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ABSTRACT The tracer diffusion coefficient D,," of linear polystyrenes (PS) with weight-average molec- 
ular weights M ,  from 6100 to  2 890 000 was measured in entanglement networks of PS with M g  much 
higher than the molecular weight of the respective diffusants a t  temperature of 30 O C  by using forced Ray- 
leigh scattering technique. Total polymer concentration C was 13 and 18 wt %, and C of the diffusant was 
fixed a t  1 wt %. Dibutyl phthalate was used as solvent. D," data at C = 13 and 18 wt % and also those 
obtained at 40.6 wt % in an earlier study were found to  be superposed on one master curve by using two 
parameters, an effective friction coefficient of a segment { and the molecular weight between entangle- 
ments Me, for reduction. Reduced D," was proportional to M-' and M-2.5 in the unentangled (MIMD < 
1) and the entangled region ( M / M D  > l ) ,  respectively, where M D  is the molecular weight at the intersec- 
tion point and is very close to  Me. 

Introduction 

In a previous study,' the tracer diffusion coefficient 
D,, of linear polystyrenes (PS) with molecular weights 
MN was measured in entanglement networks of matrix 
PS with molecular weights Mp in the concentrated regime 
by using the forced Rayleigh scattering technique. We 
found that D,, asymptotically took a value of D,," inde- 
pendent of the molecular weight Mp of PS matrix with 
Mp > 5 M N ,  and also that D,," obtained exhibited a break 
a t  a characteristic molecular weight M,, which was very 
close to the molecular weight between entanglements Me 
of the network. D,," was inversely proportional to MN 
below M,, which indicates that the diffusing chain can 
be pictured as a free-draining Rouse chain with an effec- 
tive segment friction coefficient of l(C,T). Above M,,, 
the dependence of D," on MN was expressed by the power 
law D,," 0: MN-OL with the exponent a = 2.5 for the larg- 
est value of MN/Me = 30 studied. This behavior is in 
contrast to the tracer diffusion behavior in melts6 where 
a is very close to 2, in agreement with the prediction of 
the reptation theory." A similar difference in the expo- 
nent cy between concentrated solutions and melts was also 
observed for self-diffusion b e h a v i ~ r . ' ~ ~ - ~  Thus the retar- 
dation effect on diffusion due to the elastic entangle- 
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ment network characterized by Me appeared stronger in 
the concentrated regime than in melts. 

In the semidilute regime, there are large amounts of 
self-diffusion and tracer diffusion Among them, 
the most extensive study on D," behavior made by Yu 
and co-workers'' showed that D,," exhibited quite strong 
molecular weight dependence, such that a may be close 
to 3. Then acceptance of all values of the exponents 
reported leads to supposition that the exponent tends to 
monotonically decrease with increasing concentration from 
a value of 3 in the semidilute regime to 2 in melts. How- 
ever, we may point out that exponents for concentrated 
solution and melt data were obtained in the highly entan- 
gled region of MN/Me > 10, whereas a maximum value 
of M N / M e  attained is less than 10 for semidilute solu- 
tion data. Therefore there remains an ambiguity with 
respect to the exponent 3, which is only apparent and 
decreases with increasing MN/Me toward a somewhat lower 
value a t  large M / M e  values as is observed for melt data. 
I t  should be also noted that the exponent a for the self- 
diffusion coefficient D, in the semidilute regime is not 
in complete agreement with the theoretical value of 2 
but appears to be near 2. 

The present investigation is first aimed a t  extending 
D," measurements in the semidilute regime to the region 
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Table I 
Characteristics of Polystyrene 

Macromolecules, Vol. 23, No. 2, 1990 

sample sample 
code M,,,/104 Mw/M,, code Mw/104 MJM, 

A5000" 0.61 1.04 F40" 35.5 1.02 
F1" 1.03 1.02 F80" 77.5 1.01 
F2" 1.67 1.02 F128" 126 1.05 
F4" 4.39 1.01 F288" 289 1.09 
F10" 10.2 1.02 F550' 548 1.15 
F20" 18.6 1.07 F850' 842 1.17 

a Labeled with a photobleachable dye. * Used as matrix poly- 
mer. 

of M N / M ,  > 10 in order to erase the above-mentioned 
ambiguity. Results on dibutyl phthalate solutions of PS 
a t  concentrations of 13 and 18 wt %, which is the same 
polymer-solvent pair tested in the earlier study, show 
that the dependence of D,," on MN can be expressed by 
two straight lines with slopes of -1 and -2.5 below and 
above M,, respectively, where MD is close to Me at  respec- 
tive concentrations. All data in the semidilute and the 
concentrated regime were reduced, which is the second 
purpose of the present study, following a two-parameter 
scheme that has been shown to be quite useful for anal- 
ysis of viscoelastic data.l'-13 Here the two parameters 
are { and MIM,. We found that one master curve can 
be obtained by superposition of reduced D,," data. 

Experimental Section 
Materials. Twelve samples of narrow-distribution polysty- 

renes (PS, Toyo Soda) with different molecular weights were 
used in this study. Their sample codes, weight-average molec- 
ular weights M,, and ratios M,/M, are listed in Table I. Ten 
PS samples except the two highest molecular weight PSs that 
were used as a matrix polymer were labeled with a photobleach- 
able dye of 2-nitro-4-carboxy-4'-(dimethylamino)stilbene fol- 
lowing the labeling procedure described in earlier  paper^.'^^^^ 
GPC combined with low-angle light scattering measurements 
showed that there was no change in either the molecular weight 
or the molecular weight distribution of the polymers during the 
labeling procedure. Distilled dibutyl phthalate (DBP), a good 
solvent for PS, was used. 

Test solutions with PS molecular weights less than that of 
the sample F550 used as the matrix polymer were prepared by 
dissolving a weighed amount of dust-free labeled PS, unlabeled 
PS, and DBP in an excess amount of methylene dichloride, stir- 
ring for a couple of days to complete homogeneous mixing, and 
subsequently evaporating methylene dichloride very slowly from 
the solutions. Solutions containing higher molecular weight PS 
samples were prepared by applying a freeze-drying procedure 
on molecularly mixed benzene solutions of a weighed amount 
of polymers and the solvent for a week. Polymer concentra- 
tion was determined by assuming that very slight decrease in 
total weight of the PS-DBP solutions during the freeze-drying 
procedure was due to evaporation of DBP. Two series of PS- 
DBP solutions with total polymer concentration C of 13 and 18 
wt % were prepared. The concentration of the labeled PS com- 
ponent was fixed at 1 wt '% irrespective of molecular weight of 
the sample. 

Method. Forced Rayleigh scattering measurements were per- 
formed with an instrument described e1~ewhere.l~ Monochro- 
matic light of an Ar ion laser (A = 488 nm) and of a He-Ne 
laser (A = 633 nm) were used as a writing and reading beam, 
respectively. Acquisition and analysis of light intensity data 
I d ( t )  diffracted from the solution were handled with a home- 
made processor. Measurements were made at 30 f 0.05 O C  on 
all solutions. 

Results 
1. Data Analysis. Time profiles of Id(t) diffracted 

a t  respective Bragg angles from the solutions were fitted 

UT, i d ( = )  , I '  
0 1 2 3 4 5 6 7 8  

t / 104s 

Figure 1. Time profile of Id@) diffracted from the solution of 
F288 in F850-DBP with C = 18 wt 70 at T = 30 "C. Grating 
spacing is 2 pm. The solid curve is the curve fitted to data 
from the 30th to the 600th point with eq 1. The plot of log 
(zd(t) -.zd(m)( against t is represented by a straight line over a 
large time interval, which indicates the applicability of eq 1 
with the contrast AIB,. The value of Id(-) indicated in the 
figure is 260 countis. 

by eq 1 with a single decay rate rd to all Ps samples. 

Z J t )  = { A  exp(-rdt) + B,)' + B,' (1) 
Here A is amplitude and B ,  and B ,  are contributions 
from coherent and incoherent background optical fields, 
respectively. An example is shown in Figure 1 for the 
highest molecular weight PS sample F288 in 18 wt 9% 
F850-DBP solutions at  grating spacing d = 2 pm. The 
fitted curve, given by the solid curve in the figure, accu- 
rately reproduces the time dependence of Id(t) and gives 
rd = 5.86 X s-l, from which D,, is estimated as 5.94 
X cm2/s by the use of rd = D,,q2. Here q is the 
wave vector to be calculated from q = 2 s / d .  In the fig- 
ure, we also show a plot of log Ild(t) - Id(..)I against t 
where Id(m) is a value of Id(t) observed at  the longest 
time end, that is, the base-line value. Very good linear- 
ity of the plot over a large time interval indicates that 
contrast in A / B ,  is quite high and the measurement was 
pertinently excuted with our homemade FRS instru- 
ment. I t  may be noted that correction of intensity fluc- 
tuations of the reading laser beam considerably improves 
data fitting in cases where the measurement time exceeded 
1 day. 

Although eq 1 was sufficient for analysis of most data 
obtained (the variance is less than 0.08), we found devi- 
ations from single exponential of the decay function in 
some data. The cumulant fit to the second order gave a 
variance of about 0.3 and a 30-40% higher D,, value than 
that obtained by the forced fit with eq 1. The devia- 
tions seem to have occurred irrespective of the PS molec- 
ular weight tested. For data fitting in these case, we usu- 
ally used a modification of eq 1, which allowed a devia- 
tion of the base line from the measured value and estimated 
r d .  For each solution, FRS measurements were per- 
formed a t  a t  least two different d values and if esti- 
mated r d / q 2  values agreed with each other to an accu- 
racy of I O % ,  we took their average as a D, value. Oth- 
erwise, we estimated D,, from the slope of a plot of rd 
against q2. Examples of such a plot for a D,, value larger 
than lo-', cm2/s are given e l ~ e w h e r e . ' ~ ? ~ ~  Figure 2 gives 
plots of rd against q2 for three Ps solutions that gave 
D,, values less than lo-', cmz/s. From the good propor- 
tionality of r d  to q2, we could estimate D,, values to an 
accuracy of about lo%,  even in the range D,, < lo-,* 
cm'/s. 

2. Molecular Weight and Concentration Depen- 
dences of D,,. It has been shown by two research 
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I ,  I I 

q*/pm-2 
Figure 2. Decay rate r is plotted against the square of the 
wave vector q for three P8-DBP solutions. From the top, F128 
in F850 at C = 18 wt %, F288 in F850 at C = 13 wt %, and 
F288 in F850 at C = 18 wt %. Bars to respective data points 
indicate an experimental error of 10% expected in the measure- 
ments. The tracer diffusion coefficient D,, is estimated from 
the slope of the plot as 4.8 X 
cm2/s for the respective solutions. 

1.6 X and 4.3 X 

g r o u p ~ ~ , ' ~  and confirmed by'usl that the tracer diffusion 
coefficient D,, becomes independent of the molecular 
weight of a matrix polymer when a ratio Mp/MN exceeds 
about 5.'916 Therefore we measured D,, of PS samples 
from A5000 to F128 in one entangled solution with Mp 
> 7MN and assigned a measured D,, value as Dtrm, which 
may be obtained in an entanglement network with infi- 
nite molecular weight. For the highest molecular weight 
sample F288, on the other hand, the measurement was 
conducted in a solution of sample F850, whose molecu- 
lar weight is about three times larger than that of F288, 
thus D,, obtained may not be assigned as D,," a t  once. 
The previous study' on the self-diffusion coefficient D, 
of concentrated PS solutions showed that D, asymptot- 
ically approached D,," with increasing M for M/Me > 
10. Since MN/Me is larger than 10 for this sample as 
will be shown later, it seems reasonable to assume that 
the measured value of D, may be very close to D,". Here- 
after the symbol M will be used as the molecular weight 
of a probe chain by abbreviating the suffix N .  

In Figure 3, D,," of two series of solutions with C = 13 
and 18 wt 70 is plotted against M on a double-logarith- 
mic scale. Table I1 lists values of D,," a t  T = 30 "C. As 
a measure of the strength of entanglement coupling, the 
position of Me on the abscissa is indicated by arrows to 
each concentration in the figure. Here we estimated Me 
employing the empirical equationlg 

(2) 
Me values are calculated as 130 000 and 96 000 a t  C = 13 
and 18 wt %, respectively. Equation 2 was obtained from 
the rubbery plateau modulus G N  of PS-Aroclor solu- 
tions by use of the relation G, = CRT/Me.12 Dibutyl 
phthalate used as a solvent for D,," measurements is dif- 
ferent from Aroclor for viscoelastic measurements. It is 
uncertain whether both solvents are good for PS to the 
same extent. Therefore viscoelastic measurements on the 
PS-DBP system might give an Me versus C relation slightly 
different from eq 2. However, later analysis by using eq 
2 shows that the equation is useful for an estimate of Me 
of the DBP solutions of PS a t  C = 13 and 18 wt %. In 
the figure, concentrated solution data a t  C = 40.6 wt % 
and T,  = 60 "C obtained in the previous study' are also 
given for comparison. The figure clearly shows that 
D,," behavior in the semidilute regime is quite similar to 
that in the concentrated regime. The molecular weight 

Me = 1.8 X 1O'C-l (g/cm3)-' 

-141 I I I J 
3 4  5 6 7  

log M 
Figure 3. Tracer diffusion coefficient Dt,; of two series of PS- 
DBP solutions with C = 13 and 18 wt % is plotted against the 
molecular weight M of the diffusant. Concentrated solution 
data at C = 40.6 wt % and T, = 60 "C obtained in the earlier 
study' are also given for comparison. Symbols: (0) 13, (e) 18, 
and (a) 40.6 wt %. An arrow indicates the value of Me at each 
concentration calculated from eq 2. Two straight lines with 
slopes of -1 and -2.5 drawn empirically for the data at each 
concentration are going to  be used for later discussion. 

Table I1 
Values of the Tracer Diffusion Coefficient 0,. in PS-DBP 

Solutions at T = 30 O C  

D,,"/W1 cm2 s-l D,,'/W1 cm2 s-l 

c, wt % c, wt % 

sample 13 18 sample 13 18 
A5000in F80 2300 900 F20 in F288 27 8.0 
F1 in F80 1100 510 F40 inF550 4.0 1.9 
F2 in F8O 600 290 F80in F850 0.66 0.19 
F4 in F80 250 96 F128 inF850 0.16 0.045 
F10 in F128 90 22 F288 inF850 0.014 0.0055 

dependence varies at around Me from D,," a M-'-'., to 
Dtr" a M-2.5 in the highly entangled region. Thus we 
may conclude that the exponent 2.5 holds over a fairly 
wide range of concentration for well-entangled systems. 
This is in contrast to the relation D," a M-2 either pre- 
dicted by the reptation theory17 or observed for PS melts. 

3. Data Reduction. There seems to be consensus that 
linear viscoelastic properties of entangled polymers in solu- 
tion as well as in melt can be systematically described in 
terms of the two parameters, f(C,r) and Me(C)." The 
two-parameter scheme has been shown to be also appli- 
cable for nonlinear viscoelasticity of entangled polymer 
~olutions. '~ Then we expect that diffusion of polymer 
chains through entanglement networks may be also char- 
acterized by the same two parameters. Applicability of 
the concept has been already pursued for self-diffusion 
of polymers by expressing D, as a product of two sepa- 
rate contributions f2(f) and g2(C,M): 

D, = fi(fkdC,M) (3) 
Here f 2  represents a contribution from micro-Brownian 
motion of a segment and is proportional to T/f. The g, 
represents the effect of the topological interaction with 
surrounding polymer chains. 

Concerning tracer diffusion, data analysis proceeded 
as follows. Under the experimental condition that the 
molecular weight of the matrix polymer was made suffi- 
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ciently higher than that of the diffusant, the matrix chains 
are supposed to be immobile during the characteristic 
diffusion time of the probe chain, so that they respond 
as an elastic network characteristic of the mesh size cor- 
responding to Me. Then, the retardation effect on tracer 
diffusion of a probe chain due to the entangled matrix 
may be assumed to be expressible in terms of a function 
of the ratio M/M,.  On the other hand, local segmental 
motions are independent of M at high M p  but depend 
on C in a very complicated fashion." In the semidilute 
regime, solvent viscosity and screened hydrodynamic inter- 
action determine the magnitude and C dependence of 
(,l9 while chain packing or the free volume plays an essen- 
tial role in the concentrated regime." In a previous sed- 
imentation study of poly(methy1 methacrylate) in semi- 
dilute solutions of PS in thiophenol," we showed that if 
the coil size of the diffusant is sufficiently smaller than 
the mesh size of the network, the diffusant may be free 
from the effect of topological interaction with surround- 
ing chains and may behave as a free-draining Rouse chain 
with an effective segment friction coefficient ( in which 
the effect of the screened hydrodynamic interaction is 
absorbed. Since the same (value can be used as the effec- 
tive friction coefficient of a segment in any high molec- 
ular weight chain a t  constant C and T ,  a probe chain 
may be substituted for the free-draining Rouse chain if 
there were no topological interaction with surrounding 
matrix chains. By expressing the entanglement effect 
from the elastic network as a function #- ' (M/Me),  which 
was introduced in the previous study,'' we rewrite eq 3 
for D,"(M) as 
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(4) 

where K is a constant independent of M ,  C, and T. Equa- 
tion 4 means that the friction coefficient, f, of a whole 
chain is given by f = n(# where n is the number of seg- 
ments per chain. As was presumed in the previous para- 
graph, #-' may be set equal to unity for a chain with M 
<< Me. For example, D,,"(O.lMe) at M = O.lMe may be 
written to very good approximation as 

Dt,"(O.lMe) = KT/O.l{Me (5) 
From eq 4 and 5, we see that a reduced variable D,"(M)/ 
Dt,"(O.lMe) is a function of only M / M e :  

Dtrm(M) /Dtr" (0.1MJ = 0.1 ( M /  Me)F1#-'(M/ M e )  (6) 
A value of D,,"(O.lMe) at each concentration is easily read 
from interpolation of respective data in Figure 3 by using 
an Me value calculated from eq 2. Figure 4 shows results 
of the superposition of three sets of Dtr"(M)/D,,"(O.lMe) 
versus M / M e  plots at  C = 13, 18, and 40.6 wt %. I t  is 
evident that superposition has been successfully achieved 
within a deviation of about 30%. It should be empha- 
sized that  within a framework of the two-parameter 
scheme, one master curve has been obtained for tracer 
diffusion data in the semidilute and the concentrated 
regime without any adjustable parameter. The master 
curve can be represented to very good approximation by 
two straight lines intersecting at  M / M e  = 1. The slope 
of unity for M / M e  < 1 proves that the free-draining chain 
model is applicable for tracer diffusion through the net- 
work in this low molecular weight range. For M / M e  > 
1, the slope of -2.5 appears to persist up to the largest 
M / M e  value of 30 studied. D,," of PS melts is found to 
become asymptotically proportional to M-2 for M / M e  > 
3. A t  present, we do not regard the large exponent 2.5 
for solutions as the apparent or transient value in the 

I /  I I I 

-i 

I O g (  M /Me) 
Figure 4. Reduced tracer diffusion coefficient D,,"(M)/ 
D,,"(O.lMe) is plotted against the number of entanglements per 
chain M / M e .  The master curve can be represented to very good 
approximation by two straight lines with a slope of -1 for M < 
Me and of -2.5 for M > Me. Symbols are the same as in Figure 
3. 

t 

I I 

1- 
0.1 0.2 0.5 1 

C lg c m-3 
Figure 5. D,," data in Figure 3 is approximated by two straight 
lines with slopes of 1 and -2.5 in the low- and high-M region, 
respectively, and the molecular weight MD estimated as the molec- 
ular weight at the intersecting point is plotted against C. The 
solid line is that given by eq 2. 

intermediate region between the unentangled and the 
highly entangled region. Then, the difference in the expo- 
nent a for M / M e  > 10 between solutions and melts is 
not in harmony with a view that the entanglement effect 
on diffusion can be expressed by one universal function 
of M / M e  for both of solutions and melts, which seems 
to hold for viscoelastic data. 

The molecular weight at  which the two straight lines 
intersect looks a little different from Me. In order to exam- 
ine this, the D,," curve at  each concentration in Figure 
3 was approximately expressed by two straight lines with 
the slopes of -1 and -2.5 in the low and the high M region, 
respectively, as is shown in Figure 3, and the molecular 
weight MD was estimated as the molecular weight at  each 
intersecting point. Results are shown on a double-loga- 
rithmic scale in Figure 5 where eq 2 is given as a solid 
line for comparison. M D  is only a little bit smaller than 
Me (maximum 35%) and has slightly stronger concentra- 
tion dependence (0: C-'.' ) compared with Me. If we take 
into account that MD and Me were estimated with quite 
different experimental techniques and methods, it would 
be better to say that agreement is not unsatisfactory. More 
diffusion measurements at  different concentrations seem 
necessary for us to get a definite answer. Stated in another 
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chain through the entanglement network from the semi- 
dilute to the concentrated regime and that the exponent 
2.5 in Figure 6 is a value commonly observed for D,," of 
entangled PS chains at  finite concentration. This state- 
ment is expressed in terms of eq 3 by replacing D, by 
D,,", as follows: 

D,,"(M) fi'(C,T)g,'(C,M) (7 )  

f,'(C,T) = KzT[MC,T) (8) 

g,'(C,M) = M-' M 5 MD = Me 
= M-'(CM)-'.5 M > M D  = Me (9)  

\ ' 19 I I 1 I 

Q I  
+ - 1 -  

2 
8 7  -2 
n 

6 

n 
n 

- 

\ 
n 

- 3 -  
I Y  

W g - 4 -  
d 

I I -5 
-2 -1 0 1 2 

Figure 6. Reduced D,," data, D,,"(M) fD,,"(Me), of the PS- 
toluene system reported by Yu et al.1° is superposed on the 
master curve of Figure 4 by vertically shifting the former data 
with the shift factor A = -1.35. Symbols for the PS-toluene 
data: (-) 5, (0) 10, and (A) 20 wt %. Unfilled circles are the 
data of the PS-DBP system given in Figure 4. 

way, the fact of M D  = Me made it possible to construct 
the master curve in Figure 4 by using Me values deter- 
mined from viscoelastic measurements. Finally it may 
be noted that use of Dtrm(MD) at the interesting point 
is also successful for reduction and superposition of 
D,"(M). We preferred to use Me and D,"(O.lM,) for show- 
ing how viscoelastic and diffusion properties are consis- 
tent with each other in the concentration range investi- 
gated. 

Discussion 
In the Introduction, we referred to the work of Yu and 

co-workers,10 in which Dtrm of PS in semidilute toluene 
solutions has a little stronger molecular weight depen- 
dence, i.e., the exponent being close to  3 in the range 1 
< M / M e  < 10. Since the exponent is different from our 
result of 2.5, we would like to analyze their data on the 
basis of the two-parameter scheme for comparison with 
the reduced data in Figure 4. For this purpose, their 
D,"(M) data a t  three concentrations of 5,10,  and 20 wt 
70 were reduced by respective values of D,," at M = Me 
instead of D,,"(O.lM,), simply because D,"(0.1Me) a t  C 
= 20 w t  70 could not be read from the corresponding 
curve in Figure 6 in ref 10. D,"(Me) is of course influ- 
enced by the topological interaction with matrix chains. 
Strictly speaking, therefore, reduction in terms of 
Dtrm(Me) is allowed only if entanglements affect 
Dtrm(Me) by the same factor a t  every concentration. We 
found that their data at different concentrations can be 
fairly well superposed onto one another on one master 
curve. The reduced D,,"(M)/D,"(M,) versus M / M ,  curve 
of the PS-toluene system was then superposed on the 
master curve of the PS-DBP system in Figure 4 by shift- 
ing the former curve along the ordinate axis so that the 
both curves may agree at  M / M e  = 1. As Figure 6 shows, 
agreement appears gratifying. Thus we may conclude 
that the two-parameter scheme is successful in describ- 
ing the molecular weight and the concentration depen- 
dences of the tracer diffusion coefficient of a polymer 

Here we used eq 2 for C dependence of Me, and the con- 
stant K2 along with { is not yet specified for the respec- 
tive polymersolvent system. Equations 7-9 may be exam- 
ined at  higher concentrations for the same PS-DBP sys- 
tem and also for entangled systems of different polymer 
species. 

Finally we remark on the scaling theory,lg which is fre- 
quently used for discussing static as well as dynamic prop- 
erties of polymers in the semidilute regime. The most 
important quantity in the theory is the static (or dynamic) 
correlation length 5, (or tH), which is related to the blob 
size (or the hydrodynamic radius) by a simple argument. 
Both 5 and Me are independent of molecular weight above 
the overlapping threshold concentration C* and have a 
similar concentration dependence above C* in good sol- 
vent. Therefore they have been often treated as the same 
quantity or as at  least as being proportional to each other. 
However, this idea is completely wrong. The 5 measur- 
able by scattering methods (light, X-ray, neutron) is deter- 
mined by the osmotic force, i.e., by the volume force, 
whereas Me related to the entanglement phenomena is 
measurable only when the shear or tensile force is applied 
to sufficiently long polymer chains. For example, we can 
determine 5 of solutions of polymers with M less than 
Me for C > C* but cannot evaluate Me since the solu- 
tions are never entangled. Moreover, we showed in a pre- 
vious paper21 that the characteristic distance between 
entanglement loci, f,, calculated from M e  is several times 
larger than the hydrodynamic correlation length f H .  If 
the size of the blob is represented by f H  and ideal chain 
statistics is applied, a large number of connected blobs 
are contained in the distance 5,. In entanglement dynam- 
ics, then, each blob can be regarded as a segment with 
an effective friction coefficient into which effects of the 
screened hydrodynamic interaction and of the excluded 
volume are absorbed. It seems that the scaling theory 
developed so far is useful for treatment of static proper- 
ties as well as local chain motions but not for the entan- 
glement effect. 
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ABSTRACT: Using a realistic model for polyethylene (PE), the molecular dynamics technique is used to  
simulate atomic motion in a crystal. The calculations reveal conformational disorder above a critical tem- 
perature. The customarily assumed rotational isomers model is found to be a poor description of the crys- 
tal a t  elevated temperature. The rate of isomerization computed from molecular dynamics is compared to 
transition-state theory and leads to  an activation energy of 23 kJ/mol, 6.3 kJ/mol above the single-bond 
rotation value. Classical heat capacities have been calculated and result in negative and positive devia- 
tions from 3R, as was also observed experimentally. The negative expansion coefficient of the fiber axis is 
in good agreement with the experiment. A movie of the dynamics of the polyethylene crystal has been 
produced. 

I. Introduction 
In the s tudy  of crystals of flexible macromolecules, it 

has been demonstrated that a distinctly different type 
of mesophase with dynamic, conformational disorder can 
exist, the condis crystal.''2 Important ramifications of 
th i s  conformational flexibility of PE chains on physical 
properties should include mechanical and dielectric relax- 
at ion,  t ranspor t  properties, and spectroscopy. Confor- 
mat ional  disorder i n  isolated chains has been studied for 
many years using the Monte Carlo methods with the rota- 
tional isomeric m 0 d e 1 ~ - ~  i n  which the torsional angle, 7, 
is allowed t o  have only discrete values of 0 or f120°. 
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of Basic Energy Sciences, US. Department of Energy, under Con- 
tract DE-AC05-840R21400 with Martin Marietta Energy Systems, 
Inc., and the National Science Foundation, Polymers Program, Grant 
No. 8818412. 
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Recently, Yamamoto has used a continuous rotational 
model to study chain conformations in a crystal mean 
fielda6 One of the conclusions was that the rotational 
isomer model is not valid in a crystal environment. Sev- 
eral other studies have been made  using molecular mechan- 
ics to understand the energetics of conformational dis- 
order7 and using normal mode theory' to clarify the effect 
of various conformational defects on infrared tran- 
s i t i o n ~ . ~  Because these types  of distortions or defects 
involve large-amplitude motion, which is anharmonic,  i t  
is not clear why the harmonic approximation (normal- 
coordinate analysis) would be valid and provide reliable 
results. 

The purpose of th i s  paper is to recognize the fact  that 
conformational disorder i n  a polymer environment is a 
dynamic  process and involves anharmonic motion. For 
this  reason, we have used the molecular dynamics method 
(MD) to s imulate  conformational disorder more realisti- 
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