and the Monte
Carlo simulation for the time correlation function of the end-to-end vec
R(t) of the Rouse chain withN52 ~s! and withN53 ~L!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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THE MOTION OF AN ELASTIC DUMBBELL

The elastic dumbbell model is a special case of
Rouse chain model. The dynamic behaviorC0(t)5^b(0)
•b(t)&/^b2& @Eq. ~5!# for the elastic dumbbell can be ob
tained from the Langevin equations to be a single expon
tial decay as shown in Fig. 1.C0(t) being a single exponen
tial decay suggests that the elastic dumbbell motion may
sufficiently well described by the free rotational diffusio
model. Based on the freely rotational diffusion model,20 the
dynamic functionC2(t)5^P2@u(0)•u(t)#& @Eq. ~7!# is ex-
pected to be a single exponential decay with the relaxa
time being one third of that ofC0(t) @see Eq.~1!#. How well
the free rotational diffusion model describeC2(t) of an elas-
tic dumbbell can be studied by the Monte Carlo simulatio
However, in the simulation calculation ofC2(t), we need to
assumeu(t)5b(t)/ub(t)u. From comparing Eqs.~5! and~7!,
this means that we have assumed thatb(t)/^b2&0.5 can be
approximated byu(t)5b(t)/ub(t)u. We can test this ap-
proximation by showing thatC0(t) can be well approxi-
mated byC1(t)5^u(0)•u(t)& @Eq. ~6!#.

The relation betweenC1(t) and C0(t) can be analyzed
as in the following. Denotingub(t)u asb(t) and^ubu& asb0 ,
we may expressb(t) as

b~ t !5b01Db~ t !, ~23!

whereDb(t) is the bond length fluctuation. For^b2&5100 as
assumed in this study, we have obtainedb059.2, which is
not much smaller than̂b2&0.5. This indicates that the fluc
tuationDb(t) is rather small. This is the main basis for o
approximatingC0(t) by C1(t) and treating the Rouse seg
ment basically as equivalent to a Kuhn segment~for in-
stance, when we relate the viscoelastic data to the depo
ized photon correlation results!. Using Eq.~23!, C1(t) can be
approximately expressed as

C1~ t !'^b~0!•b~ t !&^1/@b~0!b~ t !#&

5^b~0!•b~ t !&^1/@~b01Db~0!!~b01Db~ t !!#&

5^b~0!•b~ t !&^1/@b0
2~11Db~0!/b0!

3~11Db~ t !/b0!#&

'^b~0!•b~ t !&^~12Db~0!/b0!

3~12Db~ t !/b0!&/^b2&

5C0~ t !@11^Db~0!Db~ t !&/b0
2#. ~24!

Equation~24! mainly shows the dynamic relation betwee
C1(t) andC0(t). Both C1(t) andC0(t) as they are defined
are normalized functions. Because of the approximat
steps taken,C1(t) as expressed by Eq.~24! is not normal-
ized; and need be renormalized. As shown in Fig. 2, afte
small initial drop due to the decay of^Db(0)Db(t)&/b0

2, the
relaxation curves ofC1(t) andC0(t) parallel each other and
maintain a ratioC1(t)/C0(t)50.85. It is also shown in Fig. 2
that the agreement betweenC1(t) obtained directly from the
simulation andC1(t) calculated from Eq.~24! using the
simulation results ofC0(t) and ^Db(0)Db(t)& and renor-
malized is very good.

r
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Also shown in Fig. 2 is the comparison of the theoretic
curve of C2(t) based on using the free rotational diffusio
model in relatingC0(t) andC2(t), and the simulation curve
of C2(t). One can notice that in the short time region~down
to C2(t)50.3'e21), the simulation result ofC2(t) can be
well described by the free rotational diffusion model, whi
the whole simulatedC2(t) curve is not a single exponentia
decay. Overall, the elastic dumbbell dynamic behavior is
far from described by the free rotational diffusion model
revealed in terms of the comparison ofC0(t) @or C1(t)] and
C2(t). The simulation result ofC2(t) in particular will serve
as a reference for comparison with the dynamic behavior
Rouse segment in a chain to study the effect of chain c
nectivity.

THE MOTION OF A ROUSE SEGMENT IN A CHAIN

As expected intuitively, the simulatedC0s(t), C1s(t),
and C2s(t) dynamic processes become slower gradually
the monitored segment~denoted by the indexs! is shifted
from the chain end to the middle of the chain as shown
Figs. 3, 4, and 5~to avoid congestion in the figures, on
results at a few selecteds values are shown!. The shown
results for a chain withN536 indicate that the dynami
functions over the whole range become basically indep
dent ofs for s57 – 18. In other words, the dynamic function
of a segment, which is only a few segments away from
chain end is free of the chain end effect and become in
pendent ofs. In particular,C2s(t) over a wide of dynamic
range~'one and a half orders! is very much independent o
s for s>2. It is shown in Fig. 3 that the simulation results
C0s(t) at differents values are in close agreement with t
curves calculated from Eq.~17!. As expected, the dynami
functions obtained from the simulation are symmetric w
respect to the center of the chain i.e., the dynamic functio
the sth segment is the same as that at the (N-s)th segment.

FIG. 2. Comparison of the analytic solution~the upper solid line! and the
simulation~s! for C0(t); comparison ofC1(t) obtained directly from simu-
lation ~n! and calculated from Eq.~24! using the simulation results ofC0(t)
and ^Db(0)Db(t)& ~the lower solid line!; Comparison ofC2(t) obtained
from simulation~h! and expected based onC0(t) and the freely rotational
diffusion model~•• –!. All the shown dynamic functions are for the elast
dumbbell.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

140.113.38.11 On: Wed, 
l

,

t
s

a
n-

s

n

n-

e
e-

at

Experimentally ~for example, in the depolarized photon
correlation spectroscopy!, it is often the average of the dy
namic functions, that are probed. Thus, we define

^C0~ t !&5~Ss51,N21C0s~ t !!/~N21!, ~25!

^C1~ t !&5~Ss51,N21C1s~ t !!/~N21!, ~26!

and

^C2~ t !&5~Ss51,N21C2s~ t !!/~N21!. ~27!

Shown in Fig. 6 is the comparison of^C0(t)&, ^C1(t)&, and
^C2(t)& for a chain withN536. While ^C0(t)& is no longer
a single exponential decay asC0(t), the relative differences
among^C0(t)&, ^C1(t)&, and ^C2(t)& are similar to those
amongC0(t), C1(t), andC2(t) as shown in Fig. 2 for the
elastic dumbbell case.

FIG. 3. Comparison of the simulation results ofC0s(t) ~s for s51; , for
s52; h for s54; n for s57; andL for s518) and those calculated from
Eq. ~17! for the Rouse chain withN536 ~the solid lines from left to right
are for s51, 2, 4, and 7 respectively; while the dotted line is fors518,
which is virtually superposed on the line fors57). The simulation results
are symmetrical with respect to the center of the chain; and the resul
only one side are shown.

FIG. 4. The simulation results ofC1s(t) as a function ofs ~the solid lines
from left to right are fors51, 2, 4, and 7, respectively, while the dotted lin
is for s518).
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What is particularly interesting to us is the^C2(t)& dy-
namic process for comparison with the depolarized phot
correlation results. The dynamic function directly observ
from the photon-correlation spectroscopy is the square
^C2(t)&. In Fig. 7, we show the comparison of the^C2(t)&2

curves calculated forN52, 8, 16, and 36. It can be seen th
the relaxation time distributions forN58, 16, and 36 is sig-
nificantly broader than that of the elastic dumbbell caseN
52) and that in the short time region~down to ^C2(t)&2

50.01), basically there is no difference among the cur
for different values ofN>8. Mainly the tail region of the
relaxation curve is slowly moved to the longer time wi
increasing N. In other words, the short time region o
^C2(t)&2 is mainly affected by the local motion, which i
independent of the molecular weight, the tail region of t
relaxation curve is weakly affected by the slow modes of
Rouse chain, which is molecular weight dependent.
C2s(t) is least dependent ons over a large dynamic range a
pointed out above,̂C2(t)& is much less affected by the mo
lecular weight change than̂C0(t)& and ^C1(t)&.

FIG. 5. The simulation results ofC2s(t) as a function ofs ~see Fig. 4!.

FIG. 6. Comparison of the simulation results^C0(t)& ~—!, ^C1(t)& ~---!,
and^C2(t)& ~•• –! of the Rouse chain withN536.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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In the depolarized photon-correlation spectroscopy, i
mainly the short time region of̂C2(t)&2 that is probed.9,10

The above result is in agreement with the basic molecu
weight independence of the depolarized photon-correla
function, that has been observed.

COMPARISON OF SIMULATION AND EXPERIMENT
FOR ŠC2„t …‹2

In a polymer system, the static pair correlation as de
mined from the depolarized intensity measurement is of
expressed in terms of effective optical anisotropyd2 per
monomer unit to account for the concentration depende
of the measured total intensity. In the case
polystyrene,21,22 it has been shown that thed2 value in the
melt is virtually the same as in the dilute solution. This res
indicates that in a polystyrene concentrated solution or m
system, the segments belonging to different chains do
interact in such a way as to contribute to the static pair c
relation. In addition, the dynamic pair correlation is in ge
eral much smaller than the static pair correlation.23,24 Thus,
the dynamic depolarized scattering structure factor of a po
styrene concentrated solution or melt system can be sim
fied greatly by neglecting the cross terms between segm
belonging to different chains. The polymer chain can
modeled as a chain of freely jointed Kuhn segments; and
pair correlation terms are limited to the chemical segme
belonging to the same Kuhn segment. Using the fact that
chain size is much smaller than the scattering wavelen
and the assumption that the translational motion of the ce
of mass of the polymer chain~over a distance comparable t
the wavelength! is independent of and much slower than t
segmental reorientation, the dynamic depolarized scatte
structure factor can be reduced to be proportional to8–10

Cp~ t !5@S fs~ t !1R#^P2@u~0!•u~ t !#&, ~28!

FIG. 7. Comparison of the simulation results of^C2(t)&2 of the Rouse
chains withN52 ~the first line from the left!, 8 ~the second from the left!,
16 ~the third from the left!, and 36~the first from the right!.
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 This a
whereu(t) is the unit vector representing the the direction
the symmetry axis of the Kuhn segment~regarded as equiva
lent to the Rouse segment!, f s(t) is the normalized time-
correlation function that reflects the motions associated w
local chemical bonds~grossly referred to as the sub-Rous
segmental motions!, and the relaxation strengthSdepends on
the details of the bond angles and steric interactions am
the chemical bonds.R is a constant and is related to ho
anisotropy the Rouse segment~or Kuhn segment! is.

For the polystyrene melt, thef s(t) and ^P2@u(0)
•u(t)#& dynamic processes can not be resolved from the
served depolarized photon-correlation function.8,9,15 The
close overlap of the two processes in the time scale is at
uted to the strong direct interactions among segments.
chain dynamics in the concentrated solutions of two nea
monodisperse polystyrene samples~F1 with Mw59100 and
F2 with Mw518100) in cyclohexane@the two solutions are
denoted as S-F1~59.832 wt. %! and S-F2~60.287 wt. %!#
have been studied by means of the viscosity and depolar
photon-correlation measurements10 ~see the Appendix!. Both
the studied systems are in the entanglement-free region
obtained molecular weight dependence of the zero shear
cosity ~adjusted to the same concentration, see the detai
Ref. 10! indicates that the chain dynamics are described
the Rouse theory. The applicability of the Rouse theory
the studied systems is in agreement with the expectation
at the high concentrations~;60 wt. %! the hydrodynamic
interaction is much screened.2,25,26In these systems, the tw
processes as contained in Eq.~28! are far apart and can b
well resolved. This should be due to the ‘‘lubrication’’ effe
of the solvent that prevents the strong interactions am
segments. The observed slow mode, namely, the^P2@u(0)
•u(t)#& dynamic process, is independent of the scatter
angle and~basically! molecular weight; and has a relaxatio
time, which has the same order of magnitude astv calculated
from the viscosity data@Eq. ~2!; assuming the molecula
weight for a Rouse segment,m, being 1000, which is close to
the values 780–900 obtained from other studies#.

Since thef s(t) and ^P2@u(0)•u(t)#& processes in the
S-F1 and S-F2 systems can be well resolved, the contribu
of f s(t) can be removed to obtain the depolarized pho
correlation function due to thêP2@u(0)•u(t)#& mode for
comparison with the simulation results of^C2(t)&.

The average relaxation time of^C2(t)& from the simu-
lation can be defined as

^t r&5*0
`^C2~ t !&dt5S i 51,̀ ^C2~ t i !&Dt. ~29!

Corresponding to the simulation,tv can be obtained from
Eq. ~2! as

tv5~^b2&/12l 2!Dt. ~30!

Using Eqs.~29! and ~30!, from the simulation we obtain
^t r&/tv52.2, 2.5, and 2.7 forN58, N516, andN536, re-
spectively, which depends onN very weakly.

In Ref. 10, we have obtained the average relaxation t
^t r& ~denoted aŝ t&2) for the ^P2@u(0)•u(t)#& dynamic
process from the depolarized photon-correlation function
ing the MSVD analysis;27 andm51000 was used to calcu
latetv from Eq.~2! (tv5t8 for S-F1 andtv5t17 for S-F2!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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As listed in Table I of Ref. 10,̂t r&/tv53.0(5^t&2 /t8) for
S-F1 and53.3 (5^t&2 /t17) ~using the results of the 45
scattering angle, at which the photon-correlation functio
can be more clearly analyzed by the MSVD method; see R
10 for details!. While the^t r& value is experimentally deter
mined from the depolarized photon-correlation measu
ment, thetv value calculated from the viscosity data is a
fected by the choice of them value. A close agreement of th
^t r&/tv ratio values with the values obtained from simulati
using Eqs.~29! and ~30! as listed above can be obtained b
choosing them value to be 1100. Thus, corresponding tom
51100, we chooseN58 for F1 andN516 for F2. And the
simulation results of̂ C2(t)&2’s for N58 andN516 have
been shown in Fig. 7. As shown in Fig. 8, these results
compared with the photon correlation functions,^P2@u(0)
•u(t)#&2, which have been obtained from the depolariz
photon-correlation functions of S-F1 and S-F2~at the 45°
scattering angle! by removing thef s(t) contribution. Be-
cause the vertical magnitude of a depolarized photon co
lation function depends on the coherence factor of the ins
ment, the comparison between simulation and experimen
made by allowing shifting in both the vertical and horizon
~time! coordinates to obtain a good matching of the d
points and the simulation results. As shown in Table I of R
10, ^t r& for S-F1 is about 30% smaller than that for S-F
This was shown to be due to the small concentration diff
ence and friction constant difference between S-F1 and S
~see Ref. 10 for the details!. In matching of the data points
and the simulation results as shown in Fig. 8, the;30%
difference between the shifting factors along the time co
dinate for the results of S-F1 and S-F2 have been obser
Thus, the close agreement between experiment and sim
tion as shown in Fig. 8 is consistently obtained for the S-
and S-F2 systems.

DISCUSSION AND SUMMARY

A Rouse chain with a finite number of beads,N, is
shown to be a good system for investigating some of

FIG. 8. Comparison of thêP2@u(0)•u(t)#&2 dynamic processes obtaine
from the depolarized photon-correlation functions of the S-F1~s! and S-F2
~d! samples and the simulation results of^C2(t)&2 of the Rouse chain with
N58 ~the left solid line! and withN516 ~the right solid line!.
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 This a
internal dynamic motions of the chain, in particular, the m
tions associated with the size scale of a Rouse segmen
using the Monte Carlo simulation. First, the validity of th
Monte Carlo simulation is established by showing the clo
agreement of the simulation results with the analytical so
tions for the time correlation functions of the end-to-end v
tor. The Monte Carlo simulation can then be used to stu
the dynamic functions, which do not have an analytical
lution. From the simulation, it is shown thatC0(t) can be
well approximated byC1(t) @or C0s(t) by C1s(t) or ^C0(t)&
by ^C1(t)&]. This is related to the average Rouse segm
lengthb0(5^ubu&) being just slightly smaller than̂b2&0.5.

It is also shown that̂ P2@u(0)•u(t)#& for an elastic
dumbbell is not a single exponential, neither is far from d
scribed by the freely rotational diffusion model. The rela
ation time distribution of the average^P2@u(0)•u(t)#& ~i.e.,
^C2(t)&) for a Rouse segment in a chain is further broade
by the hindrance effect due to connection to neighbor
segments. When the number of the beads in a Rouse cha
sufficiently large (N>8), the results of̂C2(t)&2 for a Rouse
segment is basically independent of the molecular weight~N!
over a wide dynamic range, which is the main region prob
by the depolarized photon-correlation spectroscopy. Thi
in agreement with the observed molecular weight indep
dence of the^P2@u(0)•u(t)#& dynamic process obtaine
from the depolarized photon-correlation measurement.10

The Rouse segment as a structural unit has been ma
useful for describing low frequency motions involving
large section of the polymer chain.2 Relative to the chemica
structure of the polymer chain, the Rouse segment is a ra
crude picture. At the size scale between that characterist
the local chemical structure and the large size scale co
sponding to the low frequency modes~i.e., at the Rouse seg
ment size scale!, how useful the Rouse segment is for d
scribing the motions has not been much investigated. In
previous analysis of relating the depolarized photo
correlation and viscoelasticity results,8–10 the use of the
Rouse segment allows us to show that the relaxation ti
^t r& andtv have the same order of magnitude and the sa
temperature dependence as supported by the experim
results. The agreement between experiment and simula
shown in Fig. 8 suggests that in a concentrated solut
where the strong interactions among segments as occu
in a melt system is absent, the line shape or the relaxa
time distribution of the relaxation procesŝP2@u(0)
•u(t)#&2 probed by the depolarized photon-correlation sp
troscopy can actually be quite fully accounted for by inclu
ing the effect of chain connectivity, regardless of the cru
ness of the Rouse segment.

In the analysis leading to Eq.~28!, the polymer molecule
is modeled as a chain of freely jointed Kuhn segments. A
it was shown that each Kuhn segment can be regarded
correlated domain along the polymer~polystyrene! chain,
whose collective motion is probed by the depolariz
photon-correlation spectroscopy. As shown in the simulat
that the difference between^ubu& and^b2&0.5 is very small, the
Rouse segment and Kuhn segment can be regarde
equivalent. The results shown in Fig. 8 strongly support t
the motion of a Rouse segment can actually be obse
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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directly by the depolarized photon-correlation spectrosco
in the case of polystyrene. Furthermore, the estimated
lecular weight for a Rouse segmentm51100 in the concen-
trated solutions obtained from analyzing the^tx&/tv ratio
values is also of the same order of magnitude as the va
m5780– 900 obtained by other methods for the polystyre
melt. In a dilute polystyrene solution,m has been estimate
to be as large as 5000 from the analysis of the oscillat
flow birefringence properties as a function of frequency.26 It
appears that the presence of solvent has some modifica
effect on the Rouse segment size. In our studied systems
molecular weight dependence of viscosity indicates that
hydrodynamic interaction is basically entirely screened
least as far as the slow modes of motions are concer
Whether the hydrodynamic interaction between beads on
two segments apart is also entirely screened can no
clearly judged based on the viscosity results alone. So
presence of hydrodynamic interaction at the local level
likely to have the effect to slow down slightly the highe
mode of motion~i.e., the motion associated with a sing
Rouse segment!.3,28 This may contribute somewhat to ourm
value being slightly larger than those obtained for the po
styrene melt.

The motion ^P2@u(0)•u(t)#& associated with a single
Rouse segment in the melt observed by the depolar
photon-correlation spectroscopy cannot be well resolved
to its close overlapping with the sub-Rouse-segmental m
tions f s(t) in the time scale. The overlap of thef s(t) and
^P2@u(0)•u(t)#& dynamic processes should be due to t
strong energetic interactions among the chemical segm
contacting each other closely in the melt state. In a conc
trated solution, such energetic interactions are preven
from occurring by the mobile solvent molecules surround
the segments. This allows us to compare the observed c
dynamics in the concentrated solutions with the Monte Ca
simulation results.
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APPENDIX

When we compared the experimental results with
simulation as reported in this paper, it was found that a m
take had been made in the procedure of removing
q2-dependent ‘‘leakage’’ mode from the measured depo
ized photon-correlation functionf (t)5g2(t)21 @f(t)2 in
Ref. 10 is replaced byf (t) here#. A correction is due here
To simplify the explanation, an abbreviated form is assum
Let f (t)5(c1(t)1c2(t))2, wherec1(t) represents the field
correlation function of the true dynamic depolarized scatt
ing @containing both thef s(t) and ^P2@u(0)•u(t)#& pro-
cesses in Eq.~28!#, while c2(t) is that due to the leakage o
the diffusive mode of the isotropic scattering arising from t
concentration fluctuation. The relaxation time distributio
of c1(t) and c2(t) have been obtained from the MSVD
analysis~Figs. 6 and 10 of Ref. 10!. To obtain the true de-
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 This a
polarized photon-correlation functionc1(t)2 from f (t), the
relation used should bec1(t)25@( f (t))0.52c2(t)#2. What
was shown in Figs. 7, 8, and 9 of Ref. 10 was obtained fr
c1(t)25 f (t)2c2(t)2. In other words, what were show
there contained an additional cross term 2c1(t)c2(t). Be-
cause the relaxation ofc1(t) is much faster than that o
c2(t), the cross term is dominated by the characteristics
c1(t). As a result, theq-dependence ofc2(t) was basically
not visible in the wrong correlation functions shown in Fig
7, 8, and 9 of Ref. 10. The correct correlation functio
showing the q-independence ofc1(t)2 to replace those
shown in Fig. 9 of Ref. 10 are shown in Fig. 9. The corre
tion can be similarly applied to the other two figures. A
these figures are basically for displaying the results of

FIG. 9. The depolarized photon-correlation functions of S-F2 atu545° ~j!
and u590° ~s! obtained by removing theq2-dependent ‘‘leakage’’ mode
from the measured correlation functions.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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MSVD analysis, which remain unchanged, the discuss
and conclusion as presented in Ref. 10 are not effected
this mistake.
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