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PARTICLE MOTION THROUGH A DYNAMICALLY DISORDERED MEDIUM: THE EFFECTS OF BOND CORRELATION AND
APPLICATION TO POLYMER SOLID ELECTROLYTES

Caroline §. HARRIS, A. NITZAN, Mark A. RATNER and D.F, SHRIVER

Department of Chemistry and Materials Research Center, Northwestern University, Evanstonm, IL
60201, U.S.A.

To study the diffusion of small particles through a dynamically disordered medium, a dyna-
mic bond percolation model has been developed. This differs from the standard percolation
theoty, 1in that the lattice is no longer static but undergoes rearrangements which reassign the
open and clesed bonds., Physically, these rearrangements correspond to orientational motions of
the (polymer) host lattice.

An intetesting feature of this model is that, even below the percolation threshold, dif-
fusive behavior can occur, as long as the renewal time Tp.,, the time characteristic of the
rearrangement of bonds, is short compared to the observation (ime.

Ionic conductivity in polymeric electrelytes is one of the systems for which this model is
useful. In these materials, carrier ions diffuse through a medium (the polymer) which is
undergoing dynamic motion caused by configurational motlons of the polymer. Since polymer
chain motions will affect several iom binding sites simultaneously or serially, the model is
further elaborated to account for correlations in the segmental motions of the polymer host.
The renewal of the bonds is changed from occurring randomly to include simple correlation
effects.

0f principal concern in this study is the effect that correlated renewals have on the
transport behavior of the model. Simulations were dome on a 1-D lattice and a diffusion
coefficlent calculated. The values of the diffusion coefficients from the two systems
(with and without correlated renewal) are studied and their behavior as a function of the
fraction of available bonds, £, and the renewal time is compared.

For both correlated and uncorrelated renewals, the systems were diffusive. The diffusion
coefficients, in both cases, Inecreased with increasing f and decreasing Tpeq, corresponding to
an increase In the free volume, the configurational entropy, and the temperature of the polymer
systems. The diffusion coefficlent from the correlated systems were always smaller than those
from the uncorrelated systems, except for the limit f = 100% and Tpen << Thop. The ratio of
the diffusion coefficlents for the correlated and uncorrelated systems was studied as a func-
tion of Tpren and f. This ratio falls off to a constant value as Tpep 1s increased and reaches

minimum value at f = 50%. This behavior of the ratio as a function of f can be explained by
considering the diffusion of the bonds in the lattice for the correlated case.

INTRODUCTION transport properties of these non-framework

Percolation models are often used to study fonic conductors. The importance of polymer

In bond backbone fluctuations to the transport of the

fons has been demonstrated in a varilety of

5,6,7 Theories based on free volume

hop from site to site on a lattice in which a
given fraction of intersite bonds is randomly
blocked. This model has been applied to the
study of transport in framework solid electro-
lytes.2 The development of solvent free
polymer-salt complexes as solid electro-

1ytes3-4 has stimulated interest in the

systems.
and configurational entropy have been used to
describe the temperature dependent conductivity
of polymeric solid electrolytes.4v8 Amorphous
regions of the polymer host, above its glass
transition temperature, have a substantlal

amount of free volume or configurational
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entropy which increases with temperature and
facilitates lon transport.

The application of the bond percolation
model to poelymer solid electrolytes is possible
if the model is modified to account for the
segmental motions of the polymer host. In the
Dynamic Bond Percolation (DBP) model, the dyna-
mics of the polymer host are taken into account
by considering lattice rearrangements which
reassign the blocked and unblocked bonds. The
application of DBP to polymer electrolytes,
ineluding both 1ts relationship to the free
volume model,9 and formal properties of the
model itselfl®, 11,12 have been studied pre-
viously. A slightly differeat model has been
recently investigated by Harrison and
Zwanzig.l2

The objective of the present study is to
alter the DBP model to include correlations
among the lattice bonds undergoing rearrange-—
ment, and to make a qualitative investigation
of how correlation affects the diffusion coef-
ficients cbtained from numerical simulations.
Work by Kutner and Kehrl3 has considered a
model which formally resembles DBP with corte-
lated renewal. This work looks at diffusion
with two kinds of particles where one kind may,
in our case, take the part of the migrating
bonds., Here we consider a model in which the
lattice motion 18 far more strongly correlated
than in refs. 9-11 or 12, It involves per-
mitting open, or avallable, bouds to move only
between one bond site to the next bond site,
and may correspond to a polymer electrolyte in
which backbone motions indeed move the
avallable ion motion pathways down the lattice,
It also characterizes well the one-dimensional
case of light particles (the ions) moving in
concert with heavy particles (the lattice).
and should be useful Iin describing the coupled
rotation and hopping processes which occur in

protonic electrolytes.léd

2. MODEL AND DISCUSSION

In the dynamic bond percolation models! a
hopper is propagated from site to site within a
lattice, The probabllity of the hopper moving
from one gite to another across a bond, Wiy, is
assigned either the value 0 (bond blocked) or
the value w. A given fraction, f, of the bonds
are unblocked. These unblocked bonds are ran-—
domly distributed throughout the lattice. Thus
the probability Py for the hopping fon to be
located on gite 1 1is given by

dPi
e T L ety TR M
where the sum runs only over nearest neighbors,
and
0 probability (1-f)
"’1_‘] = (2)
w probability £

Equation (1) is the kinetic equation, or master
equation, for the system. In static bond per-
colation theory, the bond W § for any given
palr of sites 1 and j 1s fixed once and forever
to be either available (wij = w} or closed

(“1j = 0). In dynamic percolation models, the
assignment of wij to elther zero or w varies
with time. Thus, to add dynamice to the system
the agsignment of blocked bonds is randomly
redistributed, keeping the overall fraction f
constant, on a time scale, 7t,,,. The other
relevant parameters of the model are the obser-
vation and hopping times, topg and Thep,
respectively, Numerical simulations and a
closed-form evaluation!® !l for a one-
dimensional model show that diffusion occurs In
the limit of t,hg ? Trens Thop* When no fluc-
tuations of the lattice are allowed to occur,
Tren 7 Tohg. diffusion is prohibited below the
percolation threshold, 10 This second limit,
Tren 7 Tobg» corresponds to a polymer electro-
lyte that 13 either highly crystalline or is
below 1ts glass trausition temperature with a

resulting low conductivity.
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To make the model more physically reason-
able, correlated instead of random? 11 bond
renewals are used, Thils better represents the
important segmental fluctuations of the polymer
host in polymer electrolytes. To render bhond
renewal a strongly correlated process a
restriction is added such that a bond can rénew
only by exchanging blacked/unblocked status
(“1j = 0 or wiy = w) with one of its nearest
neighbors. This exchange occurs with a charac-
teristic timescale, Trep« The results of
numerical simulations on a one-dimensional lat-
tice give the mean-squared displacement of the
hopper as a linear function of time, the slope
being the diffusion coefficient., The effect of
the added limitation of correlated renewal is
determined by examining the relative diffusion
coefficients of the correlated and uncorrelated
systems, D./D,, as a function of the para-
meters, £, Trens Thop-

Correlations ian the renewal process reduce
the diffusion coefficlient such that D./Dy < 1,
Figures l1-3. At two extreme limits, £ + 1.00
Tren, the value of D./D, approaches unity,
Figures 1b and 3a. For the case of f » 1.00,
the renewal process becomes unimportant since
there are essentially no blocking bonds. For
the case of Tpop ?> Tren the lattice fluctuates
rapidly relative to the hopper motion. In the
time between one hop and the next the lattice
passes through such a large number of config-
urations that all correlations are lost and the
correlated renewals become effecitvely random.
The value of the ratio D./D, decreases as
Tren/ Thop lncreases, illustrated in Figure 1.
For tyapn 2 Thop the hopper samples a cluster of
connected sites in the time between consecutive
renewals. During this time the hepper encoun-
ters blocked bonds which bar ite wmovement.,
Uncorrelated renewals can open up new ar2as of
avallable sitea while correlated renewals only

free cne site per renewal, limiting diffusion.

AS T,.., becomes large the hopper sawmples all
sites avallable to 1t before the next renewal
occurs and the effects of carrelation reach a
limit. This limit is observed as D /D, reaches
a constant value, Figure la.

The dependence of D;/D, on the bond fraction
f reflects the dynamics of the bond diffusion
itself. Like any system of diffusing entities
with short range {e.g., excluded volume} inter-
actions this diffusion proceas is slowest at
f = 0.5, and roughly proportional to f£(1-f),
Accordingly the factot D./D, goes through a
similar minimum as shown In Figure 3a. The
lack of symmetry of the Dg/D, vs. f curve
results from the fact that D, 1s related to the
diffusion of the iomns which obviously increases
strongly with f.

The Iindependent behavior of the diffusion
coefficlents for the cases of correlated and
uncorrelated bond renewal as a function of f
and Tpen/Thep are plotted in Figures 2 and 3b.
Relating the system to polymer electrolytes, an
increase in f and decrease in Tren/Thop corre-
sponds to an increase in free volume and con—
figurational entropy and a decrease in percent
crystallinity of the polymer host, resulting in
an Improvement of ionic conductivity. These
factors are true of both correlated and
uncorrelated?~1l bond reunewals.

An important feature of the DBP model 1s
that diffusion can still occur when the frac-
tion of unblocked bonds Is below that which
defines the percolation threshold in static
percolation modelsl (f < 1.0 for one dimen-
gsion)., Extending the simulations to two dimen-
slions, 1t will be of considerable interest to
see If there are any sudden changes in the
behavior of the diffusion coefficient at the
percolation thresholds found in the statlc
models., Our work as well as that of Harrison
and Zwanzigl? in models with independent

(uncorrelated) renewals shows that although
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there 1s substantial change in the quantitative 8. B. L. Papke, M, A. Ratner, and D. F.
. . . 2
behavior of D{f) as f passes through the ?Egiver. J. Electrochem. Soc. 129 (1982)

threshold value f., the abrupt change of the
9. 8. D. Druger, M, A, Ratner, and A. Nitzam,

static model 18 very much smoothed by renewal. Sol. St. Tonics 9/10 (1983) 1115.

We expect this general behavior to occur also
10. S. D. Druger, M, A, Ratner, and A. Nitzan,

for strongly correlated renewal and beyond the J. Chem. Phys. 79 (1983) 3133.

effective medium approximation., Experi-
ll1. S. D. Druger, A. Nitzan, and M. A. Ratner,

mentally, this means that independent of Phys. Rev. B 12 (1985)

carrier concentration or of polymer chain
length, diffusion of mobile ions will be 12. A. K. Harrison and R. Zwanzig, Phys. Rev.
A, 1n press.

expected above the glass transition tem-—
erature 13, R. Kutner and K. W. Kehr, Philosphical
P ‘ Magazine A 48 (1983) 199.
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