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DYNAMICS OF SMALL MOLECULES IN A
DENSE POLYMER MATRIX: MOLECULAR
DYNAMICS STUDIES

HISAO TAKEUCHI* and KEIJI OKAZAKI

Yokohama Research Center, Mitsubishi Chemical Corporation,
1000 Kamoshida-cho, Aoba-ku, Yokohama 227, JAPAN

( Received November 1994, accepted July 1995)

The anomalous diffusion regime appearing in the self-diffusion of small molecules in bulk amorphous
polymers has been extensively studied by molecular dynamics simulations. A rather long simulation of
duration ~ 1078 s is performed on a polyethylene-like simple polymer model containing either oxygen
molecules or helium atoms as a diffusant. Dynamic properties evaluated for these diffusants are the
mean-square displacement, the van Hove self correlation function, and the self part of the density
autocorrelation. It is first confirmed that the anomalous diffusion regime appears in a few hundred
picoseconds for oxygen molecule, while the Einstein relation adopted beyond this regime results in the
self-diffusion coefficient of the order of ~ 10~° cm?/s. This anomaly is still observed for helium that
diffuses much faster than oxygen. In the anomalous diffusion regime, it is found that the correlation
functions for the two diffusants show characteristic features and become essentially the same as time is
scaled appropriately. These features allow the estimation of the two characteristic spatial scales which are
probably dominated by the microstructure of the polymer matrix, namely, the cage size and the distance
between adjacent cages. The time dependence of the mean-square displacements of the two diffusants can
be well interpreted by these characteristic spatial scales as time is scaled with the self-diffusion coefficients.
It is shown that the anomalous diffusion regime arises from the inhomogeneous microstructure of the
polymer matrix.

KEY WORDS: Self-diffusion of small molecules in polymers, anomalous diffusion, relaxation process,
polymer dynamics, density autocorrelation, molecular dynamics simulation.

1 INTRODUCTION

Diffusion of small molecules in bulk amorphous polymers is an important phenom-
enon for many technological applications. Molecular dynamics (MD) simulations on
this subject have recently attracted considerable attention both from practical and
theoretical view points [1], particularly for the diffusion of light gases such as H,,
O, and CH, [2-22]. Early MD works have mainly studied the diffusion mechan-
ism, and revealed that small molecules diffuse in polymers through the hopping
mechanism [2-10]. The influence of local structures and dynamics of polymers on
the diffusion has also been clearly demonstrated by MD simulations [2, 5,8, 18, 20].
Although most of these simulations were made for rather qualitative understanding,
continuous efforts have been made towards quantitative simulations on real systems
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such as polyisobutylene/oxygen and poly(dimethylsiloxane)/ethanol [11-19,22,23].
Through these works, for example, it has been shown that a drawback of the united
atom force field which tends to overestimate diffusion coefficients can be overcome
either by introducing the anisotropic united atom model [17,18] or by including
hydrogen atoms explicitly [11]. It is now possible to perform such a quantitative
simulation when careful choice is made on a model along with sufficient computa-
tional resources.

The self-diffusion coefficient D of a particle is generally obtained from its mean-
square displacement {r*(t)) with the Einstein relation [24]:

D = lim {r¥(t))/6t. (1)

t— x

In practice, Equation (1) is adopted after {r%(t)> becomes linear in time . For the
self-diffusion of small molecules in polymers, early MD studies paid less attention on
detailed time dependence of their {r%(t)): the Einstein relation was adopted for
{r¥(t)) obtained from simulations of several hundered picoseconds [2—10]. In most
cases, {r%(t)> were rather wobbly due to poor statistics caused by the short duration
of simulations, but seemed to be approximately proportional to time. However,
Miiller-Plathe et al. [12] have performed longer MD simulations and found that
{r*(t)> is quite slow to become proportional to time even though the magnitude of
D is comparable to that of a simple liquid, ie., D ~ 1073 cm?/s. For example,
{r*(t)y of helium atom in polyisobutylene (PIB) becomes proportional to time after
at least one hundred picoseconds, whereas D evaluated beyond this anomalous
diffusion regime has the order of 10~ ° cm?/s [12]. For oxygen molecule in PIB, the
anomalous diffusion regime is considerably prolonged, and lasts up to at least
several nanoseconds [12]. Recent MD simulations on different polymer/small mol-
ecule systems have also confirmed the presence of the anomalous diffusion regime
[21,22]. Further, this anomaly has also been pointed out by a Monte Carlo simula-
tion combined with the transition state theory [25, 26].  Since {r%(f)}> of a small
molecule in polymers eventually becomes proportional to time, the corresponding
self-diffusion is not the anomalous diffusion at a sufficiently long time scale. It is
quite certain that the diffusion behavior depends on the scale of time and space. The
anomalous diffusion regime observed at a particular time scale is thus considered to
be a characteristic of the diffusion process of small molecules in dense polymer
matrices, i.e., complex fluids. In other words, characteristics of a polymer matrix at
a certain scale of time and space would be relevant to the anomalous diffusion
behavior of small molecules. It is also expected that the anomalous diffusion regime
1s general for a similar system in which a particle diffuses through a rigid matrix like
polymers. In view of the hopping mechanism that a small molecule hops from cage
to cage, the spatial scales to be considered are, for example, the size of a cage and
the distance between two cages. We have already studied the anomalous diffusion
behavior by considering the residence time distribution of a small molecule in a cage
[21], but this would be insufficient to understand the anomaly.

The purpose of the present work is to elucidate the dynamics of small molecules
in a dense polymer matrix for a given scale of time and space. We here utilize a well-
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characterized polymer model [27, 28] which allows rather longer MD simulations.
This model would be too simple to reproduce a real polymer, but quite appropriate
for our purpose to gain physical understanding on the anomalous diffusion. MD
simulations are performed on two systems each containing different small molecules.
In order to characterize the dynamics of the small molecules, several dynamic prop-
erties, such as the van Hove correlation function and the density autocorrelation
function, are evaluated from MD trajectories. These correlation functions are found
to show characteristic behavior in the anomalous diffusion regime. Based on these
observations, the mechanism of the anomalous diffusion is discussed.

2 SIMULATIONS

2.1 Model

We use the polymer model which mimics the amorphous phase of polyethylene. This
model has been extensively studied by MD simulations and well characterized for
the local relaxation and the glass transition [27,28]. We have utilized the same
model to study the diffusion of small molecules in polymers as well [3-5,20,21],
and already confirmed the presence of the anomalous diffusion regime [21]. As
mentioned above, this model is appropriate to gain physical understanding on the
diffusion process, although the isotropic united atom representation used in the
model has been known to be rather poor in quantitative sense [11,17]. Details of
the model have been already given previously [2-4], and only the outline is de-
scribed here.

In the polymer model, a linear polymer chain is composed of spherically interac-
ting particles each being a model of CH, unit (mass m = 14 amu) subjected to the
bond stretching potential ¥, the bond-angle bending potential ¥, and the torsional
potential V;:

Vi=k(l—1,)*/2, 2

V, = ky(cost — cos,,)?/2, 3)
5

Vo=kg "goa,, cos"@. @

The cubic MD cell contains 600 such CH, units. The usual periodic boundary
conditions produce replication of the basic cell in the three Cartesian directions. An
additional periodic boundary condition [29] ties one end of a 600 units chain,
spanning three MD cells, to the image of its other end. The length of the starting 600
units chain thus becomes effectively infinite, and all CH, units in the basic MD cell
belong to this infinite length chain. The density of the polymer model is 0.86 g/cm?
which approximately corresponds to the amorphous density of polyethylene [30].
This yields the cell edge length of 25.3 A.

The model system mainly studied here contains N = 10 oxygen molecules (m = 32
amu) each being modeled by a spherically interacting particle. Also used for com-
parison contains N =10 helium atoms (m =4amu) instead of oxygen molecules.
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A truncated Lennard-Jones potential function V,, is used for all the nonbonded
interactions in the system:

Vy=4ela/n'? —(o/r)°] r<r, )

V,=0 rzr,

where an appropriate set of ¢ and o is chosen for each particle species [31,32]. For
the interaction between different species, the Lorentz-Berthelot mixing rule is adop-
ted. Note that the nonbonded interactions between CH, units, separated by three
bonds or less along the chain, are omitted because of the presence of the internal
potentials. All the potential parameters listed in Table 1 are the same as used in our
previous works [3-5,20,21].

2.2 Simulation

The equations of motion for all the particles in the basic MD cell are solved
numerically using Verlet’s leapfrog algorithm [33] with the integration time step of
0.006 ps. This rather large time step is realized by a small value of k;, which is
weakened by a factor of 7 from its realistic value [31]. An initial configuration is
randomly generated, and well equilibrated by a run of ~ 10° steps. A production
run of duration 10 ns (~ 1.7 x 10° steps) is then performed at 300 K which is well
above the glass transition temperature T, of the polymer model (~200 K) [28].
During this production run, the temperature is controlled by the ad-hoc scaling
method [34]. The trajectory of the small molecules is recorded every 0.1 ps. The
following dynamic properties of the diffusant (oxygen molecule or helium atom) are
evaluated using the trajectory thus obtained. Note that another production run of
duration 100 ps is also performed to examine the dynamics for t < 0.1 ps: the
trajectory is recorded every time step for this short production run.
The mean-square displacement of the diffusant is computed by

N
Y =N TI0-r50F). ©)
j=1
The self-diffusion coefficient is then obtained by the Einstein relation, Equation (1).

Table 1 Parameters used in the simulations.

CH, unit in chain oxygen molecule

lo 0.152nm € 9.40 x 10? Jmol ™!
cosf, ~1/3 a 0.343nm

k, 346 x 107 Inm "2mol~"'  helium atom

ky 5.00 x 10° Jmol ™! € 8.50 x 10! Jmol !
ky 9.00 x 10 Jmol ™! a 0.258 nm

€ 5.00 x 102 Jmol ™! cutoff distance

a 0.380 nm r. 0.570 nm
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The self part of the density autocorrelation function F(g,?) is defined by
N
Fa)=N""( Lexp[—iq(r,(t)—r,0)]) 7)
i=1

where the angular part is averaged over the wavevector q, and g =|[q|. Within the
gaussian approximation, this correlation function can be reduced to [24]:

F(g.t)=exp(—g><r’(1)>/6), ®)
and this gives a single exponential function at the hydrodynamic limit:
F(q,t) ~ exp(—q°Dt) = exp(— t/tp). 9

The correlation time thus has the g-dependence of 1, ~ ¢~ % Another correlation
function which relates to the self-diffusion is the van Hove self correlation function
G(r,t):

N
G(r,)=N"1 <;5 [ir,()) —r,0) | —r1). (10)

At the hydrodynamic limit, this can be expressed by the gaussian function [24]:

G (r,t) = (1/4nD1)>? exp( — r2/4Dy). 11)

3 RESULTS AND DISCUSSION

3.1 Mean-Square Displacement

Figure 1 shows that {r*(f)> of oxygen molecule becomes proportional to ¢ after
a few hundred picoseconds, while the Einstein relation adopted for ¢t > 500 ps results
in D =1.47 x 1075 em?/s. One can thus find a striking difference in the time depend-
ence of (r’(#)> between the present system and a simple liquid, such Ar liquid, in
which {r?(t)> more quickly becomes proportional to ¢t [34]. As {r*(t)) is expressed
by {r*(t)) ~1* a seems to have a value close to 2, which reflects the free particle
motion, for t <1 ps. Then the anomalous diffusion regime giving a < 1 follows this
towards the Einstein diffusion. The discrepancy from the Einstein diffusion is par-
ticularly significant for ¢ <100 ps. This feature can also be clearly shown in
Figure 2 where {r%(t)»/6Dt is plotted against t: {r’())/6Dt of oxygen molecule
considerably overshoots, and approaches the unity quite slowly. For helium atom,
{r?(t)) is about one order of magnitude larger than that of oxygen molecule, and the
Einstein relation adopted in the same way gives D = 1.48 x 10~ *cm?/s. Although
the diffusion of helium is much faster than that of oxygen, the anomalous diffusion
behavior can still be observed.

In the time domain shown in Figure 1, {r%(t)> of CH, unit of the polymer chain is
always smaller than that of oxygen molecule or helium atom. Another interesting
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Figure 1 Mean-square displacements {r?(1)> of oxygen molecule, helium atom and CH, unit in the
polymer model: the broken lines denote {r?(1)) oc t. The trajectories of ~ 10 ns were thoroughly used for
oxygen molecule and helium atom, whereas a part ( ~ 2 ns) for CH, unit.

S —
[ T

<r2(t)>/(6Dt)
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Figure2 Time dependence of {r?(1))/6D: of oxygen molecule and helium atom. The self-diffusion
coefficients used here are 1.47 x 10 ° and 1.48 x 10~ * cm?/s for oxygen and helium, respectively.

feature is that {r(t)) of CH, unit also shows the anomalous diffusion behavior of
{r¥(t)y ~t%>. This time dependence has been experimentally deduced from the inco-
herent quasielastic neutron scattering of several polymers at T > T, [35]. In addi-
tion, a recent MD study on polyethylene-like system has also shown the same result



19: 21 14 January 2011

Downl oaded At:

SMALL MOLECULES IN POLYMER 65

with a somewhat different power [36]. It is then expected that the anomalous
diffusion behavior of the small molecules arises from the fact that the constituent of
the polymer matrix (i.e., CH, unit) itself undergoes the anomalous diffusion. This
will be discussed in Sec. 3.4 along with detailed analyses of the dynamics of the small
molecules.

3.2 van Hove Self Correlation Function

The anomalous diffusion regime described above is then analyzed in consideration
of the correlation functions relevant to the self-diffusion. Figure 3 compares G(r,t)
of oxygen molecule directly obtained from the MD trajectory with that evaluated by
Equation (11) with D = 1.47 x 10~ % cm?/s. Characteristic differences between these
two results can be easily noticed for the anomalous diffusion regime, i.e., t = 10, 50
and 100 ps. The MD result of 4nr2Gg(r, t) shows a tail reaching r ~10 A at ¢t = 10
ps. This indicates that an oxygen molecule can gain larger displacement than what is
expected from the hydrodynamic result. As time elapses in the anomalous diffusion
regime, the MD result shows a fairly wider distribution than the hydrodynamic
result, and seems to have two peaks. Interestingly the first peak around r~3 A,
appearing as a shoulder for a larger ¢, keeps its position as time elapses over 100 ps,
while the second has almost the same peak position as the hydrodynamic result.
Even at t = 200 ps where {r%(t))> almost approaches {r?(t)) ~t, the shoulder around
r~3 A is still visible. These results suggest that CH, units of the polymer chain
form stable cages which capture oxygen molecules. Our previous study on the
residence time distribution of oxygen molecules has also shown the possibility that
an oxygen molecule is trapped by a cage over 100 ps.

anr?G,(r, 1)

Figure 3 The van Hove self correlation function Gg('r,t) of oxygen molecule directly obtained from the
MD trajectory (open circles), and calculated by Equation (11) with D = 1.47 x 107> cm?/s (solid lines).
The arrow shows a peak (or shoulder) around r ~ 3 A.
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Although helium diffuses much faster than oxygen, no significant difference of
G (r,t) can be found between these two diffusants as time is scaled by D~ !: the peak
(or shoulder) around r~3 A appears also in 4nr’Gg(r,t) of helium atom (see
Figure 4). The characteristic features of Gg(r,t) found for the anomalous diffusion
regime are thus considered to arise from the presence of stable cages formed by the
polymer chain. The average size of cages ¢, could be estimated by the position of the
first peak, namely, £, ~ 3 A . Further the result shown in Figure 4 suggests that the
spatial scale relevant to the anomalous diffusion behavior reflects the microstructure
of the polymer matrix, while the corresponding time scale depends on the diffusants.

3.3 Density Autocorrelation Function

Since {r?(t)) eventually becomes proportional to ¢, F(q,t) must approach Equation
(9) as g decreases. Figure 5 actually shows this trend for oxygen molecule: F(q,?)
obtained from the simulation significantly deviates from Equation (9) for
g=124 A~  but approaches it for g =0.25 A~!. However, the relaxation behavior
becomes complicated as g increases: a fast relaxation process seems to be followed
by a slow one appearing as a tail of F(g,t). In view of the hopping mechanism, we
here consider two distinct processes for the dynamics of oxygen molecule, namely,
the relaxation in a cage and the escape motion from it. When the wavelength is
shorter than the cage size and time is sufficiently short, F(q,t) may correspond to
the free particle motion:

Fy(g.)=exp[—(t/1))],
(12)

=49 'Cm/k,T)"?,

0.3 ——r——r———r——r—r

0.2} ~ % -

14.7

an?G (1, 1)

0 5 10 15 20

Figure 4 Comparison of the van Hove self correlation function G(r,t) between oxygen molecule (open
cirgles) and ht':&lium atom (filled circles) at various time given by Dt. The arrow shows a peak (or shoulder)
around r ~ 3 A,
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Figure 5 Self part of the density autocorrelation function Fg(q,t) of oxygen molecule at various g (solid
lines). The value of g increases from 0.25 to 2.48 A~! by an increment of ~ 0.25 (from right to left). The
broken lines denote Fy(g,t) calculated by Equation (9) with D = 1.47 x 107 cm?/s for ¢=0.25 A~!
(right) and 1.24 A~ (left), respectively.

where k, denotes the Boltzmann constant. Figure 6 clearly shows that the free
particle motion mainly dominates over the relaxation behavior at g= 2.48A~! for
both helium atom and oxygen molecule (note that &, ~ 3 A).

It is then tempting to assume that the appearance of the tail in F(q, t) arises from
a random walk in a cage and/or the escape motion. This slower process is expected
to become clear at a wavelength longer than £. In order to investigate this slower
process in more detail, a log-log plot of F(g,t) is shown in Figure 7 for g = 1.49 and
0.25A7! . It is evident from the plot for ¢ =1.49 A~! that the faster process given by
Equation (12) is in fact followed by two slower processes: one is the slowest process
appearing as the tail of Fg(q,t) and this should correspond to the escape motion
from a cage as described below. The other is the intermediate process which can be
seen between the initial decay expressed by Equation (12) and the tail of F¢(g, t).
This crossover regime presumably reflects the relaxation in a cage.

The slowest process can be apparently fitted well by a stretched exponential
function

Fs(g.)=Aexp[—(t/D)’] (B<1) (13)

as shown in Figure 7. The tail of F¢(g,?) is fitted fairly well for g =1.49 A-' and
the overall shape is also well reproduced for ¢ =0.25 A~ !. In particular, the depend-
ence of the fitting-parameters on the wavelength is important to investigate how the
dynamics of the diffusants changes by the spatial scale. For the slowest process of
oxygen molecule, the fitting-parameters A, r and f are plotted in Figure 8 as
a function of q. Interestingly the contribution of this process estimated by the value
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Figure 6 Comparison of the self part of the density autocorrelation function Fg(g,1) between oxygen
molecule and helium atom at g = 2.48 A~ in the scaled time tm™/3: F(q, 1) for the free particle motion is

calculated by Equation (12).

0.01
1

Eq.(12) l

A_aassam) " i aal

1.49 A1

B bsdborhoied.

anal

02 107 10° 10!
t [ps]

102 103

Figure 7 Log-log plot of the self part of the density autocorrelation function F(g,t) of oxygen molecule
at ¢ =0.25 and 1.49 A ! (Solid lines). The broken lines show the fitted curves given by Equation (13). The
initial decay of Fy(g,t) at g=1.49 A™" is well represented by Equation (12) corresponding to the free

particle motion.

of A abruptly changes at ¢ ~1 A~' . In relation to this, § is almost the same at
q>1A"1 (B~0.5), while it increases towards the unity as g becomes smaller. Fur-
ther, T shows the g-dependence of T~g~2 at g<1A~L These results could be
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Figure 8 g-dependence of the fitting parameters of A(a), © and B(b) in Equation (13) for the slowest
relaxation process of oxygen molecule.

interpreted as follows. At g>1 A~1, the wavelength is shorter than the average
distance between two adjacent cages &,, and the relaxation behavior is mostly
dominated by a hopping event. As the wavelength becomes longer than ¢, the
contribution of successive hopping events which result in the diffusion mode grad-
ually increases. The diffusion mode expressed by Equation (9) finally appears at
a sufficiently longer wavelength. This explanation allows the estimation of the aver-
age distance between two adjacent cages, £, The g-dependence of the fitting par-

ameters suggests &, ~ 6 A corresponding to g~ 1 At
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Although F(q,t) approaches Equation (9) as g becomes smaller, the value of g is
somewhat smaller than the unity at ¢=0.25 A~! (see Figure 8). According to the
above estimation of ¢,, the size of the MD cell (edge length of 25.3 A) would be
inadequate to realize the self-diffusion due to hopping motions traveling through
a number of uncorrelated cages. This may affect the upper limit of the anomalous
diffusion regime. However, we consider that the qualitative discussion made here
remains the same as the system size becomes larger.

For helium atom, the relaxation behavior observed by F(g,t) is somewhat different
at g~ 1.5 A7! as shown in Figure 9. Although F(g, ) of helium atom also suggests two
or more relaxation processes, it is difficult to extract the slowest one which can be fitted
well by equation (13), as in the case of oxygen molecule. In fact, no meaningful values of
the fitting-parameters are obtained except for g = 0.25 and 0.50 A ~! when equation (13)
is adopted to fit Fg(q,t) of helium atom. This difference of F(q,t) between oxygen
molecule and helium atom should arise from the fact that the motion of a helium atom
is more continuous than that of an oxygen molecule: the discrete hopping motion
becomes less well defined for a small diffusant like helium atom [ 10, 14]. However, it is
noted that G,(r,t) of helium atom indicates the presence of cages. These results suggest
that both the continuous and discrete motions contribute to the diffusion process, and
the discrete motion prevails as the diffusant size becomes larger.

3.4 Anomalous Diffusion Regime

We finally discuss the anomalous diffusion regime in view of the polymer dynamics.
As described in Sec. 3.1, the constituent of the polymer matrix (i.e., CH, unit) shows

LA s e an b

0.01 aanab a2y al " PeeTY PP v Py
0.01 0.t 1 10 100

Dt [A?]

Figure9 Comparison of the self part of the density autocorrelation function Fg(q,t) between oxygen
molecule (solid lines) and helium atom (broken lines) at g =0.25 and 1.49 A~ ! in the scaled time Dt. The
large discrepancy found in the initial decay at ¢ = 1.49 A~ ! is due to the contribution of the free particle
motion.
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the anomalous diffusion behavior as {r*(t)) ~ t°. This would originate in the con-
nectivity of CH, units along the chain. According to this time dependence of
{r¥ (1)), Fq, t) of CH, unit may be given by

F(g, 1) ~ exp[ — ¢*C¢r’ ()] =exp[ — (t/q~*)"'*] (14)

where the gaussian approximation is employed and constants are neglected. The
relaxation time, 7, of CH, unit is thus expected to have the g-dependence of
7,~ ¢~ *. We have actually confirmed this relation by a MD simulation separately
conducted on the same polymer model containing no small molecule [37]. The
strong g-dependence of 7, makes the relaxation of CH, unit become much slower
than that of oxygen molecule or helium atom particularly at a long wavelength
(g < 1A~1Y). This suggests that the polymer matrix provides a rather “static” medium
at a spatial scale giving the diffusion mode of the diffusants.

The correlation functions shown in Secs. 3.2 and 3.3 reveal two distinct spatial
scales: one is the average cage size £, and the other the average distance between
two adjacent cages £, which is rather obscure for helium atom at the moment. These
characteristic spatial scales are considered to reflect the rather “static” nature of the
polymer matrix. Now we discuss how these characteristic spatial scales affect
{r?(t)) of the diffusants. As pointed out in Sec. 3.2, both helium atom and oxygen
molecule give almost the same Gg(r, 1) as t is scaled by D~ !. It is then expected that
a master curve of {(r?(r)) is obtained as ¢ is scaled in the same manner. Figure 10
shows <{r?(t)) of the two diffusants as a function of Dt. Because the initial increase
in {r?(t)) is dominated by the free particle motion which depends on the mass of
the diffusants as shown in Sec. 3.3, the scaled time Dt does not result in a master

104 ———rrre—rrrrr—rrrr——rrr—r—rr

100

10-1 Add P Ads aaassanal 2 4o
102 107 10° 10" 102 103

Figure 10 Mean-square displacements {r’(t)) of oxygen molecule (solid line) and helium atom (broken
line) as a function of the scaled time Dt. Two characteristic spatial scales are shown by arrows: £, stands
for the average cage size, while £, for the average distance between two adjacent cages. &, represents the
edge length of the MD cell.
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curve of (r3(t)> in the beginning. However, this initial increase is damped as
{r*(t)) becomes comparable to £.2 for both helium atom and oxygen molecule as
shown in Figure 10. The presence of cages in the polymer matrix is again confirmed.
As Dt becomes larger, {r?(t)) of oxygen molecule, including the anomalous diffu-
sion regime, fairly coincides with that of helium atom. It is evident that the
anomalous diffusion regime clearly appears for {r%(t)) <¢,> regardless of the
diffusants. The characteristic spatial scales of the polymer matrix, given by &, and
&,, thus relate to these features found for {r?(t))>. This suggests that the mass of
the diffusant gives minor influence on the appearance of the anomalous diffusion
regime.

Consequently we conclude that the anomalous diffusion regime is caused by the
inhomogeneous microstructure of the polymer matrix. The characteristic spatial
scales of this inhomogeneity, namely the average cage size ¢, and the average dis-
tance between two adjacent cages &,, could be in turn estimated by the anomalous
diffusion regime.

4 SUMMARY

The anomalous diffusion regime found for the self-diffusion of small molecules in
polymers [12] has been extensively studied by rather long MD simulations with the
well-characterized polymer model. Two diffusants having different sizes are used:
one is oxygen molecule and the other helium atom. The dynamic properties relevant
to the self-diffusion clearly show the characteristic behavior for the anomalous
diffusion regime. These findings are summarized as follows.

First it is noted that the self-diffusion of the diffusants takes place in the medium
of which constituent itself undergoes the anomalous diffusion for the time scale
studied here. The relaxation of CH, unit of the polymer chain is strongly damped as
the wavelength becomes longer such that the dynamics of the small molecules
approaches the hydrodynamic limit behavior. The polymer matrix thus provides
a rather “static” medium. Secondly the van Hove self correlation function Gg(r,t)
clearly shows the presence of cages. This provides a characteristic spatial scale, i.e.,
the average cage size ¢, which depends on the microstructure of the polymer
matrix. Thirdly the self part of the density autocorrelation function Fg(g,t) reveals
several relaxation processes depending on the wavelength. For the wavelength shor-
ter than the average cage size, the free particle motion is dominant. As the wave
length becomes longer, the contribution of the slower relaxation process, appearing
as the tail of F(q,t), gradually increases. This process then turns into the diffusion
mode at a sufficiently long wavelength. In view of the hopping mechanism, the
wavelength at which F(q,t) shows the characteristic change should correspond to
the average distance between two adjacent cages &,. This is another characteristic
spatial scale which is successfully estimated for oxygen molecule, although it is
rather obscure for helium atom possibly due to the contribution of continuous
motions rather than discrete hops.

These two characteristic spatial scales well interpret the time dependence
of {r?*(t)> as time is scaled by D~!. The initial increase in {(r*(t)) is damped at
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(r2(t)y ~ €2, and then the anomalous diffusion regime clearly appears for
(r3(1)> < &2 Finally (r?(t))> becomes proportional to time for {r?(f)) » £Z. It is
thus concluded that the anomalous diffusion regime arises from the inhomogeneous
microstructure of the polymer matrix. The characteristic spatial scales of this in-
homogeneity could be in turn estimated by the anomalous diffusion regime. The
upper limit of the anomalous diffusion regime, however, should be carefully studied
by a larger system which provides a number of uncorrelated cages.
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