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ABSTRACT The static and dynamic properties of polymeric melts are analyzed by an extended Monte Carlo 
simulation of self-avoiding walks (SAWS) on the diamond lattice for chain lengths up to 200 steps. For the 
static properties we find that the mean square end-to-end distance for melts at concentrations c - 1 is equal 
to the result for a single chain at T = 8, the 8 temperature. We choose conditions where SAW effects on 
the polymer configurations are screened out over distances much smaller than the coil radius. Neither the 
dynamic structure function S(k,t)  nor the mean square displacements of inner monomers show any onset 
of reptation but are well accounted for by the Rouse model. Reptation is only found for a system where all 
chains except one were frozen in. But it also turns out here that recent theories can describe our results only 
qualitatively. 

I. Introduction 
Dense systems of long flexible polymers show a signif- 

icantly different physical behavior compared to the single 
chain in very dilute solution. The static properties of a 
single chain in solution now seem to be rather well un- 
derstood theoretically and experimentally (ref 1 and 2 and 
references therein). Much more complicated is the situ- 
ation in polymeric melts. Especially, the dynamics of 
melts, where the chains are strongly entangled, is still 
poorly under~tood.~  The dynamics of a single chain is, in 
the so-called free-draining limit, well described by Rouse 
 dynamic^.^^^ There exist several approaches of modifying 
this model in order to take into account the increasing 
number of entanglements.6 However, all these theories6 
increase the local friction and do not take into account the 
topological character’ of the entanglements, which means 
that no two bonds are allowed to cross each other during 
a possible motion. A very different approach now is given 
by the reptation m 0 d e 1 . ~ ~ ~  Here, the topological character 
of the entanglements is considered in the following way. 
Due to the restrictions of the other chains a single chain 
only can move through a “tuben8 built of fixed obstacles 
by the surrounding monomers. The crucial point in this 
theory is the assumption that the fluctuations or the mo- 
bility of this randomly shaped tube is much lower com- 
pared to the motions of the single chain itself (see, e.g., 
ref 10). Although it is not clear up to now how and if the 
crossover from a less dense system with “fast-moving 
obstacles” to the dense system with “fixed obstacles” oc- 
curs, most of the later theoretical and experimental 
work1b12 is based on this model. However, there are nu- 
merical investigations of dense polymer systems with 
rather short chains which do not show any crossover to 
reptative behavior.13J4 Analogously, spin-echo neutron 
scattering studies of polytdimethylsiloxane) (PDMS) 
meltsx5 do not show reptation. On the other hand, de 
Gennes and LBgeP claimed that the chains in these 
studies are still too short to be entangled and to show 
reptation. In addition, a new NMR investigation of the 
dynamics of a polymeric melt17 used the Rouse model to 
explain the results. 

Therefore it seems to be useful to present an extended 
numerical investigation in which all conditions for repta- 
tion to occur, known up to now, are fulfilled. We want to 
check whether reptation occurs in such a system or not. 
This investigation then also can clearly show the short- 
comings of a recent Monte Carlo investigation18 that claims 
to find the reptation behavior. 

‘This paper is in partial fulfillment of the requirements for the 
Ph.D. Thesis at the University of Cologne. 

In order to fulfill the mentioned conditions, a t  first we 
have to analyze very carefully the static properties of our 
dense system compared to other systems. In this context 
a connection to the @point behavior of polymers is ana- 
lyzed. This is done in section 111, while in section I1 the 
model used and the Monte Carlo algorithm are explained. 
In section IV the dynamics is investigated, and section V 
contains the conclusions. 

11. Model and Monte Carlo Methods 
To test the predictions of the reptation model, one has 

to use many long chains a t  high density. In order to reach 
this aim it is necessary to use a lattice model. In the 
present work the diamond lattice is used. The chains are 
then modeled by self-avoiding walks (SAW) that are con- 
fined to the lattice. This SAW consists of N bonds con- 
necting N + 1 monomers which sit on the lattice sites. 
Besides the SAW condition, which means that no site can 
be occupied by more than one monomer, no further in- 
teraction is considered. The concentration, which is a 
difficultly determined quantity for off-lattice 
is simply defined by the mean number of monomers per 
lattice site. The length 1 of each bond is given by l 2  = 3. 
For a more detailed description of this model we refer to 
ref 2 and 19. For the simulation, we use a 3-4 bond motion 
as described in detail in ref 2 and 19. In addition to the 
single-chain problem, the special chain in which a motion 
is attempted is chosen by a random number. This kind 
of motion obeys Rouse d y n a m i ~ s , ~ J ~  which means that a 
microscopic time step T~ is given by one attempted motion 
per bond of our whole system. Entanglement effects are 
automatically taken into account by the SAW condition, 
because for the chosen motions no bond cuts during the 
rotations are p0ssib1e.l~ Taking this fact into account and 
noting that simple occupation numbers replace time-con- 
suming distance calculations of the continuum models, it 
is clear that, for our present computers (IBM 30331, using 
such a lattice model allows an approximate increase of a 
factor of 10 in the chain lengths for similar computing 
times. This results in longer effective chains even if one 
takes into account that  a bond of a lattice polymer (co- 
ordination number of the diamond lattice is q = 4) rep- 
resents a lower number of real bonds than a bond of a 
freely jointed polymer.13J4 Otherwise one is not able to 
reach long chains13 or one cannot test explicitly the en- 
tanglement ~ 0 n d i t i o n . l ~  

In the present investigation chain lengths up to N = 200 
and concentrations up to c = 0.344 are used. The smaller 
systems are only needed for static properties. In order to 
simulate such a system and to cover all necessary time 
scales, one has to introduce periodic boundary conditions. 
For the present system the unit cell is a fcc cube of length 
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b = 4 and eight lattice sites with a basis vector ( l , l , l ) .  
Therefore for cubes with side lengths which are multiples 
of four, the periodic boundary conditions cause a simple 
b a c k ~ h i f t i n g . ~ ~ ~ ~  In order to prevent serious influence due 
to unphysical self-entantanglements, the length L of the 
cube must be larger than the chain diameter, which means 

L > 2(RG2(N))'" (1) 

where (Rc2(N)) = ((N + 1)-2Cg1C"::l Fi - F')2), with 
the position of the ith monomer, is thi ridius of gyration. 
Then self-entanglements are still possible but have a very 
small probability, and therefore their influence can be 
neglected. Because i t  is complicated to find a starting 
configuration of SAWS on this lattice, we started with 
NRRWs (nonreversal random walks). NRRWs are simple 
random walks where direct self-reversals are forbidden. 
The lattice was filled up randomly with the desired number 
of NRRWs with length N. Then each occupied site was 
registered as occupied with the logical variable "true". 
During the simulation, after each performed motion, new 
occupied sites were registered in the same way and no new 
double occupancy was allowed. It turned out that  even 
for the largest system (seven chains with N = 200, L = 32, 
and c = 0.344), less than 100 successful motions per bond 
were needed to change the initial NRRW system into a 
SAW system. This method also seems to be very useful 
for searching for the properties of very dense systems. The 
relaxation of the system into equilibrium was controlled 
by comparing the mean square end-to-end distance of a 
single chain, ( R 2 ( N ) )  = ( (F1 - FN+J2), with the mean value 
of all chains. During the calculations all coordinates of a t  
least one chain were stored in the system by a compact 
storage algorithm, as described in detail in ref 19. This 
algorithm uses integers from 0 to 3 for the four possible 
bonds; therefore an integer 4 number (S231 - 1) can contain 
a sequence of 15 bonds. 

111. Static Properties of Melts 
For dense polymer systems it is well-known that the 

exponent of (R2(N,c)) and (RG2(N,c)) changes over from 
the SAW behavior (v = 0.59) to classical behavior (v = l /J .  
This does not mean that the chains then behave as simple 
random walks ( (R2)  = PN), as shown below. Because it 
is impossible to perform dynamical Monte Carlo calcula- 
tions a t  c = 1, one has to analyze carefully the above- 
mentioned crossover. This can be performed by using the 
scaling theory of Daoud and Jannink.20 For a given con- 
centration c we can define a screening length [. Over 
distances less than E the monomers mainly interact with 
monomers of the same chain; therefore within this distance 
the polymer still has its SAW behavior. Using the blob 
c o n ~ e p t , ~  one can say that inside blobs of diameter E the 
chain is expanded; this gives 

ct lNL, v = 0.59 (2) 

where NB is the number of monomers in such a blob. For 
distances larger than .$ the interaction with the other chains 
screen out the expanding forces. Therefore the mean 
square end-to-end distance of the whole chain can be de- 
scribed by an ideal chain of N/NB bonds with bond length 
E 

(R2(N,c)) 0: l2NBzU(N/NB) (3) 
Of course, this is only valid for NB 5 N .  The critical 
concentration c*, where the region of validity of eq 3 be- 
gins, is simply estimated by 
c*(N) i= N/(R2(N))d/2 a l -dp -ud  a N-O.77 

(v = 0.59, d = 3) (4) 
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Figure 1. log-log plot of (R2(N,c ) )  and (Rc2(N,c))  for different 
concentrations. The data for c = 0, taken from ref 2, clearly give 
v = 0.59. For the systems at c = 0.24, taken from ref 35, and c 
= 0.304344, no distinction within this figure can be made. The 
data give v = 0.50 f 0.1. 

In our case this gives c*(N = 50) = 0.05 and c*(N = 200) 
= 0.02. Of course, the exact value of c*(N) can differ from 
these estimates by a factor of 2 or 3, but remembering the 
prefactor of ( R 2 ( N ) )  of a single SAW on this lattice,2 one 
can see that the precise value of c* seems to be lower than 
the above numbers (see Figure 1). Using these results, 
one can write the crossover in a scaling formz0 

(R2(N,c)) = P"'(c/c*(N)) 
= P " ( C / N - )  (54 

with 
f(x) a constant, x - 0 

a x-( 1-2u) / (1-ud) , x > > l  (5b) 

which gives 

(R2(N,c)) 0: Nc4.23 (d = 3, v = 0.59) (6) 

for c* << c << 1. 
Here, we are mainly interested in very dense systems. 

Therefore the restriction c << 1, which means NB >> 1, may 
not be obeyed. For the diamond lattice one needs NB > 
20 to reach the behavior of eq 2.2 Therefore eq 5 can only 
be valid for 

c* << << o (204.77) i= 0.10 (7) 
With the result (R2(N = 20)) of a free chain of 20 bonds, 
this boundary is lowered to 0.02. Therefore concentrations 
of c > 0.1 represent very dense systems. For higher con- 
centrations with NB 5 20, it is a very good approximation 
to use instead of eq 2 the NRRW formula2* (q = 4) 

t2 = ~ N B  - 4.5 i= ~ N B  (8) 

which gives an effective exponent veff between the limits 
v = 1 / 2  and v = 0.59. After eq 5b this results in a con- 
centration-dependent lowering of the exponent (1 - 2v)/(l 
- vd). Table I gives the results of different systems, and 
Figure 1 shows a log-log plot of (R2(N,c)) and (RG2(N,c)) 
compared to the c = 0 case. For concentrations c i= 0.24 
and c i= 0.30-0.35, there is no significant difference in the 
data. One clearly finds the exponent v = in agreement 
with  other^.^^,^^ In Figure 2 we try to extrapolate 
(R2(N,c))/N to c - 1. The data show, as expected, a 
c-dependent decrease in slope. A similar decrease, smaller 
than the scaling prediction, was also found by other au- 
thors for various systems of shorter  hai ins.^^,^^-^^ For the 
extrapolation to c = 1 we first find a trivial lower bound, 
the NRRW result, which gives for a lattice with coordi- 
nation number q = 4 just (R2(N))/N- 212. This is a lower 
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Table I 
Results for Systems with Concentration c > 0.30a 

N NC L C ( R 2  ( N , c ) )  (RG' (N ,c ) )  
40 8 20 0.32 2 8 0 ?  2 45.1 
50 6 20 0.30 365 f 5 59.7 
60 5 20 0.30 4 3 8 i  5 71.8 

200 7 32 0.344 1 5 0 0 t  30 2 5 5 *  5 
200 7 32 0.344 1 4 6 5 +  30b 245 i 5 b  

a N gives the number of monomers and NC the number 
of chains of the special system in the box of size L 3  with 
periodic boundary conditions. Further data, used in 
Figures 1 and 2, are only used to clarify the situation. 
These data were calculated for further purposes.' 9 , 3 5  

Results of the single mobile chain of 200 bonds in a 
frozen environment of other 200-bond chains. Because 
the environment is built by the same chains, no significant 
change in tRZ)  and (RG?  occurs. 

1 c = 3 U %  , 3-4  Bond Motions 

0.00 l& 

1 
t t 

0.001 0,001 

Figure 3. Coherent static structure function S(k)  and k2S(k)  (eq 
12) of a single chain of 200 bonds at c = 0 calculated by the 
reptation alogorithm' and of a chain in a melt of the same chains 
(all chains moving) (N = 200) at c = 0.344. For ~ T ( R ~ ~ ) - ' / ~  < 
k < 2 d '  one expects S ( k )  a k-'/". The single free chain shows 
v = 0.59 in the range 0.1 < k < 1.5. The chain in the melt clearly 
shows a blob boundary at k = 0.65. For large k the desired 
scattering around 1 /N  is reached. 

For our largest system (seven chains with N = 200, L 
= 32, and c = 7(N + 1)/(L3/8) = 0.344), which is used later 
for analyzing dynamics, NB is directly calculated via the 
coherent structure function S ( k )  of a single chain in the 
melt of moving chains. S ( k )  is given by 

' ' " " " '  ' " ~ ' " ' 1  ' ' 1 1 1 ' ' / 1  * 
01 1.0 k 10 0.1 1.0 k 

The index 1i1 means that S ( k )  is an average over all di- 
rections of k in order to avoid Bragg peaks and to calculate 
melt results.2 In Figure 3 the result is shown in comparison 
to the data of a single free 200-bond chain. The free SAW 
clearly shows v = 0.59 for wave vectors k within 0.1 < k 
< 2.0, which means that over distances A, 27r/0.1 > X > 
2 ~ / 2 . 0 ,  the chain behaves as an SAW. This is the range 
of lengths from the whole chain diameter down to a few 
bonds. For the chain in the melt, the figure shows a very 
different behavior. Up to k I 0.65, we find v = 1 /2 ,  which 
means that for distances larger than AB = 2~/0 .65 ,  the 
chain behaves as an ideal one. For X < 27r/0.65, we find 
an increasing exponent veff; the SAW structure becomes 
dominant. This means that the diameter dB = E of the 
blobs is given by 

d B  i= = 2 T / k ~  i= 10 (13) 

Using eq 8, we arrive a t  NB = 16. This is a somewhat 
higher value than expected from eq 4 and 8 (NB i= lo), 
which seems to be an effect of the fluctuations in the 
system, because all chains are moving. Concerning this 
result (N > 10NB), we can claim that the system of chains 
with 200 bonds a t  c = 0.344 really represents a dense 
polymeric system. 

IV. Dynamic Properties of Melts 
For analyzing dynamical aspects of polymeric melts only, 

the largest system of 200-bond chanins is used. As men- 
tioned in the Introduction, up to now there exist, in 
principle, two models for chain dynamics. The first one 
is the Rouse model, which should hold in the so-called 
free-draining limit. The second one is the reptation model, 
which is often10-12J8 expected to hold for dense systems. 
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Here, we want to clarify whether a crossover from Rouse 
dynamics to reptation dynamics occurs for the available 
systems. First we look a t  the mean square displacements 
of an inner monomer, which is averaged over 20 monomers 
in order to reduce statistical scatter 
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and the corresponding displacements where the center- 
of-mass (?J motion is separated out 

1 110 

20i,g1 g,(t) = - c ({(?At0 + t )  - ?&to + t ) )  - ( W o )  - ~ & o ) ) 1 2 )  

(154  

Later on we also analyze the motion of the center of mass 
itself, which is measured by 

g3(t) = ( [?&to  + t )  - 7&o)I2) (15b) 

The Rouse model now predicts the following behavior4 At 
very short times t ,  g, and g, show the diffusion of a single 
monomer until gl and g, reach distances of 0(l2), where 
the monomer cannot diffuse freely any longer due to the 
chain constraint. Therefore we have 

gl(t) = gdt )  t ,  g,, g2 < l2  (16) 

At longer times the chain relaxation is dominant, which 
gives 

gl(t) = g2(t) a (17) 

until gl(t) reaches approximately (RG2(N,c) ). Then the 
whole chain diffuses, which results in 

gl(t) a gl(t) > (RG2(N,C)) 

gJt) 0: constant gl(t) > (RG’(N,c)) (18) 

For the reptation model a very different prediction is given 
by de Gennes.lo Here, we give a short explanation of the 
different power laws similar to those in ref 10 and 37. 
Equation 17 holds until gl(t) reaches d T 2 ,  the tube diam- 
eter. Orginally it was thought that  the tube diameter is 
nothing other than the blob diameter d B  of section 111. If 
we assume that dT = dg3’ (but perhaps the tube diameter 
is larger),16,31 the typical entanglement length Ne of the 
reptation model is of the order of NB, the number of mo- 
nomers per blob. After gl and g2 reach d T 2 ,  typcial con- 
figurations (de Gennes “defects”) inside a blob, or between 
two entanglement points, can only relax by diffusion along 
the tube. This Rouse relaxation of of defects along the 
tube, which itself is a random walk, leads to 

= g,(t) a (19) 

After the “defects” relax along the chain in the tube, the 
chain is still in the original tube. Now each single mo- 
nomer, just as the whole chain and therefore also the center 
of mass, diffuses along the same tube, which gives 

gl(t) a t1Iz 

gz(t) 0: constant (20) 
After the chain leaves the original tube one can speak of 
a free but very slow diffusion of the whole chain: 

gl(t) a t 
g2(t) 0: constant (21) 

Figure 4 summarizes the behavior of gl(t) as expected by 
the reptation model.1° Because Ne = NB = 10-16, all 
conditions up to now known necessary for the validity of 

I 1 1 * 
T,N: T , N ~  T,N) /N,  

In t 
Figure 4. Schematic picture of the mean square displacements 
of inner monomers as calculated by de Gennes.” TJP often is 
called Td, and T , P / N ,  T R ,  the tube renewal time. 

lo-’ -A; 

+a25 

+ 
io: i o 2  i o -  i o 5  t 

Figure 5. log-log plot of gl(t) vs. time t in units of the microscopic 
time constant T~ for N = 200. (a) Chain in a melt of the same 
chains at c = 0.344. The different symbols for g l ( t )  are due to 
independent runs covering different time scales. Where possible, 
results for g, and g, are included. (b) Single mobile chain in a 
frozen environment of the same chains at c = 0.344. Here, the 
different symbols represent independent runs for varying time 
scales with different environment configurations. 

the reptation model are fulfilled. Of course, if dT were 
much larger than dB, one always could argue that the re- 
gime of reptation is not yet reached. 

Due to the chosen algorithm of motion, which obeys 
Rouse dynamics for a free NRRW2J9 on this lattice, we can 
define a fundamental time step T~ by one attempted 
motion per monomer. To  cover the whole time scale, up 
to lo7 time steps were performed for the system where all 
chains were moving. Figure 5a shows the results for g,(t); 
parts of gz(t) and g3(t) are, where possible, included. The 
data start with the diffusion of the single monomer; then 
gl(t) shows for 5 decades Rouse behavior until gl(t) reaches 
distances of about ( R G 2 ( N ) ) .  Then g2(t) becomes a con- 
stant, and gl(t) shows the diffusion of the whole chain. 
This is in excellent agreement with the Rouse model and 
no onset of reptation can be seen. 

To  establish the characteristics of reptation in such a 
system, we also study the case where six of the long chains 
were frozen in and only the seventh chain was allowed to 
move. Using a corresponding time scale, we now, apart 
from the initial t1 law, find all the different regimes of gl(t), 
as predicted by the reptation model (Figure 5b). Figure 
6 shows the results for the single moving chain in the 
frozen system in more detail. Here, for t > lo4 it is possible 
to distinguish between gl(t) and gz(t). Just as predicted 
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i o 3  IO' io5 t io6 10' 

Figure 6. More detailed picture of the results of Figure 5b for 
gl(t) and gz( t ) .  Here, the different runs are not distinguished. 

c O Y /  

u t  
i o o  i o 3  i o 6  

Figure 7. log-log plot of the mean square displacements g3(t) 
vs. time t for the chain in the melt (0) and the chain in the frozen 
environment (+). Do/Dl gives the estimated ratio of the diffusion 
c0nstant.s. 

by eq 19-21, gz(t) clearly shows the t1i4 behavior for nearly 
2 decades until gl(t) shows the crossover into the second 
t l iz  regime, where g2(t) = constant. Comparing all these 
results with g3( t ) ,  which is shown in Figure 7, we find 
complete consistency. For t 5 5 X lo2, g3(t) for both the 
chain in the totally mobile system and the chain in the 
frozen environment concide. 5 X lo2 is just the time where 
gl(t) in the case of Figure 5b begins to recognize the tube 
walls, which results also in a decrease of the motion of thee 
center of mass. We now can calculate Ne using the results 
of Figures 4 and 6. This gives 

Ne i= 13 f 3 (22a) 
from the length of the t1I4 regime of gl(t) in Figure 6, 

N e  = 50 f 10 (22b) 
analogously from the second t1lz regime, 

Ne = 20 f 5 (22c) 
analogously from the t114 and t 1 / 2  regime together, and 

N e - 9 * 1  (22d) 
from &(71Ne2). These results show the more quantitative 
character of the above-mentioned estimates of de Gennes.lo 
Indeed, even for a frozen environment we expect along a 
chain fluctuation on the local dT etc., while in the theory,1° 
dT enters as an average effective quantity only. 

Because the functions gl(t) and g3(t) can in real exper- 
iments only be measured directly in their diffusive time 

0*01 'i s- 

Exp*  M C *  

0,OOlt I I I I I I I I I I - 
10.0 116 k212 

0.0 5.0 

Figure 8. S,(k,t) after eq 23 and 25 for the completely mobile 
system in a semilogarithmic plot vs. the variable 1/6k212(ut)1/2. 
The fit parameter w is set to 1 for the present data. For the 
included experimental and Monte Carlo data of ref 33, we needed 
w = 4.3. These data were taken from Figure 1 of ref 33. For a 
detailed comparison of these experimental and Monte Carlo data 
we refer to this paper.33 

limit ( t  - a), it  is useful to consider also the time-de- 
pendent structure function S(k, t )  of a single chain 

1 N+l N+l 

(23) 
This structure function can in a normalized form 

S,W = S(k , t ) /S (k ,O)  (24) 
directly be measured by neutron spin-echo methods.15 For 
the unrestricted Rouse model, one gets3' 

S,(k , t )  = f(12k2(wt)1/2/6), 
w t  >> 1 

f ( x )  a exp(-x), x: >> 1 (25) 
where w is a microscopic jump rate. Here, we set w = 1 
and use it as a fit parameter while comparing our results 
to other results. Equation 25 only holds for the ideal Rouse 
case. Here, we have to restrict ourselves to the region 0.1 
< k < 0.65 (Figure 3), because inside the blobs the chain 
is rather free and no change to non-Rouseian behavior can 
be expected. Figure 8 shows a semilogarithmic plot of 
S,(k,t) vs. 1/612k2(wt)1/2 for the system where all chains are 
mobile. The data clearly give a common curve as expected 
from the Rouse model until t k lo5, which is approximately 
the time where global diffusion occurs. For t > lo5, the 
correlation drastically breaks down, as shown by the data 
for k = 0.1 and k = 0.2. The results are in excellent 
agreement with former Monte Carlo and experimental 
results.33 Our new calculations extend their results to 
much larger values of k 2 1 2 ( ~ t ) 1 / 2 .  Again no evidence of 
reptation, where one expects a very different behavior, can 
be seen. For dT-l > k / 2 x  > (RC2)-1/2, one expects after 
de Gennes" 

f l S ( k , t )  = s ( k )  $. NNj(12k2(wt)1/2)  (26a) 

k1/27r < 1; 

with 
S ( k )  = S(k,O) exp(-(kdT/6)') 

and 
f ( X )  a '/3 - cox, x << 1 

a CJX, x >> 1 (26b) 
This gives 

S,(k , t )  = ex.( z) + -f(12k2(wt)'/2) "e (27) 
S(k,O) 
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Figure 9. S,(k,t) of the single chain in a frozen environment vs. 
1/6k212t1/2 in a log-log plot. 
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Figure 10. Extrapolation of S,(k,t) for the single mobile chain 
in the frozen environment to x - 0 with x = (1/6k212t1/2)-1 to 
estimate dT2 and Ne. The results of Ne using dT2 = 2PNe (NRRW 
formula) and dT2 = l2N'.l8 coincide within the errors. 

In Figure 9 we show the results for the mobile chain in a 
frozen environment, which are in good agreement with eq 
26. For x = 12k2(wt)1/z - 03, we arrive a t  S,(k,t) = exp 
(-(k2dT2/36)}. In Figure 10 the data of Figure 9 are ex- 
trapolated to x - m. Using dT2 = 6Ne,  one gets an ad- 
ditional estimate of Ne. The values are given in the table 
of Figure 10. They are, in contradiction to the theory, 
clearly k dependent but qualitatively agree with the results 
of Ne taken from the different time regimes of gl(t). Our 
results hence imply that reptation occurs for a frozen-in 
environment but does not occur if the environment is 
mobile, under otherwise identical conditions. This implies 
the tube diameter cannot be a consequence of geometrical 
constraints alone. 

The above-mentioned theory of de Gennes" is based on 
the idea that for t < TR ( = T ~ M / N , )  density fluctuations 
inside the tube are very small. If one now introduces 
explicitly the assumption that for t > 7d (=71w) two 
monomers i and j inside the chain (i # j ,  1 << i, j << N) 
move for the same time over the same distance, one arrives 
after a scaling assumption a t  a very different formula13 

S,(k , t )  = e~p(-F(k~Z~(wt)'/~]) (28)  

with F > 0 and F(x) 0: x for x >> 1. Figure 11 shows a plot 
of this scaling form. The strong line corresponds to the 
desired exponential behavior. The data of the reptative 
system only give a common curve for t < 7 d  and not for 
t > 7 d  as expected from eq 28. The crossover toward 
constant values for t > 7d seen in Figures 9 and 11 imply 
that the structure factor settles down a t  the appropriate 
values following from the mean monomer density inside 
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Figure 11. Double-logarithmic plot of S,(lz,t) vs. the modified 
scaling variable 1/6k212t1/4 (after ref 13). The full line gives 
qualitatively an exponential behavior. 

a tube as given by eq 26a and Figure 10. 

V. Conclusions 
The previous sections contain three results. With re- 

spect to static properties, we found strong numerical ev- 
idence for the equality of the values and not only the power 
laws of the mean square end-to-end distance for melts and 
for isolated chains at  T = 6 (eq 11). The prefactor is larger 
than the result for simple random walks by the factor 2.20. 
It is an interesting problem for future work to give more 
precise estimates of this factor for the diamond lattice as 
well as for other lattices and to look for its (probably) 
systematic coordination number dependence. 

Our main result concerns the dynamics of melts. Here, 
we find, even for a system which with regard to static 
properties should be a good candidate for reptative be- 
havior, no onset of reptation. Even if one considers the 
estimated tube diameters dT i= 30-50 8, for the smallest 
systems, where 7 R  0: M.3 16,31 occurs, our system still is a 
good candidate for reptation. For the very flexible PDMS, 
we estimate the typical length of a bond as 1 k 3 8, (using 
( R 2 ( N , e ) )  of ref 23). Taking into account that a lattice 
bond should represent a t  least =3 real bonds, the diameter 
dT = 30-50 8, corresponds to 3-6 effective bond lengths. 
This gives in our present units (note l2  = 3) dT2 30-120 
and Ne = 5-20. Thus the simulated system represents also 
from this point of view a "reptation system". In addition, 
our chains represent significantly longer effective chains 
compared to the shortest PDMS chains (M,  = 15 000), for 
which q 0: M3.336 was found. This was taken as a "proof 
for reptation". For the mean square displacements, we 
cover the whole time regime from initial diffusion of a 
single monomer to the final diffusion of the whole chain. 
A similar result is given by the time-dependent coherent 
structure function S,(k,t). S,(k,t) clearly shows Rouse-like 
behavior, in excellent agreement with the results of pre- 
vious simulations and neutron spin-echo measure- 
m e n t ~ . ' ~ - ' ~ , ~ ~  Our present data are able to extend the 
results to much higher values of the argument 1/612k2. 
( ~ t ) ' / ~ .  In light of these results, a recent critique16JS on 
the mentioned previous data is not supported. Especially, 
it  is clear that a recent simulation by Deutsch,lS where he 
claims to find reptation for a melt, cannot prove melt 
properties. As shown in ref 19, he has artificially built in 
the reptation mechanism into his algorithm by allowing 
chains to overlap with themselves but not with other 
chains. In conclusion, if reptation occurs in a melt any- 
where, the onset of reptation is shifted to much higher 
densities and much longer chains than thought before. If 
so, a microscopic theory for estimating dT is needed. At 
the same time the Rouse model is only able to explain 
qualitatively a few properties of polymeric melts, while 
other properties, even in experiments, give very different 
results ( T ~  0: N3.3 instead of 7 R  0: w).34 Therefore it is one 
of the most important future tasks of polymer statistics 
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to develop an extensive theory of the dynamics of polymer 
melts for the most usual chain lengths and concentration 
regimes. 

Even if reptation does not occur in melts a t  all, never- 
theless the reptation model would be important for many 
polymer problems, such as short chains in a melt of very 
long chains or the problem of a single mobile chain in a 
network. Therefore even the data of the moving chain in 
the frozen environment are carefully analyzed. I t  turns 
out that the available theories of S,(k,t) and g(t)1°J1J3 have 
a rather qualitative character. It is necessary to find a 
more quantitative theory, especially for the connections 
between the two different scaling formulations ( x  0~ kzt112 
or x a: k2t114) and for the full crossover from Rouse-like 
to reptative behavior. 
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ABSTRACT: The mutual diffusion coefficient for a miscible binary polymer mixture is strongly dependent 
on the composition of the mixture. This leads to  very unusual concentration profiles. For two pure A and 
B blocks in contact a t  time t = 0, we predict a concentration profile 4 t ( ~ )  linear in the spatial coordinate x .  
The region of mixing should not have a diffuse tail, but has a finite size 2(D&)llZ. These features are attenuated 
if we start  not from pure A and B but  from an A-rich sample against a B-rich sample. 

I. Introduction 
Compatible polymers are largely studied because of the 

mechanical properties offered by blends of two (A and B) 
polymers. I t  is difficult to find two polymers that are 
compatible on a microscopic scale. In the liquid state, the 
free energy F of the A-B mixture is well described by 
Flory-Huggins theory. Per site, F is given by 

where 4 is the volume fraction of A and NA and NB are 
the degree of polymerization of A and B. From (l), one 
can derive the critical value of x for segregation of A and 
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B. In the symmetrical case (NA = NB), xc = 2 / N .  For 
most A-B polymer pairs, x is positive and larger than XC, 
and segregation occurs. The few cases that mix2 are (a) 
almost chemically identical species (e.g., deuterated-non- 
deuterated pairs) and (b) some A-B pairs with specific 
interactions giving x < 0 (corresponding to a negative 
enthalpy of mixing). There is a growing interest in the 
dynamics of fluctuations in blends.’~~ Our purpose here 
is to study the mutual penetration of two miscible poly- 
mers A and B. At time t = 0, consider that two liquid but 
viscous blocks of pure A and pure B are put into contact 
and examine the concentration profile 4(x , t )  at  later times 
t ,  assuming a negative interaction parameter x inde-  
p e n d e n t  of 4. This type of mixing has been studied by 
spectroscopic  technique^.^ In the standard interpretation 
of the data, the mutual diffusion coefficient D is supposed 
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