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ABSTRACT: Detailed agreements between the predictions of the coupling model and the results of Monte 
Carlo simulations and a molecular dynamics simulation on the dynamics of the center-of-mass diffusion of 
entangled multichain systems are pointed out. These are further discussed in conjunction with real experimental 
data. 

I. Introduction 
For some time, one of us has proposed and subsequently 

in collaborations with others developed a scheme based 
on rather general physical principles and/or requirements 
for the description of relaxations of complex correlated 
systems,l+ one example of which is an entangled mono- 
disperse linear polymer melt. The general applicability 
of this theoretical scheme to many different complex 
correlated systems has been amply demonstrated by 
comparison with experimental data.5 When specialized 
to the case of an entangled polymer melt, and in particular 
to polymer self-diffusion or probe chain diffusion, the 
theory suggested that a t  very short times each chain relaxes 
independently, as if the other chains were absent. That 
is, the relaxation process is well described by simple Rouse 
dynamics. This Rouse-like behavior persists until a certain 
characteristic time, wC-' (the magnitude of which is a 
characteristic of the mutual interactions between chains), 
when the effects due to the cooperative dynamics with 
other chains become apparent. Thus, the initial Rouse 
relaxation rate, WO, of a chain is diminished. In the time 
regime when act > 1, the relaxation rate of a chain is 
suggested to exhibit the self-similar time dependence 

W(t)  = Wo(wct)-n (1) 
where 0 < n < 1 is the coupling parameter. The normalized 
correlation function Q(t) for the relaxation of a particular 
mode of a chain can be determined by solving 

dQ/dt -Wo(oct)-"Q (2) 

Q(t)  = exp[-(t/~)'-"] (3) 

7 = {(I - n ) w ~ T o ) ' / l - n  

which has the solution 

Here, T is related to the Rouse relaxation time 70 (=I/ WO) 
by the very important and useful "second" relation 

(4) 
Unfortunately, the theory lacks the ability to calculate n. 
To apply the theory, n has to be determined by comparing 
one of the theoretical predictions with an experimental 
measurement.6~~ After n is extracted, other predictions 
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from eq 4 can be stringently tested by comparison with 
additional experimental data. Representative examples 
of this type of analysis are polymeric self-diffusion 
constants7 and terminal shear relaxationa6 

Dynamic Monte Carlo (MC) simulations have been 
established as another fruitful approach to describe the 
dynamics of entangled polymers. In previous MC studies 
by Kolinski, Skolnick, and Yariss (KSY), the modelconsista 
of a collection of monodisperse or bidisperse chains 
confined to a lattice. Each polymer chain occupies NI 
lattice sites, there are N polymers per MC box, and 4 is 
the volume fraction of occupied sites. The initial con- 
figuration is carefully equilibrated to ensure that the equi- 
librium properties are correct before proceeding to an 
analysis of the dynamics. An appropriate set of elementary 
motions is chosen to reproduce the dynamics of real lattice 
chains with excluded volume. Random elementary local 
motions of every polymer bead in all of the chains are 
attempted. The time unit is defined as when every polymer 
bead experiences on average all bf the local elemental 
moves. Then the computer experiment is run to long times, 
and the dynamics of the entangled polymer chains can be 
deduced from the data. 

A different approach to computer simulation of entan- 
gled polymers has been attempted by Pakula and co- 
workers9 in a completely dense system on a lattice. In this 
case, the only way to move a portion of a chain is by a 
series of simultaneous cooperative moves involving pieces 
of several chains. 

Alternatively, the dynamics can be simulated by New- 
ton's equations of motion for a system that is coupled to 
a heat bath. Using this approach Kremer and Grest'o 
have undertaken a series of homopolymeric polymer melt 
simulations. As shown below, their resulb for the center- 
of-mass motion are in qualitative and even semiquanti- 
tative agreement with the MC dynamics simulation of a 
polymer melt by KSY and by Pakula et al. 

In the present paper, the principal aim is to compare 
the MC simulations and recent molecular dynamics 
simulations with the coupling scheme and to demonstrate 
that the results of the computer experiments provide 
support for the coupling model as applied to polymer 
dynamics. 

0 1991 American Chemical Society 
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11. Relation of the  Coupling Theory to  Monte 
Carlo Simulations 

Results of simulations of the dynamics of multichain 
systems confined to different lattices indicate that the 
dynamics of chains are Rouse-like at  short times. One 
piece of evidence comes from the center-of-mass auto- 
correlation function, gcm(t), defined as 
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with Rcm(t)  the vector locating the center of mass a t  time 
t. g,,(t) is obtained as an average over the trajectories of 
all of the chains in the model system. At a very short 
time, gcm(t) has the Rouse-like time dependence given by 

gcm(t) - t (6)  
which are therefore in accord with the center-of-mass 
motion of Rouse-like chains. Thus, there is an initial time 
regime that even in dense systems the dynamics of chains 
are Rouse-like. At some time scale, t,, corresponding to 
displacement distances of gcm(t) of the order of a single 
chain segment, well-defined deviations from Rouse-like 
results begin. The onset a t  a finite time, t,, of the deviation 
with Rouse dynamics of a chain is in agreement with the 
coupling scheme where the quantity wC-l can now be 
identified with t, of the MC simulation. 

Next we shall show that the deviations from Rouse 
dynamics for t > tc (or w,t > 1) can be related to a slowing 
down of relaxation rate, given by eq 1. 

Actually, the single-bead autocorrelation function de- 
fined by 

0" 0.0 
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obtained from the MC simulations has been shown by 
KSY* to correspond to slowed-down, Rouse-like motions. 
There the fits to the beaded profiles require that an 
apparent time-dependent self-diffusion coefficient of the 
center of mass obtained from D ( t )  = gcm(t)/6t must be 
used. The approach here is different, and we shall focus 
ongcm(t) instead ofgi(t) or the average over all beadsg(t). 
The deviation of g,,(t) from Rouse behavior given by eq 
6 appears as a crossover a t  t > t ,  (corresponding to distances 
such that l2  < gcm(t) < 2 (S2), where (S2) is the mean- 
square radius of gyration and 1 the bond length) to a simple 
scaling relation 

g,,W - tu,  a 1 (8) 
The scaling relation (8) is exact in the range of statistical 
accuracy, and there are no systematic deviations, except 
very close to the vicinity of 2(s2), where the ta regime 
crosses over into the Iong-time diffusion limit; namely 

(9) 
where the constant has a small positive value and reflects 
the faster motion over the initial ta regime. As chain length 
increases, the exponent a decreases, presumably reflecting 
more and more constrained motion. Here, and in what 
follows, we use D* to refer to diffusion constants extracted 
from simulations. 

MC simulations of dense cubic lattice multichain 
systems founds that a decreases from the value of 0.909 
at  N = 64, to 0.890 at  N = 100, to 0.839 a t  N = 216, and 
to N = 0.705 at  the longest N = 800 studied. It was also 
shown that in this range of chain lengths N there is a 
crossover from a weaker dependence of the diffusion 
coefficient, D* - N-l, on chain length for Rouse chains 

g,,(t) = 6D*t + constant 
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Figure 2. Same as for Figure 1 except the data are from the 
computer simulation of Pakula and Geyler.9 
to a much stronger one consistent with a 

D* N~ (10) 
dependence (Figure 1). 

We point out that a similar tu behavior of gcm(t) has 
been observed by all MC simulations, including an off- 
lattice one by Bishop et al.," an earlier study byKremer,lZ 
a study of lattice systems with completely filled space by 
Pakula and co-workers! and even in a molecular dynamics 
simulation of Kremer and Grest.lo In the last two studies, 
both the decrease of the exponent a and the crossover of 
the N dependence of D* from N-' to N-2 with increasing 
chain length were obtained (see Figures 2 and 3). The 
values of a are comparable and even its minimal value of 
about 0.7 attained at  the longest chain length studied in 
each simulation is about the same for all simulations. This 
deviation from Rouse behavior as given in eq 8 cannot be 
explained by the reptation model of polymer melt dy- 
namic~. '~  From reptation, one expects (see eq 3.10b of ref 
10) 

g c m w  - P2 (11) 

g,,(t) - t (12) 

in the intermediate time regime of t  < T R , , ~ ,  where rhuse 
= {N(S2(N))/37r2kT, and 

for t > rhUae. Thus, the time behavior of the center-of- 
mass motion predicted from the reptation model is in 
disagreement with all three major computer simulations. 
However, we shall show that this anomalous ta time 
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dependence eq 8 for l2  I g c m ( t )  5 2( S2) and the resumption 
a t  long times of the diffusion limit of eq 9 can be derived 
from the coupling scheme. As shown by Orwoll and Stock- 
mayer," a freely jointed chain of N + 1 beads has the 
translational diffusion coefficient DO given in terms of the 
longest Rouse relaxation time 71 by 

Do = Nb2/(3R271) (13) 
A reasonable choice for the mean-square displacement of 
the center of mass that corresponds to global chain 
diffusion is (9)) the mean-square radius of gyration. From 
the relation 

(S2) = (l/6)Nb2 (14) 

Do = (S2)Xo/3 (15) 

we rewrite eq 13 as 

where 
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can be considered as the diffusion rate. 
If P(R,t) is the probability of the center of mass being 

at R a t  time t ,  it is a solution to the diffusion equation 

There is an alternative way of arriving at  the previous 
equation by considering the center-of-mass diffusion as a 
continuous-time random walk (CTRW) process with step 
length or walk distance of 

co = (S2)"2 (18) 

$( t )  = Xo exp(-hot) (19) 

and a transition time distribution function 

The exponential nature of the transition time distribution 
function reflects a classical Markov process corresponding 
to diffusion with a time-independent diffusion rate Ao as 
represented by eq 17. The mathematical framework of 
the CTRW process is well documented by Montroll and 
Weiss.ls Its use in the formulation of dispersive trans- 
lational diffusion was made earlier by Ngai and Liu.16 
These results (see sections I1 and IIB and Appendix C of 
ref 16) will be taken over in the present considerations. 
Center-of-mass diffusion is now described by the equation 

BP(R 2- t )  - (c,2/6) S,'4(t - t' )V2P(R,tr ) dt' 
at 

where $ ( t )  is the memory function. In the CTRW 
formalism the Laplace transform 4*(u) of 4(t)  is related 
to the Laplace transform J/*(u) of $(t)  by 

4*b)  = u$*(u)/[l- $*Wl (21) 

4(t) = 2XOW (22) 

It can be verified that for $(t)  given by eq 19 

where a(t) is the delta function. Upon substitution of this 
expression for &) into eq 20, we recover the original 
diffusion equation (17). 

In the CTRW formulation, the random walk is described 
by the probability Q(t) that the center of mass, initially 
a t  a site, will remain at  the same site a t  a later time. For 
random walks of distance co with a time-independent 
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Figure 3. A log-log plot of the product 6DN vs N from the 
molecular dynamics simulation of Kremer and Grest.lo The short 
solid lines drawn through some data points represent the 
predicted approximate local slopes of the variation of log (6DN) 
vs log N predicted by the coupling model and given by the 
expression 2 - 2/a(N) ,  where a(N) is the exponent in the 
intermediate time dependence to(w of g,(t). 

transition rate of h, Q(t) satisfies the rate equation 

dQ/dt -A,,Q (23) 
The transition time distribution function $(t)  is defined 
by 

$(t)  = -dQ/dt (24) 
It is now clear that the expression for $(t)  given earlier in 
eq 19 for classical diffusion such as in Rouse chains follows 
from eqs 23 and 24. 

The above discussions on the CTRW formulation of 
Rouse chain diffusion provide the framework for incor- 
porating the modifications as proposed in the coupling 
scheme, i.e., the slowing down of the Rouse chain diffusion 
rate ho by constraint dynamics caused by entanglements 
with other chains. In the coupling scheme (see eqs 1-4) 
the constant diffusion rate A0 will be slowed down to the 
self-similar, time-dependent form of 

wD(t) = hO(Uct)-nD (25) 
The coupling parameter nD for self-diffusion may not have 
the same value as the coupling parameter nl for shear 
deformation of the Rouse mode with the longest relaxation 
time because the molecular motions involved in the two 
processes are not the same.7 The function Q(t) now 
satisfies the modified rate equation 

dQ/dt = -ho(~,t)-"~Q (26) 
and it follows from eq 24 that 

$(t) I -dQ/dt = X o ( ~ , t ) - " ~  exp[-(t/~D*)l-"~] (27) 
where 

(28) 
With $( t )  determined by eq 27, the mean-square dis- 
placement of the center of mass g,,(t) can be obtained by 
solving the CTRW equation (20) with the memory function 
4( t )  given by the inverse Laplace transform of eq 21 where 
$*(u) is the Laplace transform of $(t), now having the 
slowed-down form of eq 27. The mathematical techniques 
for solving these equations and the solution gcm(t) (which 
is (r2( t ) )  in ref 14) can be found in an earlier publication.ls 
The results for g,,(t) were given for two time regimes, t 
<< TO* and t >> TO*, by eqs 22,39, C9, and 43 of ref 16. We 
rewrite these results here as 

TD* = {(I - nD)U?hC 1 ) 1/(1-"D) 
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the value 

n, = 0.33 (37) 
is e x t r a ~ t e d . ~ ~ ~  Alternatively, as done in ref 7, by equating 
the measured activation energy E,* of the self-diffusion 
coefficient of polyethylene or hydrogenated polybutadi- 
ene to the prediction of eq 34 

E,* = E,/(l - nD) (38) 

n, = 0.32 (39) 

and knowing E, from other sources,6J the value 

had been deduced. As discussed in the Introduction, 
although the coupling scheme does not provide a calcu- 
lation of no, the multiple predictions it makes as exem- 
plified by eq 34 offer a number of ways to extract its value 
from experiment. We can use one prediction, say eq 38, 
to determine no from experimental data. After the value 
0.32 of no is determined this way from eq 38, we use it to 
predict for N >> Ne that 

(i) D* - N1.94 (40) 
for the molecular weight dependence of D* from eq 34 and 
that 

(ii) g,,(t) - , for t  < rD* (41) 
from eq 29a for fully entangled systems. Prediction i is 
in good agreement with the well-known N-2 dependence 
of self-diffusion experimentally observed in many, though 
not all, polymers. Prediction ii holds for the regime of N 
>> Ne only. Computer simulations are invariably limited 
by available computation time, and in all published 
simulations, the simulations are terminated at  sufficiently 
large N to ensure crossover from the Rouse regime with 
D - N-' to the D - N-2 regime. The minimal values of 
the exponent of eq 8 obtained for the largest N by Ko- 
linski et ala8 and Kremer and GrestlO are respectively 0.69 
and 0.70. These values are in good agreement with the 
predicted exponent of 0.68 given in eq 41. 

In all computer simulations,g10 it is found that, as N 
increases to crossover from the Rouse regime to the 
entangled regime, the exponent a decreases monotonically 
from 1.0 toward the minimal plateau value of about 0.68, 
while the exponent a of D* - N-" increases monotonically 
from 1.0 to approach the plateau value of 2.0 (see Figures 
1-3). The trends in the variations of the exponents a and 
a as well as their correlation are easy to explain. For small 
N such that its chain dynamics are essentially Rouse-like 
at  all times, no z 0 because the chains are independent. 
For N >> Ne, the chains are fully entangled, the chain 
dynamics are cooperative, and no appears to reach the 
plateau value of 0.32-0.33. In the crossover region, the 
coupling scheme expects17J* that no increases monoton- 
ically with N because the dynamical constraints increase 
also monotonically with N .  Although eq 34 is strictlyvalid 
when no is a constant independent of N ,  the expression 
is a reasonable approximation for the exponent a 

a = 2/(1- n,) - 1 (42) 
The exact procedure is to calculate D* as a function of N 
from eqs 30 and 31 with no as a function of N taken from 
computer simulation data. The exponent a is then 
obtained as a function of N by taking the derivative -d log 
D*/d log N .  However, this procedure is impractical here 
because computer simulations do not give the actual 
physical value of wc. Nevertheless, we expect this exact 
value of a will be well approximated by the right-hand 

= [i/rq + 1/(1 - nD))](t/TD*) (2%) 

It can be seen immediately from the equations above that 
the gcm(t) predicted by the coupling scheme has a tu 
dependence as given by eq 8 within the intermediate time 
regime with 

a = l - n ,  ( 2 9 ~ )  
and the diffusive t dependence as given by eq 9 in the long 
time regime. Both features have been obtained by 
computer simulations.gl0 The questions remain as to the 
magnitude of no and its dependence on N .  

For N << Ne,  the polymer chains do not entangle. The 
absence of entanglement coupling requires nD to vanish. 
As N is increased to approach Ne, the dynamicalconstraints 
between chains are enhanced, and no increases mono- 
tonically. When N >> Ne,  that is, well into the entangle- 
ment regime, no will plateau to a constant value. This is 
because the number of entanglements will then increase 
proportionally with N / N e ,  a self-similar situation, and the 
coupling parameter will remain constant. We can calculate 
this plateau value of no by comparing the predictions on 
the N (or molecular weight M) and temperature depen- 
dencies of gcm(t) with either computer experiment or real 
self-diffusion experimental data5J of fully entangled 
systems. The self-diffusion constant D* is obtained by 
comparing eq 29b with eq 9 for large t as 

D* = ((S2)/6rD*)[(1 - nD)/U2 - nD)l (30) 

7D* = ( (r2/6) (1 - nD)w271)1/(1-nD) (31) 
The pair of equations (32) and (33) have been obtained 
before517 by a different approach based on an argument 
due to de Gennesl3 that 

D* - ( S 2 ) / T , *  (32) 
Equations 30, 28, and 16 can be used to derive the N 

and T dependencies of D*. We use the expression for the 
first Rouse mode relaxation times 71 

if t >> 7D* 

where 

(33) 
where 50 is the temperature-dependent monomer friction 
coefficient and ( Z 2 )  is the effective square of the bond 
length. The N and T dependencies of D* are predicted 
to be given by 

We have assumed here the special case that the Rouse 
monomeric friction coefficient TO has an Arrhenius tem- 
perature dependence 

t o  OC exP(E,/kBT) (35) 
where E, may be identified with the internal rotation 
isomerism energy barrier, as is appropriate for polymers 
with low glass temperature such as polyethylene and 
hydrogenated polybutadiene.5>7 

By equating the molecular weight exponent in eq 34 to 
the value of approximately -2 obtained in computer 
simulations and actual experiments, i.e. 

1-2/(1-n,)  = 2  (36) 
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side of eq 42 when the variation of no with N is not fast. 
By inspection of the relation for the exponents given by 
eqs 29c and 42, it is clear that the coupling scheme predicts 
that 

CY = 2/a - 1 (43) 
i.e., a correlation of the decrease of a with the increase in 

Actually, we can go further in the comparison of the 
predictions, eqs 29c, 31,42, and 43 of the coupling scheme, 
with the three major computer simulations. From the 
intermediate time ta(M dependencies of gcm(t),  eqs 8 and 
29a, obtained by computer simulations for an N-chain, we 
deduce the corresponding coupling parameter nD(N) from 
eq 29c. With nD(N) determined, the exponent a(N) can 
be calculated by eq 42. In this manner, the coupling model 
permits us to predict approximately (because eq 42 is not 
exact) the local slope at  N of the log D(N) versus log N 
plot of the computer simulation data; i.e. 

d log D*(N)/d log N -a(N) 1 - 2/a(N) (44) 
The predicted values of local slopes are indicated in Figures 
1-3, where log-log plots of either 6D* or 6DN vs N for the 
KSY, Pakula-Geyler, and Kremer-Grest simulations are 
shown. In Figures 1 and 2, the diffusion coefficients 
obtained from two computer simulations8~9 are plotted 
separately as open circles. The short solid lines through 
data points are the approximate tangents to a log-log plot 
a t  points (N,6D*(N)) with slopes 1 - 2/a(N) calculated 
from eq 44 of the continuous curve obtained by interpo- 
lation of the discrete computer simulation data. Similarly, 
in Figure 3, the short solid lines through data points are 
the approximate tangents a t  points (N,6D*N) with slopes 
2 - 2/ (1  - No) in a log-log plot of data from ref 10. By 
inspection of Figures 1-3, the coupling scheme predictions 
seem to be in good agreement with the computer exper- 
iments for the center-of-mass autocorrelation functions 
g,,(t) and self-diffusion coefficients D*. Thus, not only 
is the form of g,,(t) obtained by computer simulations, 
eqs 8 and 9, in agreement with the coupling scheme 
predictions, eqs 29a and 29b, but alsocorrelations between 
the exponent a and the variation of D* with chain length 
N are expected by the coupling scheme for monodisperse 
systems. In other words, using the exponent a(N> provided 
by the computer data, the variation of D* with Npredicted 
by the coupling scheme is in good agreement with the 
data. In particular, for large N, the coupling scheme 
correctly predicts the D* - N-2 (see eqs 40 and 41). 

111. Dynamics of a Probe Chain in a Matrix of 
Different Degrees of Polymerization 

Monte Carlo simulations of the dynamics of a probe 
chain of size Np dissolved in a matrix of polymers, each 
containing N m  beads, have also been performed.8 All the 
computational MC experiments were performed at  a single 
total volume fraction of polymer 4 = 0.5, where 4p + 4, 
is the sum of the contributions from probe polymers and 
matrix polymers, respectively. The value of 4p was always 
much lower (by a factor of 32-40) than 4,. To date, only 
the dynamics of a probe chain consisting of Np = 100 
segments in a matrix of chains of the length of N, = 50 
up to N ,  = 800 have been simulated by means of cubic 
lattice MC calculations. As we shall see, for reasons to be 
discussed it is desirable to have simulations for probe 
chains of Np = 800 and N, = 50 up to 8000. Unfortunately, 
the computations for Np = 800 and Nm >> Np are extremely 
time-consuming, and they are not feasible a t  this time. 

The mean-square displacement of the center of mass 
gcm(t )  of the probe polymer with Np = 100 in various linear- 

CY. 
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chain matrices up to N ,  = 800 has time dependencies also 
given by eqs 8 and 9, as in the homopolymeric (Np = N m )  
melt case. The continuous-time random walk calculation 
of gcm( t )  based on the coupling scheme given in the previous 
section applies also for a probe chain in a matrix. The 
results for gc,(t) can be taken from eqs 29-31. In order 
to distinguish the coupling parameter for a probe chain 
dissolved in a matrix from that for a chain in the ho- 
mopolymeric melt, we use np and up instead of no and u, 
respectively. The results for g&) of the probe chain 
from MC simulationss and from the coupling scheme, eqs 
29a and 29b, are again identical. Thus, we may also 
conclude that probe chain dynamics are consistent with 
the coupling scheme description. 

Although the coupling model does not provide a 
calculation of the coupling parameter of a probe chain in 
any matrix, it can rationalize the trend of the variation of 
np with N, for fixed Np. If Np is sufficiently large that 
in the homopolymeric melt, N m  = Np, the chain experiences 
significant entanglement coupling with other chains, then 
the homopolymeric coupling parameter no has a nonzero 
value. This is the case for the probe chain consisting of 
Np = 100 segments studied by MC simulations because 
when N, = Np = 100, a = 0.890 and no = 0.11 is nonzero. 
The coupling parameter of the coupling model in eq 1 is 
a measure of the slowing down of the Rouse rate of a probe 
chain resulting from the coupling with other chains. 
Starting from the homopolymer with Np = N m l  consider 
what happens if Nm of the matrix is reduced such that Nm 
< Np. The matrix chains now being shorter will relax 
faster than the probe chain, and therefore the dynamic 
constraints they impose on the probe chain in the ho- 
mopolymer will be reduced. In other words, part of the 
dynamical constraints in the N m  = Np homopolymer are 
mitigated in a matrix with N m  < Np. Using a constraint 
dynamics formulation4J7J8 of the coupling scheme, we 
would expect from mitigation of dynamical constraints 
that the coupling parameter np will be reduced from the 
homopolymer value no, i.e. 

(45) 

up > a, if N, < Np (46) 
On the other hand, if N, > Np the matrix chains become 
longer and relax slower than the probe chain. Dynamic 
constraints on the probe chain will be enhanced in higher 
N m  matrices as compared with that in the homopolymeric 
melt. From the coupling theory, one expects that 

(47) 

up < a, if N, > Np (48) 

These predictions for the trend of np or up with N, are 
verified by the results of MC simulations. In fact, a probe 
polymer with Np = 100 has u = 0.890 in the homopolymer. 
In a matrix of shorter length N m  = 50, up = 0.958 is larger 
than a, in agreement with eq 46, while in matrices of longer 
lengths N m  = 216 and 800, ap = 0.883 and 0.825, 
respectively. The decrease of up with increasing N, is 
also in agreement with eq 48. 

Associated with the decrease of up with increasing N m ,  
the MC simulations find that the diffusion coefficients 
D* also decrease; the decrease is about 30 % over the range 
of N, studied. This dependence of D* also follows as the 
consequence of another prediction of the coupling scheme 
from eqs 30 and 31 after being generalized to probe 

np < n,, if N, < Np 
or 

np > n,, if N, > Np 
or 
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diffusion as 

Macromolecules, Vol. 24, No. 7, 1991 

tal2.  The latter prediction is also in accord with extant 
simulations. However, it may be argued that since all the 
simulations are in the crossover regime to fully entangled 
behavior, the exponent a has not achieved its minimal 
value. If a assumes a value of l / 2  (consistent with 
predictions of reptation theory), then it follows from eq 
44 that D* - N-3. Unfortunately, the asymptotic scaling 
of D* with N remains the object of some controversy, and 
additional computer simulations at  longer chain lengths 
are required to establish the asymptotic value of a and its 
relationship to a. Nevertheless, based on extant simulation 
and experiments to date, it seems fair to conclude that the 
coupling model has proven capable of rationalizing the 
behavior of entangled polymer melts in a wide variety of 
situations and thus remains a viable alternative theory to 
the reptation model of polymer melt dynamics. 
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