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Monte Carlo simulation of the motions associated
with a single Rouse segment
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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 beaddy, 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)=b(t)/|b(t)| 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 functiaiP,[u(0)-u(t)])? 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 solutie68 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 vahzeg80— 900 obtained for
polystyrene in the melt state by other methods. 2@0 American Institute of Physics.
[S0021-960600)50316-X]

INTRODUCTION the molecular weight of a Rouse segment of polystyrene ob-
tained by these studies range from 780 to 900.

Slow polymer dynamic and viscoelastic behavior in an  In the second approach listed above, it has been shown
entanglement-free system can be well described by theorighat the collective motion observed by the depolarized Ray-
developed in terms of the Rouse segment as the basic struleigh is basically that associated with a Rouse segment. If
tural unit'=3If our interest is not limited to the slow modes each Rouse segment is treated as an elastic dumbbell and
of motions of a long polymer chain, we have to ask howundergoes the freely rotational diffusion motion, the correla-
short the Rouse segment can be as it is defined statisticallfion time 7, for (P,[u(0)-u(t)]) [whereu(t) is the unit
Related to this is the early studies of the Kuhn segni@m-  vector indicating the orientation of the Rouse segment; and
sidered as equivalent to the Rouse segmbéased on the P, is the second-order Legendre polynomiabhich is the
determination of the persistence length by neutrordynamic function probed by the depolarized photon-
scattering"® In the recent years, there was much researclrorrelation spectroscopy, can be obtained to be
interest in the subject; and different approaches had been 7= ' (b2)/18KT= ¢(b?)/36KT, (1)
taken:(1) The Rouse segment size was calculated from the
high frequency rubbery modulus determined by analyzin
the measured dynamic viscoelastic and birefringence spect
with the assumption of a modified stress-optical rule for . . !
glassy polymeP (2) Through a theoretical analysis relating an elastic dumbbell is treated as equivalent to that of a Rouse

the depolarized photon-correlation and viscoelastic results oi??&egt;ndgsethn;aj;g: Lhaenge?ﬁeorfeﬁgigggreﬂrn;se r:)a]}lirt]r;at
a polystyrene melt, the dynamics and size of a “Rouse” ' '

segment can be studiéd® (3) The line shapes of the vis- highest Rouse viscoelastic mode is given by

here!’ is the friction constant experienced by each bead on
Qe elastic dumbbell, which is half the friction constdrfor
each bead on the Rouse chaifi{’ =2, because the mass of

coelastic spectra of a series of the polystyrene blends in the 7,={(b%)/24T=Km*m?/24 )
entanglement-free region have been analyzed in terms of thgith the friction factorK given by
Rouse model for the high-molecular-weight component and K = {(b2)/KTm2m? 3)

the elastic dumbbell model for the low-molecular-weight _ )
component. The best value for the Rouse segment size otherem is the molecular weight of a Rouse segmérit

curs, when the viscoelastic spectrum is best described by thd/ith the m value known,r, can be calculated from the vis-
sponding to the viscoelastic responses of the high- and sma@ven by

molecular weight components, respectivEiy.he values for 7o=(CRTm?/36)KM, (4)
wherec is the weight amount of polymer per unit volume;
dAuthor to whom correspondence should be addressed. andM the molecular weight of the polymer sample.
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Equationg1) and(2) indicates that the two characteristic f (t)=({g,(t)) due to the incessant collisions of the bead
time constants as can be obtained by the depolarized photothe Brownian particlewith the fluid molecules or segments.
correlation and viscoelasticity measurements have the sam@hen the motions of the chain are described by the Langevin
temperature dependeng@bat of ¢, which is often described equation$®
by the WLF equatiotf) and the same order of magnitude. 5
These expectations have been supported by the results of the dRy/dt=—(3kT/(b*){)(2Ry—=Rns1~Rn-1) + (1)
depolarized photon-correlation and viscoelasticity measure- (8)
ments. for the internal beadsn=2,3,4,..N—1) and

In obtaining Eq.(1), the connections of each Rouse seg- _ P
ment in both ends to the rest of the chain are neglected. The dR; /dt=—(3KT/(b"){)(Ry—Rp) +au(1), C)
connection of the Rouse segments in a chain gives rise to the dR,/dt= —(3kT/<b2>§)(RN— Ry_1)+on(t), (10
Rouse normal modes of motions. Based on the Rouse model, .
the viscoelastic spectrum and the time correlation function o¥°r the_end beads(=1 ar_1dN). The random fluctuatiog, is
the end-to-end vector can be theoretically expressed in termig@ussian and characterized by the moments

of the normal mode&:® The dynamic functions{ug(0) (Gn(1))=0, (11)
-Ug(t)) and (P,[ug(0)-uy(t)]) associated with a single , ,

Rouse segment, which do not have an analytical solution, {Gna(t)Gms(t"))=2D Snmdaed(t—t'), (12)
can be calculated by the Monte Carlo simulation based Olvhere D(=kT/¢) is the diffusion constant of a free bead;
the Langevin equation. anda, B represent the, y, zcoordinates.

With the effect of the connection between neighboring  The pond vectorgb,} and the end-to-end vect® are
Rouse segments included, any dynamic function associategfined, respectively, as

with a single Rouse segment is expected to be nonsingle-

exponential. It is well known that the depolarized photon-  Ps=Rsi1—Rs, (13
correlation function of a polymer melt or concentrated solu- R=Ry,—R,=% b 14
tion is not a single exponenti&l:*® This study allows us to N ESTINALES (14
study the chain connectivity in affecting the non-single-  Following the usual procedure of transformation to the
exponential decaying behavior. normal coordinatel?’ the time correlation function of the

First, we shall establish the validity of the Monte Carlo end-to-end vectoR(t) is obtained as
simulation by the comparison with the analytical solution for R(0)-R(t)) = 2(b2)/N
the time-correlation function of the end-to-end vector (R(0)-R(1) =2 p-oda on-1(2(D5/N)
(R(0)-R(t)) of a Rouse chain with a finite number of beads, X[cog(pm/2N)/sir?(pm/2N)]
N. Then we can use the Monte Carlo simulation to calculate

the time correlation functions, X exp—t/7p) (19
Cos(t) =(bg(0)-by(t))/(b3), 5) gitsfplzfggém_l meaning summation over ok from 1
Cls(t):<us(0)us(t)> (6) Tp:§<b2>/[lz(TS|n2(p7T/2N)]

and =Km?M2/[12N? sir?(pr/2N)], (16)
Caos(t) =(P2[ug(0).ug(t))], (7)

whereK is given by Eq.(3).
wherebg(t) is the bond vector of theth Rouse segment at WhenN—®, Eq.(15) in combination with Eq(16) re-

time t and ug(t) =bg(t)/|bs(t)|. Before the effect of chain duces to the result obtained from the continuous Rouse chain
connectivity as reflected by the above dynamic functions isnodel?

studied, we shall examine by the Monte Carlo simulation  The time correlation function obg(t) [Eq. (5)] is ob-
thN))\//\(/z'Z') in thg elastic _dumt:jb%'; Céa;€€(t%j<b((?; tained in terms of the normal modes as

-b(t can be approximate 1(t)=(u(0)-u(t _

[where u(t) = b(t)/|b(t)|] and how applicable is the freely ~ Cos(1)=(2N)Xp 11 sif(spa/N)exp(—t/7p). (17)
rotational diffusion model in relatin€y(t) [or C(t)] and

C,(t)=(P,[u(0)-u(t)]). And finally the average THE MONTE CARLO SIMULATION

2 s-1n-1Cas(t)/(N—1) in a Rouse chain will be studied as
a function ofN and compared with the results of the depo-
larized photon-correlation measurements.

In the Monte Carlo simulation, the Langevin equation is
replaced by the calculation of the positions of the beads at
the next stedR,(t;+At)} from their positions{R,(t;)} at

some present timg (notet;, ;=t;+ At).*3°Corresponding
THE LANGEVIN EQUATION to Eq. (8),

Consider a linear Gaussian chain whkhbeads, whose R(t;+At)=R(t;))— J2R,(t) — R, 1(t) —R,_1(t))]+d,;,
configuration is represented by the setN\oposition vectors (18)
of the beads{R,}=(R{,R5,R3,...,Ry). While the move- where
ment of each bead is hindered by a friction force character-
ized by the friction constany, it receives the random force S=3DAt/(b?), (19
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10 o e e g THE MOTION OF AN ELASTIC DUMBBELL

] i The elastic dumbbell model is a special case of the
4 . Rouse chain model. The dynamic behavidg(t)=(b(0)
-b(t))/(b?) [Eq. (5)] for the elastic dumbbell can be ob-
tained from the Langevin equations to be a single exponen-
tial decay as shown in Fig. Ty(t) being a single exponen-
. tial decay suggests that the elastic dumbbell motion may be
10! 4 L sufficiently well described by the free rotational diffusion

] E model. Based on the freely rotational diffusion motfeihe
dynamic functionC,(t)=(P,[u(0)-u(t)]) [Eqg. (7)] is ex-
pected to be a single exponential decay with the relaxation
10° S time being one third of that of(t) [see Eq(1)]. How well

0 500 1000 1500 2000 2500 the free rotational diffusion model descrifig(t) of an elas-
tic dumbbell can be studied by the Monte Carlo simulation.
However, in the simulation calculation &f,(t), we need to
FIG. 1. Comparison of the analytical solutiéthe solid lind and the Monte ~ assumau(t) =b(t)/|b(t)|. From comparing Eqg5) and(7),
Carlo simulation for the time correlation function of the end-to-end vectorthis means that we have assumed ﬂJ(Ett)/<b2)0'5 can be
R(t) of the Rouse chain withl=2 (O) and withN=3 (). approximated byu(t) = b(t)/|b(t)| We can test this ap-
proximation by showing thaCy(t) can be well approxi-
mated byC,(t)=(u(0)-u(t)) [Eq. (6)].

The relation betweelC,(t) and Cy(t) can be analyzed
as in the following. Denotingb(t)| asb(t) and{|b|) asby,
we may expresd(t) as

102 4 3

<R(0)R(t)>

time steps (t/At)

and the random displacemety; is Gaussian and character-
ized by the moments,

(dq)=0, (20)
b(t)=bg+Ab(1), (23

<danidﬁmj>:5a,ﬁ5n,m5i,j2DAtv (22) ) )
. . whereAb(t) is the bond length fluctuation. Féb?)=100 as
where «, B represent the,y,z coordln_ates(for .|nstancedx assumed in this study, we have obtaireg=9.2, which is
represent Fheg—componer?t ofl). Equations equivalent to EQ. ot much smaller tharib?)°S. This indicates that the fluc-
(18) can similarly be written ;‘o_r Eqs9) and (10). Depen-  yation Ab(t) is rather small. This is the main basis for our
Qent on the choice qut=I in the Mont_e Carlo simula- approximatingCo(t) by C,(t) and treating the Rouse seg-
tion, the number of time steps corresponding§dEq. (16)]  ment basically as equivalent to a Kuhn segméot in-
is given by stance, when we relate the viscoelastic data to the depolar-

= (016 TP P2 (2, 2 hoto corelton esusing E0(23, (1) canbe

COMPARISON OF THE SIMULATION RESULTS AND C1(t)~(b(0)-b(t)){1[b(0)b(t)])

THE ANALYTICAL SOLUTIONS
, _ =(b(0)-b(t))(1L(bo+Ab(0))(bo+Ab(t))])
We have chosen the simple chain systels,2, 3, and

5 for making the comparison between simulation and theory. =(b(0)-b(t))(1[b5(1+Ab(0)/bg)
According to Eq.(15), only a single relaxation mode occurs X (1+Ab(t)/bg)])

in the time correlation function of the end-to-end vector in

either theN=2 or the N=3 system; and two relaxation ~(b(0)-b(t)){(1—Ab(0)/bg)

modes in the case &§=5. Shown in Fig. 1 are the compari-
sons of the simulation results ®f=2 andN=3 with Eq. X (1= Ab(1)/bo))/(b?)

(15) in combination with Eq(22). The chosen parameters in =Co(t)[1+(Ab(0)Ab(t))/bZ]. (24)

the simulation arg¢b?)%=10, andl =0.4. The shown simu-

lation results are the outcomes of averaging ovet14® Equation(24) mainly shows the dynamic relation between
steps. As shown in Fig. 1 fol=2 and 3, both the initial C;(t) andCy(t). Both C(t) andCy(t) as they are defined
values and the relaxation times obtained from the simulatiomre normalized functions. Because of the approximation
are in close agreement with the theoretical results. In the casgeps takenC,(t) as expressed by E@24) is not normal-

of N=5, similar close agreement between theory and simuized; and need be renormalized. As shown in Fig. 2, after a
lation is obtained. The results shown in Figs. 1 as well as thasmall initial drop due to the decay QAb(O)Ab(t))/bz, the
obtained forN=5 illustrate that the chain dynamics as de-relaxation curves o€,(t) andCy(t) parallel each other and
scribed by the Langevin equatioffi§gs. (8)—(12)] can be maintain a ratidC,(t)/Cy(t) =0.85. Itis also shown in Fig. 2
faithfully calculated by the Monte Carlo simulation. Thus, that the agreement betweé&n(t) obtained directly from the
the Monte Carlo simulation can be used to calculate dynamisimulation andC,(t) calculated from Eq.24) using the
functions of a physical quantity or of a system with addi- simulation results ofCy(t) and (Ab(0)Ab(t)) and renor-
tional effects, which are impossible to obtain analytically. malized is very good.
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0 200 400 600 0 200 400 600 800 1000
time steps (t/At) time steps (t/At)

FIG. 2. Comparison of the analytic solutigthe upper solid lineand the FIG. 3. Comparison of the simulation results@f(t) (O for s=1; V for
simulation(O) for Cy(t); comparison ofC,(t) obtained directly from simu-  s=2; O for s=4; A for s=7; and ¢ for s=18) and those calculated from
lation (A) and calculated from Eq24) using the simulation results @f(t) Eq. (17) for the Rouse chain wittN= 36 (the solid lines from left to right

and (Ab(0)Ab(t)) (the lower solid ling; Comparison ofC,(t) obtained are fors=1, 2, 4, and 7 respectively; while the dotted line is for 18,

from simulation(CJ) and expected based @y(t) and the freely rotational ~ which is virtually superposed on the line fer=7). The simulation results
diffusion model(-- —). All the shown dynamic functions are for the elastic are symmetrical with respect to the center of the chain; and the results of
dumbbell. only one side are shown.

Also shown in Fig. 2 is the comparison of the theoreticalExperimentally (for example, in the depolarized photon-
curve of C,(t) based on using the free rotational diffusion correlation spectroscopyit is often the average of the dy-
model in relatingCy(t) andC,(t), and the simulation curve namic functions, that are probed. Thus, we define
of C,(t). One can notice that in the short time regialown
to C,(t)=0.3~e™ 1), the simulation result o€,(t) can be (Co(1))=(Zs-1n-1C0os(1))/(N-1), (25
well described by the free rotational diffusion model, while, (C1())=(Zso1n_1C1s(t)/(N—1), (26)
the whole simulatedC,(t) curve is not a single exponential
decay. Overall, the elastic dumbbell dynamic behavior is nof"
far from described by the free rotational diffusion model as ~ (Cy(t))=(2s-1n-1Cas(t))/(N—1). (27)

revealed in terms of the comparison®@j(t) [or C,(t)] and Shown in Fig. 6 is the comparison 6Eq(t)), (C,(1)), and

C,(t). The simulation result o€,(t) in particular will serve oo . .

as a reference for comparison with the dynamic behavior of éCzl(t)) for a cha|r_1 withN = 36. Wh'le<C°(t).> IS no longer

Rouse segment in a chain to study the effect of chain cond single exponential decay &(t), the relat.|v<.a differences

nectivity among(Cy(t)), (C4(t)), and{C,(t)) are similar to those
' amongCy(t), C(t), andC,(t) as shown in Fig. 2 for the

elastic dumbbell case.

THE MOTION OF A ROUSE SEGMENT IN A CHAIN

As expected intuitively, the simulate@qs(t), Cis(t),

and C,4(t) dynamic processes become slower gradually, as 10 I I

the monitored segmentenoted by the indexs) is shifted

from the chain end to the middle of the chain as shown in

Figs. 3, 4, and Sto avoid congestion in the figures, only 10 - - |
=7,s= z

results at a few selectesl values are shown The shown ]
results for a chain witiN=36 indicate that the dynamic Sm ] s=4
functions over the whole range become basically indepen- ]
dent ofs for s=7-18. In other words, the dynamic functions »
of a segment, which is only a few segments away from the ] =1
chain end is free of the chain end effect and become inde- ]
pendent ofs. In particular,C,4(t) over a wide of dynamic
range(=~one and a half orderss very much independent of
sfor s=2. Itis shown in Fig. 3 that the simulation results of
Cos(t) at differents values are in close agreement with the )
curves calculated from Eq17). As expected, the dynamic time steps (VAt)

functions obtained from the Slml,!latlon are sym.metrlc WlthFIG. 4. The simulation results @,4(t) as a function of (the solid lines
respect to the center of the chain i.e., the dynamic function &tom left to right are fors=1, 2, 4, and 7, respectively, while the dotted line
the sth segment is the same as that at theq)th segment. s for s=18).

10—
0 200 400 600 800 1000
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FIG. 5. The simulation results &,(t) as a function of (see Fig. 4. FIG. 7. Comparison of the simulation results @E,(t))? of the Rouse

chains withN=2 (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

What is particularly interesting to us is tH€,(t)) dy-
namic process for comparison with the depolarized photon-
correlation results. The dynamic function directly observed
from the photon-correlation spectroscopy is the square oltn al
(C,(t)). In Fig. 7, we show the comparison of th€,(t))?
curves calculated fol=2, 8, 16, and 36. It can be seen that
the relaxation time distributions fad=8, 16, and 36 is sig-
nificantly broader than that of the elastic dumbbell case (
=2) and that in the short time regidfown to (C,(t))?
=0.01), basically there is no difference among the curves
for different values ofN=8. Mainly the tail region of the
relaxation curve is slowly moved to the longer time wit
increasing N. In other words, the short time region of

2 . . . . .
{%z(t» dIS maflnlﬁ/ affe(I:tedl by the rl]ocarll motlllon, yvh|cr} 'i In a polymer system, the static pair correlation as deter-
independent of the molecular weight, the tail region of the, oy from the depolarized intensity measurement is often
relaxation curve is weakly affected by the slow modes of theexpressed in terms of effective optical anisotrof/ per

Rouse. chain, which is molecular weight dependent. ASnonomer unit to account for the concentration dependence
Co4(1) is least dependent aover a large dynamic range as of the measured total intensity. In the case of

pointed out aboveg,C,(t)) is much less affected by the mo- polystyrenéL?2it has been shown that th& value in the

lecular weight change thafCo(t)) and(C,(t)). melt is virtually the same as in the dilute solution. This result
indicates that in a polystyrene concentrated solution or melt
system, the segments belonging to different chains do not

In the depolarized photon-correlation spectroscopy, it is
nly the short time region ofC,(t))? that is probed:*°
The above result is in agreement with the basic molecular
weight independence of the depolarized photon-correlation
function, that has been observed.

i COMPARISON OF SIMULATION AND EXPERIMENT
FOR (Cy(1))?

L e — interact in such a way as to contribute to the static pair cor-
N relation. In addition, the dynamic pair correlation is in gen-
= AN . eral much smaller than the static pair correlatiof’ Thus,
%/)N ] "\ \\\\ I the dynamic depolarized scattering structure factor of a poly-
5 10044 RS . 3 styrene concentrated solution or melt system can be simpli-
A i\ TTTe== i fied greatly by neglecting the cross terms between segments
= "\ i belonging to different chains. The polymer chain can be
7 | . I modeled as a chain of freely jointed Kuhn segments; and the
A 102 - \"\_. 3 pair correlation terms are limited to the chemical segments
= \"\..\_. F belonging to the same Kuhn segment. Using the fact that the
v T chain size is much smaller than the scattering wavelength;

109 I and the assumption that the translational motion of the center

L L L L L L

of mass of the polymer chaifver a distance comparable to
the wavelengthis independent of and much slower than the
time steps (t/At) segmental reorientation, the dynamic depolarized scattering
structure factor can be reduced to be proportion&i‘fo

0 200 400 600 800 1000

FIG. 6. Comparison of the simulation resu{t§q(t)) (—), (Cy(t)) (--),
and(C,(t)) (---) of the Rouse chain witiN=36. Cp(t)=[STy(t) + RI(P,[u(0)-u(t)]), (28)
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whereu(t) is the unit vector representing the the direction of 10° el
the symmetry axis of the Kuhn segméregarded as equiva- 3
lent to the Rouse segment¢(t) is the normalized time- ]
correlation function that reflects the motions associated with 10"
local chemical bondsggrossly referred to as the sub-Rouse- ]
segmental motionsand the relaxation streng8depends on A ]
the details of the bond angles and steric interactions among = 102 5
the chemical bondsR is a constant and is related to how ]
anisotropy the Rouse segmept Kuhn segmentis. 1

For the polystyrene melt, theg(t) and (P,[u(0) 107 5
-u(t)]) dynamic processes can not be resolved from the ob- 1
served depolarized photon-correlation functiort® The

close overlap of the two processes in the time scale is attrib- 10
uted to the strong direct interactions among segments. The 10° 10! 102 10°
chain dynamics in the concentrated solutions of two nearly time steps (t/At)

monodisperse polystyrene samp(&4 with M,,=9100 and

F2 with My,=18100) in cyclohexangthe two solutions are £ b Caniateol St Aend (O LOD S bocesses Sl
denoted as S'F_159'832 Wt'% and S_-F2(§O.287 wi. %] . (@) samples and the simulation results(ﬁ)‘z(t))2 of the Rouse chain with
have been studied by means of the viscosity and depolarizagg (the left solid ling and withN= 16 (the right solid ling.
photon-correlation measuremefitésee the Appendix Both

the studied systems are in the entanglement-free region; the

obtained molecular weight dependence of the zero shear viés listed in Table | of Ref. 10(7,)/7,=3.0(=(7),/7g) for

cosity (adjusted to the same concentration, see the details if-F1 and=3.3 (=(7),/77) (using the results of the 45°

Ref. 10 indicates that the chain dynamics are described bycattering angle, at which the photon-correlation functions
the Rouse theory. The applicability of the Rouse theory tc=an be more clearly analyzed by the MSVD method; see Ref.
the studied systems is in agreement with the expectation tha0 for detailg. While the(r,) value is experimentally deter-

at the high concentrations~60 wt. % the hydrodynamic

mined from the depolarized photon-correlation measure-

interaction is much screenéd®2°In these systems, the two ment, ther, value calculated from the viscosity data is af-
processes as contained in EA8) are far apart and can be fected by the choice of the value. A close agreement of the
well resolved. This should be due to the “lubrication” effect {7:)/ 7, ratio values with the values obtained from simulation
of the solvent that prevents the strong interactions amongsing Eqs.(29) and(30) as listed above can be obtained by

segments. The observed slow mode, namely (&g u(0)

choosing them value to be 1100. Thus, correspondingnto

-u(t)]) dynamic process, is independent of the scattering=1100, we choosél=8 for F1 andN =16 for F2. And the
angle andbasically molecular weight; and has a relaxation simulation results of C,(t))*s for N=8 andN=16 have

time, which has the same order of magnitudeasalculated
from the viscosity datdEg. (2); assuming the molecular
weight for a Rouse segmemt, being 1000, which is close to
the values 780—900 obtained from other stuflies

Since thefy(t) and (P,[u(0)-u(t)]) processes in the

been shown in Fig. 7. As shown in Fig. 8, these results are
compared with the photon correlation functiof®,[u(0)
-u(t)])?, which have been obtained from the depolarized
photon-correlation functions of S-F1 and S-F& the 45°
scattering angleby removing thefg(t) contribution. Be-

S-F1 and S-F2 systems can be well resolved, the contributiopause the vertical magnitude of a depolarized photon corre-
of f¢(t) can be removed to obtain the depolarized photoriation function depends on the coherence factor of the instru-

correlation function due to théP,[u(0)-u(t)]) mode for
comparison with the simulation results @€,(t)).

The average relaxation time ¢€,(t)) from the simu-
lation can be defined as

(mr)=J0(Ca(1))dt=3;_1.(Cy(t;))At. (29
Corresponding to the simulatiorr,, can be obtained from
Eqg. (2) as

7,=((b%)/12?)At. (30)
Using Egs.(29) and (30), from the simulation we obtain

(1)l 7,=2.2, 2.5, and 2.7 foN=8, N=16, andN= 236, re-
spectively, which depends d very weakly.

In Ref. 10, we have obtained the average relaxation time

(7,) (denoted ag(7),) for the (P,[u(0)-u(t)]) dynamic
process from the depolarized photon-correlation function us
ing the MSVD analysig/ and m=1000 was used to calcu-
late 7, from Eq.(2) (7, = 7g for S-F1 andr,= 7., for S-F2.

ment, the comparison between simulation and experiment is
made by allowing shifting in both the vertical and horizontal
(time) coordinates to obtain a good matching of the data
points and the simulation results. As shown in Table | of Ref.
10, (7,) for S-F1 is about 30% smaller than that for S-F2.
This was shown to be due to the small concentration differ-
ence and friction constant difference between S-F1 and S-F2
(see Ref. 10 for the detajlsin matching of the data points
and the simulation results as shown in Fig. 8, th80%
difference between the shifting factors along the time coor-
dinate for the results of S-F1 and S-F2 have been observed.
Thus, the close agreement between experiment and simula-
tion as shown in Fig. 8 is consistently obtained for the S-F1
and S-F2 systems.

DISCUSSION AND SUMMARY

A Rouse chain with a finite nhumber of bead¥, is
shown to be a good system for investigating some of the
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internal dynamic motions of the chain, in particular, the mo-directly by the depolarized photon-correlation spectroscopy
tions associated with the size scale of a Rouse segment hiy the case of polystyrene. Furthermore, the estimated mo-
using the Monte Carlo simulation. First, the validity of the lecular weight for a Rouse segment=1100 in the concen-
Monte Carlo simulation is established by showing the closdrated solutions obtained from analyzing the)/r, ratio
agreement of the simulation results with the analytical soluvalues is also of the same order of magnitude as the values
tions for the time correlation functions of the end-to-end vec-m=780-900 obtained by other methods for the polystyrene
tor. The Monte Carlo simulation can then be used to studynelt. In a dilute polystyrene solutiom has been estimated
the dynamic functions, which do not have an analytical soto be as large as 5000 from the analysis of the oscillatory
lution. From the simulation, it is shown th&,(t) can be flow birefringence properties as a function of frequefftit.
well approximated byC,(t) [or Cos(t) by Cy4(t) or (Cq(t)) appears that the presence of solvent has some modification
by (C4(t))]. This is related to the average Rouse segmeneffect on the Rouse segment size. In our studied systems, the
lengthbo(=(|b|)) being just slightly smaller thatb?)°>. molecular weight dependence of viscosity indicates that the
It is also shown thatP,[u(0)-u(t)]) for an elastic hydrodynamic interaction is basically entirely screened at
dumbbell is not a single exponential, neither is far from de-least as far as the slow modes of motions are concerned.
scribed by the freely rotational diffusion model. The relax- Whether the hydrodynamic interaction between beads one or
ation time distribution of the averag®,[u(0)-u(t)]) (i.e., two segments apart is also entirely screened can not be
(C,(t))) for a Rouse segment in a chain is further broadene@learly judged based on the viscosity results alone. Some
by the hindrance effect due to connection to neighboringoresence of hydrodynamic interaction at the local level is
segments. When the number of the beads in a Rouse chainlikely to have the effect to slow down slightly the highest
sufficiently large N=8), the results ofC,(t))? for a Rouse mode of motion(i.e., the motion associated with a single
segment is basically independent of the molecular wefight ~ Rouse segment?® This may contribute somewhat to oo
over a wide dynamic range, which is the main region probedalue being slightly larger than those obtained for the poly-
by the depolarized photon-correlation spectroscopy. This istyrene melt.
in agreement with the observed molecular weight indepen-  The motion(P,[u(0)-u(t)]) associated with a single
dence of the(P,[u(0)-u(t)]) dynamic process obtained Rouse segment in the melt observed by the depolarized
from the depolarized photon-correlation measureniént.  Photon-correlation spectroscopy cannot be well resolved due
The Rouse segment as a structural unit has been mainf its close overlapping with the sub-Rouse-segmental mo-
useful for describing low frequency motions involving a tons f(t) in the time scale. The overlap of tHg(t) and
large section of the polymer chairRelative to the chemical (P2[u(0)-u(t)]) dynamic processes should be due to the
structure of the polymer chain, the Rouse segment is a rath&fong energetic interactions among the chemical segments
crude picture. At the size scale between that characteristic ontacting each other closely in the melt state. In a concen-
the local chemical structure and the large size scale corrdf@ted solution, such energetic interactions are prevented
sponding to the low frequency modés., at the Rouse seg- from occurring by the mobile solvent molecules surrounding
ment size scale how useful the Rouse segment is for de-the segments. This allows us to compare the observed chain
scribing the motions has not been much investigated. In thg_ynaml_cs in the concentrated solutions with the Monte Carlo
previous analysis of relating the depolarized photon-Simulation resuits.
correlation and viscoelasticity resufsl® the use of the
Rouse segment allows us to show that the relaxation timeACKNOWLEDGMENTS

(7;) and, have the same order of magnitude and the same  rp;q \yor is supported by the National Science Council

temperature dependence as supported by the experimenif|sc gg.2113-M-009-004and the simulation is carried out

results. The agreement between experiment and simulatio& the National Center for High-Performance Computing.
shown in Fig. 8 suggests that in a concentrated solution,

where the strong interactions among segments as occurrin
in a melt system is absent, the line shape or the relaxatio
time distribution of the relaxation proceséP,[u(0) When we compared the experimental results with the
-u(t)])? probed by the depolarized photon-correlation specsimulation as reported in this paper, it was found that a mis-
troscopy can actually be quite fully accounted for by includ-take had been made in the procedure of removing the
ing the effect of chain connectivity, regardless of the crudeq?-dependent “leakage” mode from the measured depolar-
ness of the Rouse segment. ized photon-correlation functiofi(t)=g?(t)—1 [¢(t)? in

In the analysis leading to ER8), the polymer molecule Ref. 10 is replaced by(t) herd. A correction is due here.
is modeled as a chain of freely jointed Kuhn segments. Andro simplify the explanation, an abbreviated form is assumed.
it was shown that each Kuhn segment can be regarded asLat f(t)=(c,(t) +c,(t))?, wherec,(t) represents the field
correlated domain along the polymépolystyrene chain, correlation function of the true dynamic depolarized scatter-
whose collective motion is probed by the depolarizeding [containing both thefs(t) and (P,[u(0)-u(t)]) pro-
photon-correlation spectroscopy. As shown in the simulatiorcesses in Eq.28)], while c,(t) is that due to the leakage of
that the difference betwee{b|) and(b?)%%is very small, the  the diffusive mode of the isotropic scattering arising from the
Rouse segment and Kuhn segment can be regarded aencentration fluctuation. The relaxation time distributions
equivalent. The results shown in Fig. 8 strongly support thabf c,(t) and c,(t) have been obtained from the MSVD
the motion of a Rouse segment can actually be observeanalysis(Figs. 6 and 10 of Ref. 20 To obtain the true de-

PENDIX
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10° MSVD analysis, which remain unchanged, the discussion
and conclusion as presented in Ref. 10 are not effected by
this mistake.
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