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Molecular dynamics simulations of the diffusiontodins-2-butene in zeolite type MEL at 623 K have revealed

an initial increase of the self-diffusivity with increasing loading, in contrast to simulation data collected for
the other butene isomers. This is usually the signature of repulsive-ggesst interactions. At higher
loadings, however, the concentration dependence was shown to decrease in a way consistent with attractive
guest-guest interactions (Jousse, F.; etalPhys. Chem. B997 101, 4717). The initial rise reaches a
maximum of about 25% for a loading of 2 molecules per unit cell. A jump diffusion model with
parameters deduced from the molecular dynamics simulations accurately reproduces the diffusivity simulated
at infinite dilution. For higher loadings guesguest interaction parameters must be included in the jump
diffusion model. Two simple models are presented, in order to rationalize the simulation results with a small
number of parameters. The simpler model considers spherically symmetric adsorption sites and uses only
two parameters; it is shown, however, that this model is unable to account for the simulated concentration
dependence of therans2-butene self-diffusivity. The second model, with three parameters, includes the
channel-like structure of the adsorption site and fits very effectively the concentration dependence of the
diffusivity. Repulsive interactions between two molecules in the same site are responsible for the initial
increase of the diffusivity. Attractive interactions arise when more than two molecules are in the same site,
leading to a steeper decrease of the diffusivities with increasing loading.

1. Introduction model via other rate constaris.Moreover, the simplification
introduced by the picture of diffusion as a jumping process often

and separation processes has long been recoghizdthough allows simple analytical expressions for the diffgsivities, while
several experimental techniques have been developed foret@ining most of the physics of the procesSes!

studying diffusion in zeolited? their applicability is often Diffusion of butene isomers in 10-membered ring zeolites
limited and interpretation of the results can be difficult. Indeed, might constitute an important component of the selectivity of
the observed diffusivities are controlled by a balance of attractive these zeolites toward isobutene in butene skeletal isom-
and repulsive hostguest and guestguest interactions. Mo-  erization?2428-30 |n a previous papetwe reported a study of
lecular modeling may provide a useful tool for disentangling the diffusion of butene isomers in zeolite types TON and MEL
these contributions. There are various levels of atomistic detail ysing molecular dynamics and a Monte Carlo jump diffusion
that can be incorporated into such modeling. Recently, we havemodel (JDM)!112 Although the energy barrier to diffusion in
reported the results of molecular dynamics simulations of the tnese all-silica zeolites was shown to be smaller than or on the
concentration dependencebp&nsz-butene |n'S|I|caI|te-2‘.In same order a&sT at 623 K, the molecular dynamics results
the present paper, we_descnbeacoarse-gralned model for th_eseould be interpreted in most cases on the basis of a jump
atomistic simulations, in an effort to reveal the physics essential diffusion process, either with or without correlations. The jump

0 these transport_ phenom_ena: o . diffusion picture of transport in zeolites usually assumes that a
The intracrystalline self-diffusivity is generally modeled using molecule executes a series of jumps, with site residence times

atomistic 3|mulat.|on75 and complex force fields, with errher that are uncorrelated from one another during the random walk.
molecular dynamids” or Monte Carlo procedures coupled with . . e
This assumption holds when the relaxation time of a molecule

transition-state theor§.1” Results of atomisti¢ or ab initic'8 t a0 ite i h ller than the tvpical fime bet
simulations can also be used as input in lattice gas models, which®! @ given site 1S much smafler than the typical ime between

are extremely useful for studying the influence of rare evéhts. two jumping events. This IS often interpreted as Imposing the
Indeed, diffusion in zeolites is usually composed of infrequent N€ed for large energy barriers between adsorption sites. How-
jumps in a random walk. Thus, atomistic simulations can  €Ver, these assumptions are by no means necessary, and a jump
provide the rate constants for random Wa'k Jumps' and rare dlf‘fUSIOI’] mOde| can |nC|ude many k|ndS Of COI‘I‘e|atI0nS betWeen
events such as pore blocking can be incorporated easily in theParticles or between everits.
- - Although these results were shown to hold for nonzero
; Corresponding author: jousse@hermes.chem.umass. edu. loadings? the picture gets slightly more complicated because
Department of Chemistry, University of Massachusetts. . .
of guest-guest interactions. The exact dependence of the
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TABLE 1: Parameters Used in the JDM Model of trans-2-
Butene Diffusion in Zeolite MEL at 623 K, Evaluated from
the Molecular Dynamics Simulations at Infinite Dilution

parameter
4k (10257 0.107
2k s (102 s7Y) 0.149
ko (102s™) 0.200
max. number of molecules in sité S 4
max. number of molecules in sité L 1

a Evaluated from the MD runs at 20 and 23 molecules/simulation

Figure 1. Sketch (left) of the channel system of zeolite MEL and (right) cell.

of the corresponding network of three sites (S), (L), and (C); only sites ) ) o
(L) and (S) were used as stable sites in the jump diffusion model of isomers in this zeolite is concerned, the structure of MEL could

trans-2-butene diffusion in MEL. be reduced to three types of sites shown in Figure 1: the large
] ) o intersections (L), the small intersections (S), and the channel
interactions and of the network connectivity. For example, the gjtes (C).
.d|ffu3|V|'ty is ggnerally reportgd .to increase .initially'with A. Molecular Dynamics. All molecular dynamics calcula-
increasing loading when the principal guegtiest interactions  tions were performed at 623 K (corresponding to the temperature
are repulsive and to decrease otherwise. Atvery high loadings ot an optimized butene skeletal isomerization process in the
the blocking of the channels lowers the diffusivity, regardless ,gqqjite ferrierit€9), in a 20.5x 20.5 x 27.5 A3 simulation cell
of the |n.teract|ons. The molecular dynamics simulations consisting of 2 unit cells of MEL along [001]. The cff91 czeo
reported in ref 4 revealed a general decrease of the self-force field of Biosym/MSH was employed throughout; since
diffusivity with increasing loading for isobutene, 1-butene, and opy the all-silica zeolite was studied, electrostatic interactions
cis-2-butene in silicalite-2 at 623 K, consistent with slightly \yere not included. All runs were performed in thevT
attractive intermolecular interactions. On the other hénags ensemble, usina 1 fstime step, keeping the zeolite lattice fixed
2-butene diffusivity s_howed as!lght initial increase, up to about p ¢ allowing thetrans-2-butene molecules to be flexible. In
2 molecules per unit cell, which would be the signature of tnis simulation cell, the dynamics of—-23 molecules was
repulsive guestguest interactions. However, the simulations  fq)jowed using periodic boundary conditions. Owing to com-
performed with up to 12 molecules per unit cell showed that ,er time limitations, the duration of the runs was varied
the concentration dependence at higher loading, consistent withpatyveen 200 ps for 1 molecule and 50 ps for 23 molecules.
the other butene isomers, could be interpreted with only geyeral independent runs were performed to obtain converged
attractive interactions. Therefore, further study is necessary to giatistical averages. The self-diffusivity was estimated using
confirm the simulated increase in the diffusivity and to resolve independent methods: (i) from the mean-square displace-
this apparent contradiction. Since we seek qual_ltanve under- ment, using Einstein’s relation; (ii) from the velocity autocor-
standing of these effects, we develop below the simplest modelyg|ation function?” see ref 4 for a more detailed description.
con3|st§nt with our simulation res!l!ts- . The site energies and the fundamental rates of the jump
In this paper we present additional molecular dynamics it sion model were derived from the molecular dynamics
calculations that give results consistent with the previous gjmjations at infinite dilution. The sites are the most probable
simulations. We show that a jump diffusion model is able to ,sjtions of the butene molecules during the molecular dynamic
reproduce fairly well the dependence upon loading observed inrng \which were found in this case to correspond to the channel
the_ molecular dynamics S|mulgt|ons tnansz-b_utene in sili- intersections; these are energy maxirh® & but free energy
calite-2. We also show that this dependence is consistent with inima at 623 K¢ The rate constants were evaluated from the
asmplg picture of guestguest interactions. In th'e next sectioq MD simulations using the relationk; = ny/ti, wheret; is the
we outline the simulation methodologies used in this study, in {44 residence time of a molecule in sitduring the simulation
section 3 we analyze the results, and in section 4 we conclude.andnij is the total number of crossings from site sitej during

the same time. The least likely molecular positions from the
molecular dynamics runs were used as first approximations for
Since the detailed methodology employed in this study has the boundaries between the sites. The exact positions of the
been described in a previously published pédiptis section boundaries were further refined by minimizing the corresponding
gives a brief outline of the “computational experiments.” In rate constants with respect to boundary locationsins-2-
this study, as in the previous one, we try to reduce the results Butene diffusion in zeolite MEL was shown to be accurately
of full atomistic simulations of the diffusion dfans-2-butene represented at infinite dilution by a jump diffusion process
in silicalite-2 to its essential features by comparison with a jump between only two of the three types of sites indicated in Figure
diffusion model. 1: the intersection sites (S) and (L). Indeed, the system behaves
The structure of zeolite type MEE builds a three- as if the molecules do not reside in the channels but, rather,
dimensional pore system from a single type of straight:6.3  jump directly from one intersection to anottfeThe maximum
5.4 A channel running along theandy directions shown in number of molecules allowed per site was evaluated from the
Figure 1. Two types of intersections connect these channelsmolecular dynamics simulations at very high loading (20 and
together: the smaller intersections involve roughly spherical 23 molecules/simulation cell.) All parameters directly evaluated
cavities about 1.5 times the size of the channels; the largerfrom the molecular dynamics simulations are listed in Table 1.
intersections resemble small channels algrgince the distance B. Jump Diffusion Model. A jump diffusion model can
between the centers of the intersecting channels is ca. 5 A. Onlyrepresentrrans-2-butene diffusion in silicalite-2 because the
the all-silica end member of the MEL family, corresponding to typical adsorption locations determined by molecular dynamics
the material known as silicalite2,3* was considered. The are well-described for all loadings by the lattice presented in
previous study showed that, as far as diffusion of butene Figure 1. All parameters for the jump diffusion modelt@ns

2. Simulation Methodology
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Figure 2. Sketch of a possible jump from an initial site 1 to a final
site 2.

2-butene diffusion at infinite dilution were extracted from the
molecular dynamics simulations. However, for nonzero loading,
we need to include the effect of the molectlaolecule
interactions. While it is possible to calculate the exact guest
guest interactions for a given configuration, we observe during
the MD simulations an averaged quantity. Since we are looking
more for qualitative understanding of these effects, our aim is

to reduce the number of parameters that have to be adjusted in =

order to reach this agreement and to assign their physical
meaning. In this section, we present and discuss this simple
assignment based on transition-state thédry.

Transition-state theory asserts that the rate constant between

two states with internal energ¥ini: and Esina Separated by a
transition state with internal enerdsts can be written as:

Kinit—final = V* €XP[—B(Ers — Eni)] 1)

wherev* is a “typical” frequency of the system that depends
on the entropy of the particles in the initial site and at the
transition state. This preexponential frequency typically ranges
between 18 and 163 s for the system under consideratién
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Figure 3. Example of a possible Lennard-Jones moleeuimlecule
interaction potential; the top drawing describes the various interaction
energies in the case of the first and simpler model; the bottom drawing
describes the meaning of the various interaction energies in the case
of the second model, accounting for the channel-like shape of the
adsorption site.

and varies much less with temperature than does the exponential

term.

Model 1. Considering the system of two sites presented in
Figure 2, the initial site containsmolecules and the final site
j molecules. Let us define the following energies: and e,
are the site energies of one molecule in site 1 and 2, respectively;
€ is the energy of a molecule at the transition staie;s the
interaction energy between a molecule in site 1 and a molecule
in site 2; e;; and ex are the interaction energies between a
molecule at the dividing surface and a molecule in site 1 and
site 2, respectively. Finallye;; and ez are the interaction
energies between two molecules, both in site 1 or in site 2,

in Figure 3. Depending on whether the molecules are con-
strained to be close or not-so-close to each other inside one
site, the parametex can be larger or smaller than unity; >

1 indicates repulsive interactions between the molecules inside
a site, whilea. < 1 indicates attractive interactions. We found
in ref 4 that the concentration dependence of 1-buteise?-
butene, and isobutene could be very well described by varying
only one slightly attractive interaction parameter 1 for these
different molecules and by using for all moleculgés= 1.0,
thatis,e1o~ ex. Bothejo andex correspond to a large distance,
as compared tey;, the interaction between two molecules inside

respectively. Please see Figure 3 (top) for a graphical repre-a site. That they are found to have the same value can be
sentation of these energy terms. The difference between theinterpreted in two ways: either these interactions are nonzero,
energy of the transition state and that of the initial state for the and therefore the intermolecular interaction must be long-ranged,

1— 2 jump is then given by:
Einit = [&p — €a + (1 = Dley, — €qq] T jlex — €13l (2)

Supposing that the number of molecules in a site does not hav
any influence on the preexponential factor, the rate constants
can be written as

Kiofi, 1) = ki1, Oty B ©)

where we have introduced the physical parametgrand 51
defined by

Ers—

0y = expl—(ey; — €,)/KT] (4)
P = expl—(ex — €)/KT] ©)

Clearly two other parametexs, and 3, should be defined to
describe the rate constanksy(i, j) using the same formal
expression as eq 3.

These parameters and 5 can be related to intermolecular
interactions. We suppose that the moleeut®lecule interac-
tion potential has a simple Lennard-Jones form, as exemplified

€,

or these interaction parameters are practically zero, and the total
interaction must be short-ranged, indeed confined to molecules
inside the same site. Since in the molecular dynamics calcula-
tions no long-ranged electrostatic interactions were used, it
follows that only the second hypothesis is physically consistent
with the simulations. Thus, the guegjuest interactions of
1-butenecis-2-butene, and isobutene in MEL were found to
be short-ranged and slightly attractive. Note that this reduces
the present two-parameters model to a one-parameter model.

The case ofrans-2-butene is slightly different. Indeed, an
initial increase of the diffusivity with loading signals repulsive
interactions at low loading, while at higher loading the decrease
of the diffusivity is consistent with attractive interactions. Itis
clear that a one-parameter model cannot capture this behavior.
In a first effort to understand the physics behind this behavior,
we supposed that in the model presented above the interactions
at the transition state and between two sites could be different
and therefore explored the whole, (3)-parameter space. We
will see in the next section, however, that even this more general
model cannot describe the concentration dependentarts
2-butene in silicalite-2. It is therefore necessary to introduce a
second model.
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Model 2. Model 1 corresponds to the maximum degree of
simplification: the sites are considered symmetric, so that all
molecules sorbed inside a site experience the same site energ
and interaction energy. Thé&ans2-butene molecules are
initially sorbed at the channel intersections but fill in the
channels as the concentration incredsest. high loading, we
should account for the fact that the molecules are packed inside
the channels of MEL. This breaks the symmetry of adsorption,
requiring that we modify the guesguest interactions as shown
in Figure 3 (bottom) to reflect this anisotropy. We suppose
that all molecules in a given site still have the same site energy
€1 Or €7; this is justified by the fact that we observe in the MD
simulations averaged quantities. Sites labeled 1 have the
channel-like structure sketched by an ellipse in Figure 3
(bottom), while sites 2 retain the spherical symmetry of the
former model. This simplification is completely justified in our
case since sites 2 correspond to sites (L), which can accom-
modate one molecule at most. Two molecules together in site
1 next to each other have the interaction en&r’lgyif they are
separated by one other molecule, their interaction energy is
efl. We will simplify further by assuming that all molecules
that are not directly adjacent have this same interaction energy.

efl. Then, the rate constaki(i, j) takes the following form

ki1, 08} fori=1
i) = (k@ O, fori=2  (©)
ki1, Oy 2 B fori>2

wheref; has the same meaning as in eqghas been modified,
and the new parametes is introduced according to

o, = expl—(ey, — e7)/KT] 7)
y1= exXpl—(ey — €5/KT] (8)

It is clear from Figure 3 that ity < €], o thatoy > 1, the
initial interaction between two molecules is repulsive. On the
other handg¢;; might be larger tham?, so thaty; < 1, and the
total interaction energy between more than two molecules in
the same site becomes attractive. We can now make a paralle
with the the results found in the case of 1-butesie2-butene,
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Figure 4. Self-diffusion coefficient otrans-2-butene in zeolite MEL

at 623 K, as a function of the number of molecules sorbed per
simulation cell. Keys to the legend: MD stands for molecular dynamics
of trans-2-butene in MEL, using the cff91 czeo force field of Biosym/
MSI; JDM stands for Monte Carlo jump diffusion model; MSD stands
for calculation from the linear regression of the mean-square displace-
ment; VACF stands for calculation from the integration of the velocity
autocorrelation function. Both JDM fits use the parameters listed in
Table 1 and eq 6, with the following interaction parameters: fitcl (
=2.0,6=1.0,y =0.3); fit2 (@ = 5.0, = 1.0,y = 0.2). The grey
shaded zone corresponds to the interval between the minimum and
maximum possible values & according to the MD simulations.

dynamics simulations. Indeed, the diffusion alangroceeds
partly via (Ly—~(L) jumps. Since these sites can only accom-
modate one molecule at most, the rate constant should not
depend on the concentration through anything but a normal site-
blocking model, which lowers the self-diffusivity when the
concentration increases.
B. Coarse-Grained Modeling. Model 1. We were unable
to find interaction parametersandg that provide a satisfactory
fit between the concentration dependence of the diffusivities
from our MD simulations and those from the simpler model of
uest-guest interactions. The reasons for this failure become
pparent when we analyze the concentration dependence of
diffusion emerging from this model. Figure 5 shows typical

and isobutene as discussed in the previous section. Indeedeyryes illustrating the qualitative behavior of the concentration
supposing that the interactions are short-ranged, that is, Conf'”eddependence of diffusion for several values of the parameters

to molecules in the same site, leadscip~ ex ~ €12~ 0; in
this cases = 1.0, and the three-parameter model reduces to a
two-parameter model involvingy( y)-parameter space.

3. Results and Discussion

A. Atomistic Simulations. The self-diffusivities calculated
from the molecular dynamics simulations are presented in Figure
4. Open and filled circles denote the diffusivities estimated from
the mean-square displacement (MSD) of thens-2-butene
center-of-mass (COM) and from the integration of the velocity
autocorrelation function of the COM, respectively; the error bars
correspond to the mean error calculated from the statistical
averages. Also presented is the partial diffusivity alongzhe
axis. The initial increase of the diffusivity with concentration
of trans-2-butene observed in our previous simulations is
confirmed: it reaches a maximum of about 25% for 1.5-2
molecules per unit cell corresponding to a relative concentration
of about 0.125. The diffusivity along does not show any
increase with the number of molecules in the simulation cell.
This observation is in good agreement with the parameters of
the jump diffusion model (JDM) derived from the molecular

andp.

Spanning the wholex 3)-parameter space using Monte Carlo
simulations proves a rather cumbersome task. In order to help
us explore how the first model of guegjuest interactions
controls the concentration dependence of diffusion, we employed
an analytical expression for the diffusivity as a function of the
interaction parameters and 3.25-27 Obtaining an analytical
expression of the diffusivity for the network of sites depicted
in Figure 1, however, is rather difficult. Therefore, we used a
simplified version of the site network, consisting of a square
lattice of identical sites that can be occupied by zero, one, or
two molecules at the most. The procedure employed to
determine the diffusivity within the mean-field approximation
is indicated in the Appendix. The curves from the analytical
model are plotted against the corresponding Monte Carlo
simulations for the actual lattice of sites in Figure 5. We note
that the analytical curves were scaled to reproduce the self-
diffusivity for the silicalite-2 lattice of sites at infinite dilution.
Therefore, the curves plotted in Figure 5 do not give any
indication of the accuracy of representing the lattice of sili-
calite-2 by a two-dimensional square lattice. It is clear, however,



Diffusion of trans-2-Butene

10.0 T T r T

o
=]

o
o

Self-diffusivity (D / 10° m*.s™)
N
)

1.0

0.0

10
Molecules / 2 unit-cells

15

Figure 5. Symbols: Monte Carlo self-diffusivity dfans-2-butene in

the model of silicalite-2 depicted in Figure 1, as a function of the
concentration, using the simpler model of guegliest interactions
described in the text, for several values of the interaction paranmeters
and . Lines + symbols: corresponding self-diffusivities calculated
on the simplified square lattice depicted in Figure 6, using the mean-
field approximation given in the Appendix.

that the concentration dependence of diffusion is qualitatively
reproduced with this model of guesjuest interactions. We
have thus utilized the analytical model to determine thoroughly
how o. and control the concentration dependence of diffusion.
An initial increase of the diffusivity can only appearaif >
1, that is, for repulsive interactions inside a site, anfl & 1,
that is, repulsive or zero interaction between two sites. The
initial increase of the self-diffusivity is damped out by the
blocking of the sites, so that it tends to zero at high loading.
We can see from Figure 5 that this damping is fully active only
for rather high concentrations of molecules. The molecular

J. Phys. Chem. B, Vol. 102, No. 34, 1998511

TABLE 2: Interaction Parameters Used To Calculate the
Fits of the Concentration Dependence ofrans-2-Butene
Diffusion in Silicalite-2 Presented in Figure 4

interaction fitl fit2

611 +3.6 k3mol* +8.3 kImol*
5%1 —6.2 kdmol™?* —8.3 kdmol™?
€2, €1, €12 0.0 0.0

in Figure 4 for clarity. These other parameters included the
following sets: ¢ = 10.0,y =0.1); @@= 3.0,y =0.1). Inall
fitsa> 1,y < 1,anday < 1. This region of parameter space
leads to the following interpretation of the concentration
dependence of the diffusivity dfans-2-butene in silicalite-2:

a repulsive interaction between molecules inside the same sites
(S) at low loading is compensated by attractive interactions in
the same site at medium to high loadings. We note again that
B = 1.0 means that long-ranged interactions between molecules
at two different sites, or between a site and a transition state,
are negligible.

The MD results reveal a qualitative difference in the
concentration dependence of the diffusiortrafs-2-butene in
silicalite-2, as compared to the other butene isomers. The
present analysis provides an interpretation of this difference in
terms of guestguest interactions and site symmetry. Isobutene,
cis-2-butene, and 1-butene feel a symmetric interaction in MEL,
with consistently attractive interactions inside one site. In the
case otrans-2-butene the sites cannot be considered symmetric,
and the nearest neighbors inside one site feel a repulsive
interaction while the next-nearest neighbors feel an attractive
interaction. It is not obvious why these interaction parameters
should apply totrans-2-butene and not to the other butene
isomers. While it is possible that the different molecular shapes
of these isomers, when adsorbed in a channel zeolite, lead to
different adsorption geometries and hence to different guest
guest interactions, much more study is required to justify this
idea.

In order to pinpoint the precise region of parameter space,
(a, v), that well describes th&rans-2-butene in silicalite-2,
further MD simulations at other temperatures will be required.
These calculations are presently under way.

4. Conclusion

It was shown in a previous wotkhat a jump diffusion model,

dynamics simulations, on the other hand, reflect a steep decreaswith parameters extracted from molecular dynamics simulations,

for already small to medium concentrations.
Model 2. Two examples of fits attempted with the second

reproduces very well the self-diffusivity of butene isomers in
zeolite MEL. At higher loading, however, it is necessary to

model of guestguest interactions are presented together with include additional parameters to fit the simulated concentration
the molecular dynamics results in Figure 4. With this physical dependence of diffusion. In the case of isobutene, 1-butene,
model, it is possible to reproduce well the simulated behavior andcis-2-butene, it was shown that a single parameter corre-
of the concentration dependencerains-2-butene in MEL, both sponding to slightly attractive interactions between the molecules
for total diffusion and for partial diffusion along treaxis. In could account for the observed concentration dependence, while
all cases we found good fits usiffy= 1.0, showing that the  this was not the case fdrans-2-butene.
interactions betweetrans2-butene molecules are localized The molecular dynamics simulations presented in this article
within a site; this is consistent with the other butene isomers. confirm the trends observed in previous simulatibirscontrast
The molecular dynamics results presented in Figure 4 suffer to the data collected for isobuterss-2-butene, and 1-butene,
from rather large error bars because of the statistical uncertaintieshe self-diffusivity oftrans-2-butene in zeolite type MEL at 623
inherent to these atomistic simulations. Therefore, a numberK initially increases with increasing loading. This has been
of possible fits of the molecular dynamics results are possible, observed in many different guesteolite systentsand is
two of which are displayed in Figure 4: fit bf = 2.0,y1 = generally the signature of repulsive guegtiest interaction%
0.3); Fit 2 @1 = 5.0, 71 = 0.2). Since the simulations have However, the molecular dynamics simulations performed with
been performed at 623 K, these values correspond to theup to 23 molecules per simulation cell showed that the
interaction energies listed in Table 2. We note that the two concentration dependence tofns-2-butene self-diffusivity at
fits presented in Figure 4 are not the only possible ones andhigh loading can be interpreted with a model using only
that other satisfactory fits were obtained but are not displayed attractive interactions.
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We presented in this paper two simple models describing in
a semiquantitative way the effect of the guegtiest interactions
on the jump rate constants and thereby on the diffusivities. The
first and simpler model considers the adsorption sites as
spherically symmetric and uses only two parameters. Since the
sites are spherically symmetric, all pairs of molecules inside
the same site have the same interaction energy. We have shown,
however, that this model does not account for the observed
concentration dependence of the self-diffusivity. The second
model accounts for the channel structure of the adsorption sites,
albeit in a very simplified manner. In that case the interaction
energy is different for different pairs of molecules sorbed in
the same site, depending on whether they are directly adjacent ] ) )
or not. Exploiting two out of three adjustable parameters in Figure 6. Square lattice model allowing double occupancy of the sites.
this second model, we reproduce very well the concentration
dependence of the diffusivity as determined by the molecular
dynamics simulations. The corresponding interaction param-
eters have a physically reasonable value.

The apparent contradiction between repulsive interactions at

cr ¢

model can be straightforwardly studied by Monte Carlo simula-
tions, it does not admit a simple analytical expression that could
be used to study the systematic influence of the parameters.
Therefore, we modified the network of sites in order to simplify
the problem and obtain a tractable expression. We believe that

low loading and attractive interactions at higher loading .~ " ." " “. " . :
. . - - this simplification, however, retains most of the physics of the
mentioned above is thereby resolved. Initially, pairs of mol- !
actual system of interest.

ecules in the same site do present a small repulsive |nteract!on. We consider, rather than the network of two different sites
When more than two molecules are sorbed, an attractive

. - spresented in Figure 1, a square lattice of ssddeomposed of
interaction appears between molecules farthest apart, thu . . - .
. S i ) only one site. Each site can be filled with zero, one, or two
compensating the repulsive interactions and accounting for the . N . S
. e : ) . molecules at most. The lattice of site is depicted in Figure 6.
rapid decrease of the diffusivity at medium to high loadings. R - . 2
A molecular d ics studv of the t ture d q The rate constantgi, j) to jump from an original site containing
[molecular dynamics study ot the temperature dependence; 5 0 jes to a final site containifgnolecules can be written,
of diffusion as a function of loading could also be interpreted . :
) e i . in accordance with eq 3
by our jump diffusion model, since the parameters used in the
model depend exponentially on inverse temperature. These k(1, 0)= k,
calculations are presently under way and will be reported in a '
forthcoming publication.
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We consider the flux of “tagged” particles along thexis,

(A1)

X 90X |c=const

Since the total concentration of molecules remains constant
throughout the lattice, the total flux of molecules equals zero.

Appendix: A Simplified Expression for the Tagged Therefore, the magnitude of the flud, moving to the right
Particle Diffusivity on a Square Lattice with Soft-Core equals that moving to the left, i.el = |3 = |J—|. Since the
Interactions tagged particles are otherwise indistinguishable from the other
The generalized atomic hopping problem at lattice sites has Particles, the flux of tagged particles moving to the right is given
been addressed a number of times in the literafr&. It is by the proportion of the fluxJ, pertaining to tagged particles

generally a nontrivial problem even without considering multiple &t the 1eft column. - Similarly, the flux of tagged particles moving
occupancies. The problem of multiple occupancies, however, to the left is the negatlve fracjuon of flux pertaining to tagged
arises particularly when considering diffusion in zeolites, since Particles at the right column, i.e.

the cages provide natural sites that can be filled by several «

molecules® “soft-core interactions’ clearly have to be F* =]

included in these cases. The simple model presented in the - c

body of this paper proposes to describe the effect of multiple ot

occupancy on the site-to-site rate constant in an effective way, = sy (A2)

using only two parameters and 3. Although this simplified ¢
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The net total flux of tagged particles is then given by Csp, +2p)=c=p,+2p,=26 (A12)
cr —ck - :
F=J 4= _ + (A3) (3) Detailed balance:

P,
A first-order Taylor expansion for the concentration of tagged 9t
particles gives = —PAIPK(L 0)+ 20,K(2, )]+ pydlpok(L, 0)+ pk(L, 1)]
ac*

C*=cy — EV (Ad) 0= —2apyp, + fp; (AL3)
which then gives for the total flux So that
=2, (A5) _ (20— 1)+4B(1—6) — V(20 — 17 + 8061 — 6)
c X Po 2026 — a)
(A14)
Equations A1 and A5 show that the self-diffusion coefficient
can be written as p=—2(pp+ 60— 1) (A15)
P,=py+20—1 (A16)

D,(9) = O (A6)

Equations A9 and A14A16 were used to generate the curves
D depends on the total concentration of particles in the systempresented in Figure 5. Note that eq A9 is a mean-field

but not on the concentration of tagged particles. expression that ignores all correlation effects between particles
Let us denotey as the probability that a site is emppy,the and jumpsi34> which have been shown to be important when
probability that it is occupied by just one molecule, gidhe nearest-neighbor interactions are considétethdeed, our own

probability to be doubly occupiedc is the total total concentra-  Monte Carlo calculations of the diffusivity in this simple system
tion of molecules in the system ar@k the concentration of  have shown that correlation effects appear even for low
sites. The flux of molecules along one directigft can be concentrations; however, the general shape of the curves remains
written as the concentration of molecules that make a jump the same. Correlation effects in a very similar system (excluding

during d towardx+, multiplied by their velocity: vy = a/dt. “f” interactions but allowing for up to five molecules in the

We then obtain the total flux in mean-field theory same site) have been shown by Czarnecki et al. to be smaller
than in a similar “hard-core” system, where only single

J={p,CJk(1, O)p, + k(1, L)p] + 2p,C[k(2, O}, + occupancies are allowéd. Therefore, since this system has

k2, 1p,]}a (A7) beep studied in orde_r to proyide a simple qualitative picture of
the influence of the interaction parametersind3, we found

Substituting thex and 8 dependence (i, j) gives it adequate to ignore correlation effects.

J=k,Cqa(p; + 2ap,)(p, + Ap,) (A8) References and Notes
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