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Previous pulsed-field gradient~PFG! nuclear magnetic resonance~NMR! measurements on different
sorbate–zeolite systems suggest that there exist at least five different types of dependence of
self-diffusivity of the sorbate,D, on the concentration,c, of the sorbate. Sorbate–zeolite systems
have been modeled as a two-dimensional lattice gas and studied by carrying out Monte Carlo
simulations under different conditions. Among the different factors that have been varied are the
arrangement of adsorption sites, hop length, nature and strength of the sorbate-sorbate interaction,
and the degree of confinement. Surprisingly, even the simple 2-D lattice gas model could yield more
than one type ofD vs c dependence. The present study provides insight into the possible reasons
for a given type ofD vs c dependence.
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I. INTRODUCTION

Diffusion in porous systems has been extensively st
ied recently.1–12 The extremely rich variety in the equilib
rium and dynamical properties exhibited by these syste
makes them interesting. Such a variety arises from the
that there are a number of factors that determine th
properties.13 Moreover, the fact that sorbates in porous sol
are similar to guest–host complexes makes their study
wider applicability and significance. It is increasingly rea
ized that one cannot expect diffusion in these systems to
like that in the bulk. Studies mainly on zeolites, but some
aluminophosphates as well, have revealed new phenom
that result from this ‘‘confinement.’’ For example, these sy
tems have been found to exhibit shut-outs,14 single-file
diffusion,15 and the levitation effect.16

The dependence of the self-diffusion coefficientD on the
sorbate concentrationc is of particular importance. This ha
been investigated by the technique of PFG-NMR by Ka¨rger
and Pfeifer.17 Different sorbate–zeolite systems exhibit d
ferent dependences, but all of these generally fall into fi
different types shown in Fig. 1. For example, the se
diffusion coefficients of smalln-alkanes in zeolites NaX an
silicalite decrease with increasing concentration~type I be-
havior!. On the other hand, at low sorbate concentratio
water and ammonia in zeolite NaX exhibit an initial increa
in the self-diffusivity (D) which, at higher concentrations
saturates to a particular value~type III behavior!.

It is important to understand the factors that give rise
different dependences ofD on c observed in different guest–
zeolite systems. These guest–zeolite systems are rather

a!Also at Condensed Matter Theory Unit, Jawaharlal Nehru Center for
vanced Scientific Research.
Electronic mail: yashonat@sscu.iisc.ernet.in
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plicated and several factors influence the self-diffusivity. T
Si/Al ratio, the nature of extra framework cations, presen
of water in the zeolite framework, and the pore size distrib
tion of the zeolitic host are some of the factors that influen
the self-diffusivity. The nature of the guest molecule and
nature of its interaction with the zeolite host also influen
the self-diffusivity. For example, polar molecules such
water, ammonia, etc. exhibit an increase in the se
diffusivity with sorbate concentration, at least at low conce
trations. Such a variety of factors affecting diffusivity
what makes it so difficult to obtain the influence of any giv
factor on the diffusivity in a laboratory experiment sinc
more often than not, when one of these factors is varied,
others are automatically altered. Theoretical approaches
at best handle very simple systems and are unable to ha
the complexity inherent to the sorbate–zeolite systems.

Computational approaches provide a viable alternat
The numerical methods employed provide us with freed
to either include only the bare essential details or take i
consideration all the complexities involved in the real sy
tem. The former would offer a better alternative wheneve
is necessary to pinpoint the cause–effect relationship with
ambiguity, since it would lack needless details. Furth
when the complex guest–zeolite systems are replaced by
propriate model systems, these studies are greatly simpli
making it possible to carry out long simulations within re
sonable computational resources often yielding as much
sight as a full-scale simulation. We have, therefore, chose
model the sorbate–zeolite systems as a two-dimensiona
tice gas model.

Several workers18–28 have investigated the diffusion o
atoms or molecules on a surface or inside a zeolite by Mo
Carlo ~MC! methods within the framework of lattice ga
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models. A few of these studies18,19,28employ the Metropolis
Monte Carlo method to calculate the self-diffusion coe
cients. Others22–27 have employed the kinetic Monte Car
method to study diffusivity within the framework of lattic
gas models. Whenever a certain physical quantity relate
the system of interest is available, either from experimen
other sources, it can then be used to simulate the prope
of the system realistically via the kinetic Monte Car
method. For example, from a knowledge of the hopping ra
between different adsorption sites of sorbates in zeolitic c
ties, it is possible to compute the self-diffusion coefficie
Here, each Monte Carlo step is associated with a t
increment.29 Kang and Weinberg,30,31 as well as Fichthorn
and Weinberg,29 have investigated the three different a
proaches available, namely, Metropolis MC, Kawasaki d
namics, and kinetic MC on diffusion of adsorbed spec
within the lattice gas model. These are characterized by th
different transition probabilities:wm , wk , andwe , respec-
tively. They conclude that when the system has reac
equilibrium, a linear relationship holds between the tim
scales of the three methods. They further find in their inv
tigations of the self-diffusivity that the mean-square d
placement scales linearly with time and is independent of
type of the transition probability used in the simulation. T
actual magnitudes of the self-diffusivities are expected to
different.

In the present study, the sorbate–zeolite systems
which PFG-NMR results are available are diverse in natu
and the hopping frequencies between different adsorp
sites are not known for all the sorbate–zeolite systems
view of this, as well as in the light of the findings of Fich
thorn and Weinberg29 cited above, there is no particular a
vantage in using the kinetic Monte Carlo method for t
present simulation. Note that in an equilibrated syst
Monte Carlo steps are proportional to time,30 though the pro-
portionality constant is unknown. Since, in the present stu
we have calculated self-diffusivity only after sufficie
equilibration of the system has been performed, the num
of Monte Carlo steps is expected to be proportional to tim

FIG. 1. Different types of dependence observed by Ka¨rger and Pfeifer~Ref.
17! in the PFG-NMR measurements of intracrystalline self-diffusion coe
cienti, D, on sorbate concentration,c.
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Further, since in a lattice gas model the unit of length
arbitrary, one does not attach any importance to the uni
time. Our aim here is not to reproduce theexperimentally
observed self-diffusivities in sorbate-zeolite systems.
stead, we are interested here in obtaining qualitative trend
self-diffusivities as a function of sorbate concentration.

We have varied in the lattice gas model the nature a
arrangement of adsorption sites, the magnitude of the on
energies, the nature and strength of the interaction amo
the sorbates, the hop length, and degree of confinemen
this study, we would like to raise the following question
what are the factors that influence the type of dependenc
the self-diffusion coefficient,D, on the sorbate concentra
tion, c? What is the effect of the variation of the pattern
adsorption sites onD? What is the effect of confinement o
the D vs c pattern? Are the different types ofD vs c depen-
dences obtained by Ka¨rger and co-workers distinct? In othe
words, can a given sorbate-zeolite system exhibit more t
one of the five types ofD vs c dependence? We will try to
answer these and related questions here.

II. LATTICE GAS MODEL

The model consists of a two-dimensional lattice
50350 sites. Of the 2500 sites, some were designated ‘
sorption sites’’ with an energy ofea and others were the
‘‘normal sites’’ with energyen . Note that the on-site ener
gies for the adsorption sites are lower than the normal si
i.e., ueau.uenu.

Several patterns of adsorption sites were employed w
a view to understand its influence on theD vs c dependence.
Three different spatial distributions of adsorption sites ha
been considered here. Figure 2 displays the patterns of
sorption sites of a 10310 unit. These are termed as~a! plain,
~b! square,~c! clustered, and~d! chessboard. The lattice wa
constructed by repeating the 10310 unit in the two~x- and
y-! directions. The ratio of the number of adsorption sites
that of the total number of sites is defined ashads.

Calculations have been carried out at different conc
trations,c, wherec is the number of sorbates. Double occ
pation of a site is forbidden, which leads to a decrease
diffusivity with c whenever the number of sorbates excee
1250, that is, 50% of the total number of available sit
Therefore, no calculations for concentrations higher th
50% occupancy are reported in the present study.

Nearest-neighbor~nn! sites are defined as the lattice sit
nearest to a given site along thex- or the y-direction. Only
interactions between particles on nearest neighbor~nn! sites
have been considered. The nature and magnitude of nea
neighbor interactions,ess, can be of two types:~i! repulsive
(ess.0), or ~ii ! attractive (ess,0). These may be inter
preted as corresponding to two sizes,s, of sorbates:~1! s
.d wheness.0, and~2! s,d wheness,0. Here,d is the
separation between two sorbates. The value foress in the
former case is chosen large enough so that nearest-neig
occupation is very rare. The justification for these choices
nn interactions arises from experimental data. The site-to-
distance, for example, in zeolite NaY32 is aroundd56 Å,
and when a sorbate such as xenon is adsorbed, the situ
corresponds to the latter case assss5sXe,d. Here,d, the
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FIG. 2. Four different arrangements of adsorption sit
on the basic 10310 building unit of the lattice are
shown: ~a! plain, ~b! square,~c! clustered,~d! chess-
board. Open circles represent normal sites and fil
circles represent adsorption sites.
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site-to-site distance lies in the attractive part (ess,0) of the
~6–12! Lennard-Jones potential energy curve. This situat
is depicted in Fig. 3~a!. On the other hand, if a large-size
sorbate such as, for example, neopentane33 is adsorbed, then
d lies in the region where repulsion is predominant as sho
in Fig. 3~b!. Another example for the caseess.0 is that of
methane in silicalite. Molecular dynamics~MD! studies by
Goodbodyet al.34 of methane in silicalite indicate that of th
four available potential minima along a straight chann
only two can be occupied at any time owing to the stro
repulsive interaction between methane molecules occup
two adjacent minima.

Hopping to nn sites as well as to next-nearest neigh
~nnn! sites is permitted. The former is referred to as sin
hop, denoted byh51, and the latter is referred to as doub
hop, indicated byh52. Both hops are alongx- or y- direc-
tions, and no hop along a diagonal is allowed. During dou
hops (h52), first an attempt is made to hop to one of t
four nnn sites chosen randomly. This could be unsucces
~i! either if the chosen nnn site is occupied~double occupa-
tion is forbidden!, or ~ii ! if the intermediate nn site is eithe
occupied or is an adsorption site having a lower on-site
ergy. In case it is unsuccessful, a hop to the intermediate
site is attempted. This model for hop length is similar to th
first employed by Barrer and Jost35 for zeolites. More re-
cently, Azzouzet al.36 have found that long hops are signifi
cant for particles adsorbed on surfaces. In the case of a s
hop (h51), an attempt is made to hop to one of the four
sites chosen randomly.

Confinement is introduced by restricting migration
particles from one 10310 block to another via fewer than te
sites along the edge of the block. In the normal case wh
there is no confinement, migration from one block to anot
n
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can take place from any site along the edge of the blo
Figures 4~a! and 4~b! depict two lattices with different de
grees of confinement used in this study: 6- and 1-site w
dows. All calculations that include confinement have be
carried out with clustered arrangement of adsorption s
@see Fig. 2~c!#.

III. COMPUTATIONAL DETAILS

All simulations have been carried out on a 50350 lat-
tice. The ratiohadsfor the three patterns shown in Figs. 2~b!,

FIG. 3. Two situations where the nn interaction energies are~a! attractive
(ess,0) and~b! repulsive (ess.0). The former corresponds to a situatio
where the adsorbate diameter, in Lennard-Jones interaction potentia
smaller than the nn distance. The latter corresponds to the case whe
adsorbate L-J diameter is larger than the nn distance.
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2~c!, and 2~d! are 0.1024~square!, 0.06~clustered!, and
0.5~chessboard!, respectively. On-site energies have be
taken to been5210 kJ/mol andea5220 kJ/mol, in all
cases.

All simulations have been carried out in the canoni
~NVT! ensemble using the standard Metropolis37 Monte
Carlo importance sampling algorithm employing period
boundary conditions. In the lattice gas model, the volumeV
is replaced by the total number of sites on the lattice. E
Monte Carlo step consists of an attempt to move each of
particles once by choosing them cyclically, in one of the fo
directions, chosen randomly. Probability for the hop is c
culated taking into account the on-site and sorbate–sor
interaction energies at the new and the old sites. The u
Metropolis algorithm is followed to decide if the hop is su
cessful. Where confinement has been introduced, the num
of directions to which the particle can hop to is appropriat
reduced for particles near boundary.

The interactioness between the particles located on n
sites is taken to be either~i! 20.5 kJ/mol or~ii ! 120.0 kJ/
mol. In some cases an energy of210 kJ/mol has been used
The concentration of the total number of adsorbates wa
the range 100 to 1250. The value of 1250 forc suggests 50%
occupancy of the lattice sites. Note that a value beyond 5
occupancy would lead to a decrease in the value ofD on a
two-dimensional square lattice.

Each run with an equilibration phase consisting of 30
MC steps and a production phase of 60 000 MC steps

FIG. 4. Basic building units in the presence of confinement for~a! the case
of a 6-site window, and~b! 1-site window are shown. All calculations with
confinement have been performed on clustered arrangement of adso
sites. Open circles represent normal sites and filled circles represent ad
tion sites. Filled diamonds represent window sites through which the
bates can leave the 10310 block of sites.
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carried out with periodic boundary conditions. The tempe
ture in all cases was 300 K.

In order to obtain qualitative trends, we have calcula
the self-diffusion coefficient for the two-dimensional lattic
gas model from

D5
^~r ~ t01t!2r ~ t0!!2&

4t
5

^u2~t!&
4t

,

wherer (t0) and r (t01t) are two positions, separated byt
MC steps. Thê . . . & implies that averaging has been do
over a number of time origins,t0, as well as over all the
particles. Typical plots of the mean-squared displacemen
a function of time~MC steps!, u2(t) are shown in Fig. 5 for
square arrangement of adsorption sites at different sor
concentrations forh52. The linear relationship betwee
u2(t) and the MC steps,t, seen in Fig. 5 confirms that th
system has indeed reached equilibrium. The definition of
unit of time is arbitrary. We take one MC step as represe
ing the unit of time.30 In each MC step, each of the particle
present on the lattice attempts a displacement once. MC
figurations were stored every tenth MC step. The me
square displacement curve was computed from these st
steps. The estimated error in the calculated self-diffusion
efficient is found to be about 7%.

IV. RESULTS AND DISCUSSION

The principal quantity of interest in this study is th
self-diffusivity. The aim of these calculations is to obtain t
nature of dependence of the self-diffusivityD on the sorbate
concentration,c. The different factors that could influenc
the pattern ofD vs c curves are~i! the pattern of the adsorp
tion sites: plain, square, clustered, and chessboard pat
~ii ! interparticle interaction strength,ess, ~iii ! hop length,
h~single or double hops!, and~iv! the effect of confinement
We would like to point out that the confinement introduc
here within the lattice gas model differs from that present
a real porous solid such as zeolite. For example, in a zeo
there would be attraction between the sorbate and the in
nal surface of the pore in which the sorbate is residing. C
finement introduced by us here gives rise to only geome
confinement.

ion
rp-
r-

FIG. 5. Mean-square displacement, u2(t) as a function of MC steps, calcu
lated from the Monte Carlo simulation at different values of the sorb
concentration.
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We have varied the above factors and obtainedD vs c
curves under different conditions. There could be seve
other factors such as temperature, etc. which are also
pected to influence the dependence ofD on c, but in this
investigation we restrict ourselves to the above factors.
self-diffusivity has been obtained from the slope ofu2(t),
mean-squared displacement curves obtained from the
simulations. Typical plots ofu2(t) curves are shown in Fig
5. Due to the reasonably long simulations~60,000 MC steps!
a straight line fit to theu2(t) curves was found to be quit
good, leading to a fairly accurate estimate ofD.

A. Dependence of D on ess and hop length, h

The simplest lattice consists of a uniform surface wi
out any adsorption~lower energy! sites. Figure 6 shows th
variation ofD vs c for this lattice. The curve shown in Fig
6~a! decreases monotonically as expected. Ka¨rger et al.17

classify this as type I behavior~see Fig. 1!. In order to see
the effect of the nearest-neighbor interaction, the simulati
on the plain lattice were carried out under two differing co
ditions:~i! ess520.5 and~ii ! ess5120.0 kJ/mol. The trend
for the latter is still a monotonic decrease as shown in Fig
but the decrease withc is now more rapid. As expected, th
value of D is always lower than the corresponding valu
obtained foress520.5 kJ/mol. In order to see the effect o
the hop length, simulations were repeated for bothess5
20.5 kJ/mol andess5120.0 kJ/mol with double hops (h
52). It is seen that for both cases,viz., ess520.5 kJ/mol
andess5120.0 kJ/mol, the value ofD is significantly higher
than for single hops. It is worthwhile noting that foress5
120.0 kJ/mol, theD vs c curves deviate significantly from
the straight line behavior and possess a distinct positive
vature~second derivative!. More important, however, is the
fact that all the fourD vs c curves are of type I, showing
monotonic decrease withc. Note that for values ofc above

FIG. 6. Results for lattice with no adsorption sites@Fig. 2~a!#. Dependence
of self-diffusivity D on sorbate concentrationc for ~a! ess520.5 kJ/mol
with h51 and 2.~b! ess5120 kJ/mol withh51 and 2.
al
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1250, D is expected to decrease with increase inc due to
increasing difficulty in finding unoccupied sites, as doub
occupancy of sites is prohibited.

B. Dependence on adsorption site pattern

Figures 7 and 8 show the variation ofD with c for lat-
tices with adsorption sites for~i! ess520.5 kJ/mol andess

520.0 kJ/mol, and~ii ! h51 andh52. Results for two dif-
ferent arrangements of adsorption sites which we term a~i!

FIG. 7. Results for lattice with square arrangement of adsorption sites@see
Fig. 2~b!#. Dependence of self-diffusivityD on sorbate concentrationc for
~a! ess520.5 kJ/mol withh51 and 2.~b! ess5120 kJ/mol withh51
and 2.

FIG. 8. Results for lattice with clustered pattern of adsorption sites@see Fig.
2~c!#. Dependence of self-diffusivityD on sorbate concentrationc for ~a!
ess520.5 kJ/mol with h51 and 2. ~b! ess5120 kJ/mol with h51
and 2.
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FIG. 9. Snapshot pictures of 50350 lattice with square arrangement o
adsorption sites. Here,normalandadsorptionsites are indicated by dots an
crosses, respectively. The adsorbates are indicated by filled squares.
that the fraction of sorbates on thenormal sites increases steadily with
increase in sorbate concentration: 0.11, 0.30, and 0.34 at~a! 100, ~b! 300,
and ~c! 700 sorbates on the lattice consisting of 256 adsorption sites.
results in an increase in self-diffusivity with concentration as observed
Figs. 7 and 8 for square and clustered arrangement of adsorption
respectively.
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square and~ii ! clustered~see Fig. 2! are shown in Figs. 7 and
8. It is clear from these figures that the simple type I beh
ior observed for the plain lattice without any adsorption si
goes over to type IV behavior wheness520.5 kJ/mol. The
values of the diffusivity are lower in the presence of adso
tion sites as a sizable fraction of sorbates is now occupy
these sites. This is also responsible for the observed typ
behavior. This is evident from the snapshot pictures of
sorbate positions on the 50350 lattice shown in Figs. 9~a!,
9~b!, and 9~c!. The location of the adsorbates for three d
ferent concentrations,viz., 100, 300, and 700 sorbates,
indicated on a square arranged lattice. Normal sites and
sorption sites are indicated by dots and crosses, respecti
The filled squares indicate the locations of the adsorbate
is seen that a large fraction of adsorbates resides on the
-
s

-
g
IV
e

d-
ly.
It
d-

sorption sites: 0.89, 0.70, and 0.66 for concentrations of 1
300, and 700 adsorbates, respectively. As can be seen,
increase in adsorbate concentration, a larger fraction of
sorbates occupies normal sites, leading to an increase in
diffusivity.

For ess5120.0 kJ/mol, the behavior exhibited is foun
to be type I or type IV, or even type II depending on th
condition under which the simulations are carried out. F
the clustered arrangement of sites withess5120.0 kJ/mol,
the curve is of type IV whenh52 but of type II when
h51.

It is clear from this that the nature and strength
sorbate–sorbate interaction, the presence of adsorption s
and hop length affects the nature ofD vs c curves. We can
conclude from these results that the presence of adsorp
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sites makes type I go over to type IV under certain con
tions. The nature and strength of sorbate-sorbate interac
can also alter theD vs c behavior so as to give rise to type
or type IV depending on the condition imposed. The h
length can change a type IV to type II behavior under cert
conditions (ess5120.0 kJ/mol and clustered site distribu
tion!. These results suggest that an interplay between dif
ent factors can lead to several types ofD vs c behavior.

Results for another pattern of adsorption sites—
chessboard pattern—are presented in Fig. 10. The ch

FIG. 10. Results for lattice with chessboard arrangement of adsorption
@see Fig. 2~d!#. Dependence of self-diffusivityD on sorbate concentrationc
for ~a! ess520.5 kJ/mol with h51 and 2. ~b! ess5120 kJ/mol with
h51 and 2.
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board pattern leads to a type IV behavior similar to th
found for square and clustered lattice for the case ofh51
~and ess520.5 kJ/mol! while the other curves are reminis
cent of the plain lattice without adsorption sites. This is b
cause the diffusing sorbates cannot altogether avoid the
mal sites forh51; in the case ofh52 sorbates can hop from
one adsorption site to another without ever occupying a n
mal site. This is evident in Fig. 11, where open circles a
squares represent the normal and adsorption sites, res
tively. Filled squares represent the sites occupied by a sin
adsorbate during its peregrination over about 2000 MC ste
The adsorbate essentially hops from one adsorption sit
the next most of the time. In fact, out of these 2000 MC ste
~shown in Fig. 11!, the adsorbate is found to occupy a no
mal site only for about five steps. As a consequence, w
h52, the whole lattice can be considered similar to a pl
lattice. As we saw earlier, the presence of adsorption s
leads to a change of behavior from type I to IV and this
what is observed forh51 and ess520.5 kJ/mol. When
ess5120.0 kJ/mol andh51, the repulsion between sor
bates prevents occupation of neighboring sites. Besides
sorbates can occupy the adsorption sites as there is a
number of adsorption sites~1250! leading to very low value
for diffusivity ~see Fig. 10!. Wheness5120.0 kJ/mol and
h52, sorbates diffuse largely through hops from one a
sorption site to a neighboring adsorption site, leading t
high value ofD.

Calculations have been carried out on clustered arran
ment of adsorption sites withess5210 kJ/mol instead of
ess520.5 kJ/mol. The result forh52 is shown in Fig. 12.
It is seen that type I behavior is observed. Comparison w
the result for clustered arrangement of sites@see Fig. 8~a!#

es
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ly.
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y-
FIG. 11. A trajectory of a single sorbate ove
2000 MC steps is shown on a 50350 lattice.
Normalandadsorptionsites are indicated by an
open circle and an open square, respective
The sorbate is indicated by a filled square. T
sorbate most of the time hops from oneadsorp-
tion site to another, avoidingnormal sites. This
leads to a decrease inD with c similar to that
observed in case of a plain lattice. There see
to be only five instances of the sorbate occup
ing a normal site.
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with ess520.5 kJ/mol, h52 suggests that type IV ha
changed to type I. It is seen that diffusivity is significant
lowered and it decreases much faster with increase inc.
Stronger sorbate–sorbate interaction leads to clusterin
sorbates. Mobility of these clusters is expected to be lo
than that of a single sorbate or smaller clusters. At hig
concentrations larger clusters are formed and there are fe
clusters of small size, leading to a rapid decrease inD with
increase inc.

C. Effect of Confinement

In order to see the effect of confinement, simulatio
with ‘‘medium’’ confinement, in which there are window
extending over six lattice sites and ‘‘strong’’ confinement,
which windows extend over just one lattice site, have be
carried out~see Fig. 4!. The arrangement of adsorption sit
is that of clustered arrangement depicted in Fig. 2~c!. The
results with 6-site and 1-site windows are shown in Figs.
and 14, respectively. Figure 13 shows that the dependenc
D on c is essentially unchanged when the medium confi
ment with 6-site windows is introduced. For a 1-site windo
there is an overall decrease in the magnitude ofD. However,
for 1-site window andess5120 kJ/mol andh52, the D
vs c curve seems to have changed from type IV to typ
~see Fig. 14!. But, the difference in values ofD between
c5100 and 300 sorbates is rather small and hence the t
in D vs c is not entirely unambiguous.

V. CONCLUSIONS

A summary of differentD vs c types obtained in the
present study is tabulated in Table I. The different types
behavior ofD vs c under different conditions can be unde
stood in terms of the microscopic factors responsible
these. The simple decrease~type I behavior! in D with c,
observed for a plain lattice is attributed to decrease in
mean free path of the sorbates as sorbate concentratio
increased. This is the behavior observed for a bulk gas
well and is to be expected. Introduction of adsorption si
with stronger attraction, i.e., lower on-site energy, leads

FIG. 12. Effect of change iness on D vs c behavior for clustered arrange
ment of adsorption sites withess5210 kJ/mol andh52. Note that type IV
behavior observed in Fig. 8~a! for ess520.5 kJ/mol has changed to type
behavior foress5210 kJ/mol.
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type I behavior going over to type IV behavior. At low so
bate concentrations, most of the adsorbates are bound t
adsorption sites, leading to a low value forD. With increase
in the number of sorbates, due to the limited availability
adsorption sites, there is an increase in the fraction of s
bates that is not bound to the adsorption sites. This cont
utes to an increase in the value ofD with c. At still higher
values ofc, mean free path decreases, which causes a
crease inD.

The case of the chessboard pattern is similar to tha
plain lattice whenh52. This leads to type I behavior. This i
because sorbates can entirely avoid occupying a normal
when h52. Whenh51, the expectedD vs c behavior is

FIG. 13. Dependence ofD on c for lattice with medium confinement~6-site
window! and clustered arrangement of sites for~a! ess520.5 kJ/mol and
h51 and 2.~b! ess5120 kJ/mol andh51 and 2.

FIG. 14. Dependence ofD on c for lattice with strong confinement~1-site
window! and clustered arrangement of sites for~a! ess520.5 kJ/mol and
h51 and 2.~b! ess5120 kJ/mol andh51 and 2.
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TABLE I. Summary of results on dependence of self-diffusivity on sorbate concentration from 2-dimens
lattice gas simulations. Different types ofD vs c curves are as depicted in Fig. 1~Ref. 17!.

ess520.5 kJ/mol ess5120.0 kJ/mol

Pattern of adsorption sites h51 h52 h51 h52

None I I I I
Square arranged IV IV I I
Chess board IV I I I

Clustered
~i! no confinement IV IV II/I IV
~ii ! confinement with 6-site window IV IV II IV
~iii ! confinement with 1-site window IV IV II/I I
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similar to a lattice with adsorption sites. Therefore, one fin
a type IV dependence. Whenh51, a sorbate has to occupy
normal site while diffusing on the lattice. It is therefore u
derstandable that the observedD vs c curve is of the type IV
for h51 and of type I forh52.

The effect of stronger sorbate–sorbate interaction on
tices with clustered adsorption sites is to lower the diffus
ity, and theD vs c type IV dependence goes over to type
This is because of a significant increase in the formation
clusters with increase in the sorbate concentration,c, even at
low c. The decrease inD with c is steeper. The cluster
increase rapidly both in size and number with increase inc,
leading to a more rapid decrease inD with c.

Confinement as introduced in the present work leads
type IV behavior going over to type I for a 1-site windo
with h52. More detailed studies are required to explore
effect of confinement under different conditions.

In conclusion, at least three different types ofD vs c
behavior,viz., types I, II, and IV, have been obtained in th
present study. It is found that introduction of adsorption si
is responsible for the type I→IV transition. A type IV to I
transition can be obtained either by removal of adsorpt
sites or by an increase in the strength of adsorbate–adso
interactions or by the introduction of strong confinement.
tuning of the adsorption sites with the adsorbate–adsor
interactions can lead to type II behavior.

In relation to the question of self-diffusivities obtaine
from Metropolis Monte Carlo and other allied methods, w
found, after this work was completed, the work by Huitem
and van der Eerden. They have addressed the question o
relationship between a Monte Carlo and a molecular dyn
ics step and compared the self-diffusivities obtained from
two methods.38
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