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We have studied a lattice model of self-diffusion in nanopores, to explore how loading, temperature,
and adsorbate coupling influence benzene self-diffusion in Na—X and Na-Y zeolites. We propose
a simple method for determining how adsorbate—adsorbate interactions modify activation energies
of site-to-site jumps. We apply a mean-field approximation that describes transport
semiquantitatively for a wide variety of system parameters, simplifying kinetic Monte Carlo
simulations. We also derive an analytical diffusion theory that provides semiquantitative apparent
activation energies, and qualitatively reasonable loading dependencies. We have found that
supercritical systems exhibit three characteristic loading dependencies of diffusion, depending upon
the degree of degeneracy of lattice sites. Subcritical diffusion systems are dominated by cluster
formation, exhibiting intriguing loading dependencies with broad regions of constant diffusivity.
Our model for benzene in Na—X is in excellent qualitative agreement with pulsed field gradient
nuclear magnetic resonand®MR) diffusivities, and in qualitative disagreement with tracer
zero-length columTZLC) data. We suggest that high-temperature TZLC experiments should be
performed, to test whether the coverage of maximum diffusivity decreases with increasing
temperature. ©1999 American Institute of Physids$0021-960809)70422-§

I. INTRODUCTION dence of self-diffusiort. Pulsed-field gradientPFG NMR

The transport properties of adsorbed molecules play g|ffu3|vmes ldeciﬁasel mo$;ioglcdalli/ .W'th Ioad|h‘b,vvth|lg
central role in separations and reactions that take placﬁs(acer zero-length colum@ ) dataincreasemonotoni-

within zeolites and other nanoporous solids. Significant ef_cally with Iqadmg. TZ.L,C is a flow method that measures

fort has been devoted to understanding diffusion inthe desorption rate ar-lsmg from tracer _exchange in a.zero-

zeolites!? revealing fascinating physical effects such aslength chromatographic column containing zeolite particles.
The TZLC data are converted to self-diffusivities through a

anomalous diffusioR; correlated cluster dynami€ssoft _ : _
core interaction§,broken symmetry,and percolatio.De- ~ Model assuming that tracer exchange introduces no chemical

spite this recent progress, developing a predictive analytice{?Otentia| gradient. PFG NMR differs from TZLC in that the
theory for normal diffusion in zeolites has remained NMR experiment directly measures the mean square dis-
challenging® due to the coupling between infrequent eventPlacement of magnetically labeled particles at equilibrium in
dynamics and strong adsorbate—adsorbate interactions. PoZzeolite. Addressing the discrepancy between PFG NMR
address this issue, we have developed new theory and simg@hd TZLC with theory and simulation will provide deep un-
lation techniques for modeling self-diffusion in zeolites, derstanding of the microscopic physics essential to these
based on mean-field dynamics of cage-to-cage motion. ltransport phenomena.
this article, we elaborate on a previously published Iefter, Our model for benzene diffusion assumes that benzene
showing that excellent qualitative agreement is obtainednolecules jump amon@, and W sites, located near Na
comparing our new theory to kinetic Monte CarliMC) ions in supercages, and in 12-ring windows separating adja-
simulations. cent supercages, respectively. While this lattice of sites en-
We apply our new theory and simulation technigues toables realistic modeling of benzene in faujasite, it also pro-
study benzene self-diffusion in the faujasite-type zeolitesyides a generic platform for exploring the following effects:
Na—X and Na-Y. Several studies have been reported oadsorption site inhomogeneity, repulsive adsorbate—
these  systems, involving  thermochemistty’®*  adsorbate interactions via site blocking, and attractive
diffusion*~1® crystallography,*® modeling!®!°=?® and  adsorbate—adsorbate interactions via nearest-neighbor cou-
NMR,?*23pecause of persistent, qualitative discrepancies bepling. Indeed, we find that this lattice model portrays a rich
tween different experimental probes of the coverage depenrariety of adsorption and diffusion phenomena. By varying
fundamental energy scales, this system exhibits four of the
dAuthor to whom correspondence should be addressed. Electronic maif.jve loading dependencies of self-diffusion reported by
auerbach@chem.umass.edu Karger and Pfeifef/ and also supports phase transitions

0021-9606/99/110(22)/11000/12/$15.00 11000 © 1999 American Institute of Physics



J. Chem. Phys., Vol. 110, No. 22, 8 June 1999 C. Saravanan and S. M. Auerbach 11001

from low to high adsorbate density, analogous to vapor—
liquid equilibrium of the bulk fluic®® Below, we develop
generic rules governing how fundamental input parameters
control the loading dependence of diffusion. We find that
understanding the thermodynamics of confined fluids can be
crucial for elucidating the transport properties of molecules
in zeolites.

Despite the simplicity of the present lattice modelde
infra), this many-body diffusion problem remains challeng-
ing because of the long simulation times, and the large num-
ber of distinct, fundamental rate coefficients required by
KMC. To calculate rate coefficients, we develop a simple
and qualitatively reliable method that describes how
adsorbate—adsorbate interactions modify activation energies
of site-to-site jumps, called the parabolic jump model. To
reduce simulation times, we apply a mean-field
approximatiofi?®=3! (MFA) yielding D(6)=(1/6)k,a3,
where 6 is the fractional loadinga, is the KMC calculated
mean intercage jump lengtrag=11A), and 1k, is the
KMC calculated mean cage residence time. We also derive
an analytical mean-field theoMFT) for k, in the grand
canonical ensemble. By comparing diffusivities obtained Na,,
from these different methods, we learn what levels of theory
and simulation are required to capture the loading and tem-
perature dependence of diffusion.

We find below that MFA describes transport semiquan-
titatively for a wide variety of system parameters, while
MFT gives semiquantitative apparent activation energies and
qualitatively reasonable loading dependencies. We also fin@IG. 1. Sorption sites and jumps for benzend@nNa-Y and(b) Na—X.
that supercritical systems exhibit three characteristic loading
dependencies of diffusion, while subcritical systems are
dominated by cluster formation, with broad regions of CON-Banzene has two predominant sites in NaiZ

stant diffusivity. Our model for benzene in Na—X is in ex- matically in Fig. 1a). In the primary site, denoted &,

cellent qualitative agreement with pulsed-field gradientbenzene is facially coordinated to a supercage 6-ring, ca. 2.7

NMR diffusivities, and in qualitative disagreement with A above Ndll). In the secondary site, denoted & ben-
tracer zero-length colummTZI__C) data. We suggest that zene lies in the plane of the 12-ring window separating ad-
high-temperature TZLC experiments should be performed, tiacent supercages, ca. 5.3 A from B site

test whether the coverage of maximum diffusivity decrease Locating benzene adsorption sites in Na—X is more dif-
with increasing temperature. We hope ‘h’?se findings W?” ®Micult because of the influence of additional Na cations in
able the eventual convergence of modeling and eXpe”menfow-symmetry positions, denoted sites Il and’ llIRecent

enhancing our understanding of r_nolecule_s in nanopores. crystallographic studié&35 favor the prevalence of NI '),
The remainder of this paper is organized as follows: N, hich lies in the 12-ring window as shown in Fig(bl

Seq. Il we present our general Igttice model, in Sec_. 1 WeNa(III ') cations would preclude benzene from lying in the
derive our diffusion theory, and in Sec. IV we describe the .o o the Na—x 12-ring window. Indeed, the powder neu-

simulation methodology. In Sec. V we discuss our theor tron diffraction study of Vitaleet al® found benzene in

and simulation results in the context of subcritical and super,_y only atS,, but located only half the adsorbed ben-

critical tranqur t, and also compare our resultg W?th experi'zene, suggesting that low-symmetry benzene sites near

ment. Finally, in Sec. VI, we summarize our findings, anOINa(III ") are likely. These binding sites would act as interme-

discuss prospects for future work. diates for cage-to-cage motion, in analogy with Na¥A
sites. As such, we denote benzene sites neéliINacations

II. GENERAL MODEL as Na—XW site§, although strictly speaking their geomgtries
and energies differ from those of Na-\W sites. The lattice

We model benzene self-diffusion in Na—X and Na—Y by of benzene binding sites in Na—X and Na-Y thus contains

replacing the zeolite framework with a three-dimensional latfour tetrahedrally arrange®, sites and four tetrahedrally

tice of binding sites. Such a lattice model reproduces diffu-arranged, doubly shared/ sites per supercage. Saturation

sive behavior accurately when site residence times are muatoverages of ca. 6 molecules per cage are found for benzene

longer than travel times between sif8s3*which is the case in Na—X and Na—Y:! corresponding to occupation of &),

for benzene in Na—X and Na-Y because of the strongandW sites. In the equations that follow, thé andS,, sites

charge—quadrupole interaction between Na and benzenare denoted sites 1 and 2, respectively.

¥hown sche-
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TABLE I. Activation energies and prefactors for benzene jumps in Na-Xsjtes asW sites. The data in Table | are also used to deter-

and Na-. mine the infinite dilution jump rates for benzene in Na2X
Activation Energy(eV) Arrhenius prefactor (s and Na-¥-*° at any temperatureT, according to kl*l
=y, ;e PRl wherep=(kgT) ..
Na-Y Na-X Na-Y Na-X The adsorbate—adsorbate parametélrjs, are obtained
S,—S, 0.25 0.15 0.&%10' 0.8x 103 from the second virial coefficient of the heat of
Si—W 0.38 0.25 0.810° 0.8x10°% adsorption:**? yielding ca.J=J;,=J,,=—0.03eV. J;; is
w:\?vl 8'12 8'18 ;'i 18111 ;‘1& 18111 set to zero because th&—W intracage distance is larger
' ' ' ' than typical §,—S, and W-S,, intracage distances, i.e.,

d(S,,S))~d(S, ,W)=~5 A, while d(W,W)~9 A.1" How-

ever, to determine qualitatively how adsorbate—adsorbate in-
A lattice gas model is used to describe the thermody!eractions control the loading dependence of the self-

namics of these systems, limiting the range of adsorbatediffusivity, we vary J;, and J,, over the range O to

adsorbate interactions to nearest neighbors. The Hamiltonian 0.10 eV.

for a lattice withM,; W sites andM,=2M;=M—-M; S, The attractive adsorbate—adsorbate interactions intro-

sites, takes the form duce new complexities into the kinetics of the diffusion
problem. An extreme case of this was recently reported by

1 2 . .

HEH=S sf,+= lels i s 3125 _Sholl a_nd Fichthorm, wherein strong aQSorbate—adsorbate
(5,9) .21 i 2i’j2: ! 2 2 AU interactions generated transport dominated by correlated
M, M, cluster dynamics instead of single molecule jumps. While
h correlated clusters are not likely to dominate benzene

+ = 26+ oif 2.q)  Such correlated ci ! . .

2i7=1 i) 21 gil2, @D diffusion in faujasite, adsorbate—adsorbate interactions will

where s and ¢ are site occupation numbers f#v and S modify jump activation energies for site-to-site rate coeffi-

. . : ; o cients, depending upon specific configurations of neighbor-
sites, ! espeptwely, anij andf; are their reSp?ft'V?ZS'te free ing adsorbates. In order to account for this, we have gener-
egzerg'es given byizs.‘_TS' In Eq.(2.1), Ji, Jif", "’F”d alized a model that relates binding energies to transition state
Jij” are the neares?-nelgthlV—W, W=, and$, =S, in- energies used previously by Hoetl al,*® and also used by
teractions, respectively, i.el; _‘Jll for nearestzznelghbcw us for predicting mobilities in zeoliteS. To implement this
sites and zero otherwise, and soon Jéﬁ andJ;;". The site approach for benzene in faujasite, it is convenient to write
binding energies are t_aken as,=—0.78eV and e, the lattice gas Hamiltonian in the following form:
=—0.63eV for benzene in Na—¥ ands,=—0.78eV and
g,=—0.53eV for benzene in Na—YSite 2 is chosen for "
the zero of entropy in both Na—X and Na-Y, givisg=0. =S n

The infinite dilution site-to-site jump activation energies =4
and Arrhenius prefactors used in this study are given in

Table I. The activation energies are extracted from experi- wherefi=(n,,n,,....Ny) are site occupation numbers list-

mental data for benzene in Nai%3and Na-Y?*3®which o _
broadly agree with various simulation res#ts?®3” The ing a configuration of the system, afg=z;— TS5 is the free
Arrhenius prefactors are calculated from transition staté’-‘nefgy for binding in sité. In Eq. (2.2, J;; is the nearest-

theory with dynamical corrections for benzene in Na2Y, neighbor interaction between siteandj, |.e.,JIl 0 if sites

and are assumed to hold also for benzene in Na—X. Usingandj are not nearest neighbors.
the Arrhenius prefactors in Table |, and the fact tisat We assume that the minimum energy hopping path con-

=kgIn(v,_1/v1_,) Wherekg is Boltzmann’s constant, we necting adjacent sorption sites is characterized by intersect-
find thats;=1.9&g=0.00017 eV/K for benzene in Na—X ing parabolas, shown in Fig. 2, with the site-to-site transition
and Na-Y. This entropy difference increases Whesite  state located at the intersection point. For a jump fromisite
population by a factor of ca. 7 at infinite dilution, more thanto site j, with i,j=1,... M, the hopping activation energy
compensating for the fact that there are twice as m&ny including adsorbate—adsorbate interactions is given by

. nJ;n;, (2.2

I\)II—‘
Mz

i

(a) Site i Site j (b) Site i Site j

i)

EG)Y EGH |

/ FIG. 2. Site-to-site jump activation
energies(a) without and(b) with ef-
fect of guest—guest interactions, ap-
proximated with parabolic jump
model.
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5Ei(j0) 1 is the transmission coefficient for cage-to-cage motion. This
Ea(i,j)=Eg°)(i,j)+AEij st ) + Eﬁ(—2> theory provides a picture of cage-to-cage motion involving
23 transition state theoryk(-P;) with dynamical corrections

(x), which is valid for both weakand relatively strong
whereE{)(i,j) is the activation energy without adsorbate— adsorbate—adsorbate interactions. For consistency with our
adsorbate intel’actions, i.e., the infinite dilution activation €Nmean field ana|ysis1 we assume tha:t:% for all |0adings_
ergy, anda; is the jump distanceAE;; is the shiftin the e also expect tha®, will increase with loading, and that
energy difference between sitésand j resulting from k. will decrease with loading. In this section, we derive ana-
adsorbate—adsorbate interactions, and is givenA; |ytical expressions fok; andP;, to elucidate how the bal-
=0E;— SE()=(E;~E)—(;-%), where E=% ance betweek, andP, controls the loading dependence of
+E{\”:13k,n, for a particular lattice configuratiori. In Eq.  self-diffusion. By assuming thaa,=11A, we arrive at a
(2.3), the harmonic force constar; is defined for each completely analytical mean field theofWIFT) for the tem-

distinct jump(independent of directionand is given by perature and loading dependence of the diffusion coefficient.
2[q The loading dependence Bf;, the probability of occu-
kij=|— E(E(ao)(i D HEQ ) pying aW site, is influenced by blocking stab® sites and
aij

by adsorbate—adsorbate interactions that modify the relative
stabilities of adsorption sites. In the Na-X and Na-Y lattices,
+\/Eg°)(i,j)~Eg°)(j,i)}. (2.4  with twice as manyS, sites asW sites, P, is given by
1/(1+26,/6,), where#, and 6, are the fractional cover-
This method allows the rapid estimation of configuration-ages onW and S, sites, respectively. We determine this
dependent barriers during a kinetic Monte CafMC)  |oading dependence from mean field theory in the grand ca-
simulation, knowing only infinite dilution barriers and the nonical ensemble, by averaging over local fluctuations in the
nearest-neighbor interactions defined above. The details @fistantaneous energy of each adsorption site. For example,
the simulation will be discussed in Sec. IV. The parabolicthe average energy of a molecule at &p site is f,
jump model(PJM) is most accurate when the spatial paths of+ 3(J,,6,+ J;,6,), where the factor of 3 counts the number
jumping molecules are not drastically changed by adsorbateef nearestS, andW sites for eacts, site. The occupancies
adsorbate interactions, although the energies can change iasw andS; sites are then Boltzmann averaged using these
shown in Fig. 2. We have performed several many-bodyenergies to determiné, and 6,,3 according to
reactive-flux correlation function calculaticfishat give bar-
riers in qualitative agreement with the parabolic jump model. e Allf1= 1) +6(31201 1 31202)]
A more detailed test of this method will be reported in a 01;<Si>MF:1+e_B[(fl_M)+6(J1101+J1202)]' 3.1
forthcoming publicatio?

e~ Bl(f2— 1)+ 32202+ 31561)]
I1l. ANALYTICAL THEORY Or=(T )= 1+ e ATz~ w)+3Wbpt 31,07 » (3.2

As stated in the last section, we model benzene diffusion
through faujasite as consisting of activated adsorbate jumpshere u is the chemical potential. The factor of 6 in Eq.
amongS,, andW binding sites. We can simplify this concep- (3.1) counts the number of nearegt andW sites for eactw
tually and computationally, by imagining that long-range site. We solve these simultaneous nonlinear equationg;for
motion involves jumps from one “cage site” to an adjacentand @, self-consistently using the Newton—Raphson
cage sité'"*? As such, a random walk through faujasite re- method*® The total fractional coverage is then given By
duces to hopping on the tetrahedral lattice of supercages. As(6,+26,)/3. For comparison, we also calculd®g with a
stated in the Introduction, we have previously shown that a/ariable time-step KMC simulation, which we describe in
mean field analysis applied to this cage-to-cage motionhe next section.
yieldsD(6)= ékgaé, whered is the fractional loadinga, is We can also derive an analytical MFT expression for the
the mean intercage jump length=11A), and 1k, is the  loading dependence & , the total rate of leaving W site.
mean cage residence tifie€ComputingD(6) generally re- The loading dependence kf is determined by blocking of
quires mean square displacemé@SD) calculations, which target sites and by adsorbate—adsorbate interactions that
formally scale afNg-(1+N,;), whereNg is the number of modify jump activation energies. A mean-field expression
simulations steps ani; is the number of MSD time bins. summarizing these effects is given by
On the other hand, calculatirlg, anda, formally scales as
Ng, since these are time independent quantities. SMds ki=6(1—61)(ky_1)+6(1—65)(ky_2), 3.3
usually of order 10—100, our mean field approximation can
offer significant computational speedups over brute forcavhere 6(1- 6;) counts available target sites, afid ;) av-
MSD calculations. erages over fluctuating rate coefficients for jumps leawWihg

This mean field approximation also serves as the launchsites. As described in the last section, we model the fluctu-
ing point for our analytical diffusion theory. We have previ- ating activation energies according to the parabolic jump
ously showfi that the cage-to-cage rate coefficiek,, is  model. Assuming that fluctuations in the preexponentials can
given byk,= k- k- Py, whereP, is the probability of occu- be ignored and that activation energies are Gaussian-
pying aW site, k, is the total rate of leaving W site, and«  distributed, we have that




11004  J. Chem. Phys., Vol. 110, No. 22, 8 June 1999 C. Saravanan and S. M. Auerbach

TABLE II. Levels of theory for calculating diffusion coefficients. to empty sites is compiled for all molecules. A particular
Level of theory Description jump from sitei to j is chosen from this list with a probabil-
ity of ki_j/ki(f), wherek;_,; is thei to j rate coefficient
MFT D(0)=_(1/6)kaa§,_aa= 11A, k, from calculated with the parabolic jump model, akg(n) is the
VEA grze(‘}')ytz'c(al'/;‘kezgy '; Se;r']d”il om KM sum of all rate coefficients in the process list. A hop is made
MSD D(e):“mt%"(ﬁ’z(t%/& froﬁn KMC every KMC step and the system clock is updated with vari-
able time-step&® The actual KMC time-step is obtained
from: At(A)= —In(1—xy)/k(N), wherex; €[0,1) is a uni-
form random number. In what follows, we describe the
<ki_>j>zyi_>j<e7ﬂEa(ivj)> methods for calculating, and a, for MFA, and mean
N . square displacements for MSplease see Table)ll
=v;_j-e AED). = ol (3.4 The instantaneous cage-to-cage hop lengttand cage

residence timey, for each individual molecule are deter-
mined as follows. First, we define the intercage jumps: if the
nth location of theith molecule is aV site during a KMC
run, we calculate the distance between benzene center-of-
Jnass positions for the previous and next jumps of this mol-
ecule, denoted steps-1 andn+ 1, respectively. If this dis-
tance is nonzero and different from characteristic intracage
distances/ a cage-to-cage jump is registered with.; and
fi(n+1) stored as the arrival time and position in the new
(AE1)=0, cage, respectively. The residence timds the difference

_ betweent, ., and the previously stored arrival time, while
(AB12)=(3J12=61) 01+ (3022~ 6J19) 02, the intercage jump lengtk is the three-dimensional norm of

whereog(i ,J) is the variance of the Gaussian distribution of
activation energies, i.e.g2(i,j)=([Ea(i,j)—(Ea(i,j))1?
=([Ea(i,j)1?) —(Ea(i,j))?. We see from Eq(2.3) that ap-
plying mean-field theory requires averagesAdI!‘j up tok
=4. We only consider terms up to second order, sinc
higher-order terms will typically be small. Using the notation
that 1 and 2 denote nearest-neighlddandS;, sites, respec-
tively, we obtain for benzene in faujasite

(AE2)=8J2,01(1— 01) +832,0,(1— 6,), (3.9 fi(n+1) minus the previously stored arrival position. These
gquantities are averaged for each molecule over all time-steps
(AES) =101+ ap0p+ y1 05+ y205+ 1120165, in a KMC run to yieldk,=1/7) anda3=(\?). A conver-
where gence criterion is that all molecules have essentially identical
5 ) values ofk, anda,.
a;=3J{+6J3—4J5idiz, We also calculaté, according tok,= xxk;Xx P, for

(3.6 comparison withk,=1/ 1), to confirm the validity of the
' expressiork,= k X k; X P, . The individual quantities are de-

7712:13112322+72_]11312_36(311322+J§2)_ termined as follows. For each moleculeP;=(1

h dth . ion di +T,/T,) "1, whereT, andT, are the total simulation times
Here, we havenot used the summation convention for adja- spent inW and S, sites, respectively. Furthermord,

cent indices. The numerical prefactors in E(@s5) and(3.6) —N¥/T,, whereN? is the number of visits taV sites for
arise from the site connectivity of benzene in faujasite, an%ach molecule. Alsox=N../N¥, whereN... is the number
are straightforwardly calculable for other host—guest sysg¢ o0a to-cage hops for each molecthé? In general, the
tems. The second-ord_er terms in E&B) are typically S”_‘a”- expressiork,= kX k; X P4 is found to be uniformly valid as
suggesting that the different connectivity §f and W sites expected

contributing to(AE,,) is largely responsible for activation For a given loading, we also calculate the “exact” self-

energy fluctuations in this system. diffusion coefficients from MSD calculations using the KMC

algorithm. We obtain the MSD diffusion coefficient at a par-
IV. KINETIC MONTE CARLO SIMULATIONS ticular loading according to D(6)=lim,...(|7:(t)

—T;(0)|?)/6t, wheref;(t) is the instantaneous center of mass

7= 635+ 3007~ 3213,3;5,

We calculate self-diffusion coefficients for benzene in  "i\" ¢ moleculd : h bl
faujasite from MSD calculations, and compare them withP0Sftion of mo ec"u_e attimet. dT ”e enlseml e.aviraQKe; i’
diffusion coefficients obtained from our mean-field approxi—"’“’er""ge_S overa tlme-stem all molecules in the system
mation(MFA) given byD(H)E(1/6)k0a§, wherek, anda, by multiple tlme-stezp, mu_ltlple time-origin gnaly5|s of a
are determined from KMC simulations. The different IevelsSlngle random walk™ In this approach, we first choose a

of theory used to calculate diffusion coefficients are summalime bin width, Aty,, usually a fraction of the estimated
rized in Table II. In what follows, we briefly review the

mean supercage residence time. For the timaAty;,, the
KMC simulations used to calculate,, a,, andD(6).%445 mean square displacement averaged over all molecules is
H 61 .
In our calculations, we considered two simulation cell

given by
sizes, both with periodic boundary conditions: one with a N
single faujasite unit cell, and another containing eight fauja- R2nAte N == — 17D —F (m)|2 4.1
site unit cells. The single faujasite unit cell contains $2 (RAMALiN)= 21 Qn% i =Fml% @y
sites and 16/ sites, while eight unit cells contain 25§,
sites and 128N sites. For a given configuration, of ran-  wheref;(l) is the center-of-mass position of moleculet
dom walkers, a process list of possible hops from occupiedKMC time t,. The sum is restricted to those paitsn() for
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is determined from MFA and MSD calculations by running
KMC simulations at several fixed loadings. For a particular

loading, convergence is obtained by requiring that all mol-
ecules give essentially identical values fqy and P;. The

values ofk, and P, typically vary by less than 2% after 5

x 10° Monte Carlo steps. An MSD isotherm with 21 load-

ings and 5<10° Monte Carlo steps per loading, on a single
faujasite unit cell, requires 14 CPU h on an IBM RS/6000

3CT; whereas an MSD isotherm with 11 loadings an

X 10° Monte Carlo steps per loading, on eight unit cells,
requires 44 CPU h on the same machine. MFA calculation
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modeled by the PJM.
that give diffusivities within 5%(10%) of MSD values are 5
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FIG. 4. (a) k; from KMC as a function of9 andJ, for Na—X and Na-Y at

is to provide the proof of principle.

speedups should be regarded as suggestive, since their pF
which may vary among codes; the main purpose of this stud

468 K; (b) k; from KMC with and without activation energy fluctuations

d sassumed to be more stable than those in Na-Y. We also
(20) times faster than MSD calculations, respectively. Thes@Inding inW ands, sites, respectively. Figure 3 shows that
V. RESULTS AND DISCUSSION

yalues ofJ. We can summarize this with the parameter
=(f,—f,)/|J|, wheref, and f, are the free energies for
In this section, we begin by discussing the factors that

observe that the concavity &f; vs 6 changes with different
ar both Na—X and Na-YP; is concave up with coverage
cise values depend upon numerical implementation detaild/"€n ¥>3, and is concave down whep<3. Wheny is

rge, e.g., Na—-Y withJ=—0.02 eV, W sites are very un-

Na—X with J=-0.04 eV, W sites fill readily at low load-
ings, makingP, concave down.
methods(please see Table)lIWe then discuss the compre- monotonically to zero at full coverage, as all sites become
from pulsed-field gradien{PFG NMR and tracer zero-
A. Loading dependence of

In Figs. 4a) and 4b), we show the simulation results for
Pi, k;, and k

stable and fill only after mos$;, sites are already occupied,
making P, concave up. Alternatively, whes is small, e.g.,
comprisek,, namelyP,, k;, andk, to understand the load- K;, the total rate of leaving W site, as a function of cover-
ing dependence of the diffusion coefficient. Next, we com-age in Na—-X and Na-Y at 468 K, for several values of the
fusion in faujasite. Next, we compalte, values from our

pare diffusion isotherms calculated from the MFA and MSDcoupling parameted. Figure 4a) shows thatk; decreases
length column(TZLC) data.

hensive loading and temperature dependence of benzene diiled. At infinite dilution, we see thak,(X) >k, (Y) because

tive interactions.

leaving theW site in Na—X is assumed to be more facile.
analytical theory, MFT, to those from MFA. Finally, we The loading dependence kf is nearly linear fordJ=0, i.e.,

compare our MSD calculated diffusion coefficients to thosewithout attractive guest—guest interactions, a result consis-
In Fig. 3 we show the simulation results fét;, the
lites at full coverage. At infinite dilutionP; is much larger

tent with mean-field theory. The loading dependencé of

becomes more strongly concave up|disincreases, an im-

portant manifestation of correlations that arises from attrac-

It is interesting to investigate whether the enhanced con-

probability of occupying aN site, as a function of coverage cavity of k; with increasing|J| arises from thermodynamic

in Na—X and Na-Y at 468 K, for several values of the cou-or kinetic effects, i.e., from the (% ;) factors in Eq.(3.3),

pling parameted. Figure 3 shows thaP, increases mono- or from the(k;_,;) rate coefficients also in E§3.3), respec-

tonically with coverage, yielding the value 1/3 for both zeo-tively. To determine this, we calculatdg for Na—Y at 468
for Na—X than for Na-Y, because th¥ sites in Na—X are

K from KMC using the PJM, and compared thiske from
Eq. (3.3 wheref, and 6, are obtained from the same KMC
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FIG. 5. « from KMC as a function ofd andJ, for Na—X and Na-Y at 468
K. 8e—10
T» 6e-10
simulation, while(k,_,,) and(k,_,,) are replaced with their § 46-10
infinite dilution values. In this way, we can disentangle ther- s A
modynamic and kinetic effects that arise from guest—guest 2e-10 &K
interactions. This comparison is shown in Figbyfor two oo
. . . oe 00 L 1 1 1 1 1 L 1 1
vqlues of the coupling parametér We see in Fig. d) that %0 02 04 06 08 10
without the PIM kK, decreases nearly linearly asJfwere Coverage

equal to zero, while using the PIM maklesstrongly con-
cave up. The main insight gained here is that the stron
correlations manifested in the curvaturekafvs 6 arise al-
most exclusively from our treatment of fluctuating activation

energies via the PIM. In Fig. 6(a), we obtain a type Il isotherm for benzene in

mission coeffoent for cage-to-cage motion, & funtion of{2-X & 468 K Using= - 0.02V, which goes over (0 a
g g ' ype | isotherm forJ=—0.04 eV. WhenJ=—-0.07 eV, we

coverage in Na—X and Na-Y at 468 K, for several values of; . . ) . .
find an interesting loading dependence, involving a sharp

the coupling parametel. We see in Fig. 5 that thé andJ decrease for small loadings, followed by a broad region of

dependerjce_: ok IS re_latlvely weak in b<_)th zeolites. The constant diffusivity for higher loadings. In Fig(l§, we ob-
weak variation ofk indicates that the loading dependence of__. : ; :
tain a type lll isotherm for benzene in Na-Y at 468 K using

Ky=1xky X Py is predominantly controlled by andPy. v~ 55 ey \which remains type Ill foi=—0.04eV. The

In the next section, we will explore the accuracy of approxi- : . .

mating the self-diffusivity according tB( )= (1/6)k,a’ predomlnqnce .of type Il for ben_zene in Na—Y arises be-
06 causeW sites in Na-Y are relatively unstable at 468 K.

When J=—-0.07eV in Na-Y, we find another interesting
. loading dependence, involving a broad region of constant
B. Loading dependence of -~ D(6) by MSD and MFA diffusivity for essentially all loadings. We discuss these in-
In Figs. a) and &b), we show diffusion isotherms for triguing results fordJ=—0.07 eV in Na—X and Na-Y below.
benzene in Na—X and Na-Y, respectively, simulated by thén general, we find that, varies very weakly with loading
MSD and MFA methods at 468 K for various values of the (data not shown suggesting that the loading dependence of
coupling parameted. In a previous articlé? we classified D(#) is controlled byk,, and hence bk, andP;. We also
these isotherms into three different types depending on thénd that makingd more negative, while keeping all other
coverage that gives the maximum diffusivit§,=0 is de-  parameters constant, changes isotherms according to type
fined as type 10mae(0,1/2] is type Il, andf,e (1/2,1) is Il =ll—l.
type lll. These diffusion isotherm types can be understood as In Figs. §a) and Gb), we see excellent qualitative agree-
follows. When theS;, andW sites are nearly degenerate, the ment between the MSD and MFA methods, for all values of
coverage dependence Bf is weak, and henck, andD(6) J in both Na—X and Na-Y. This level of agreement is re-
are dominated by the decreasing coverage dependetge of markable, considering the computational efficiency of MFA
giving rise to a type | isotherm. Alternatively, when the sitesrelative to MSD calculations. The percent error, calculated as
are far from degenerate, the enhancemenPofat higher £=(Dpypa—Dmsp)/DuspX 100%, is shown in Figs. (8
loadings dominates the diffusivity unt#;~ 6,, at which and db) for benzene in Na—X and Na-Y, respectively. We
point the decreasinl; begins to dominate, giving rise to a find that MFA diffusivities give errors comparable to statis-
type llI isotherm. Type Il isotherms arise for systems withtical Monte Carlo error £5%) for both zeolites withJ|
parameters that are intermediate between type | and Ill. We=0.04 eV andfd=2/3. This suggests that our MFA is essen-
note that our diffusion isotherm types I, Il, and Il corre- tially exactwhen some5, sites are vacant. The origin of this
spond broadly with Keger and Pfeifer’s types I, Il, and IV, effect becomes clear when modeling counterpermeation
respectively?’ through anisotropic zeolite membrarfésThe presence of

IG. 6. Diffusion isotherms for benzene {@) Na—X and(b) Na-Y, by
SD and MFA at 468 K for various values df
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80 ——T—T———T—T—T—7— =-0.04eV. If we assume for the moment tiatx|J|, then
T (a) — J=-0.02eV | 1 T.~650K in Na—X withJ=—0.07 eV. Since the diffusivi-
60 - ooy | T ties in Figs. 6a) and Gb) were calculated at 468 K, the
O0—>0 J=-0.04 eV ’
N O—0J=-0.07 eV simulations usindJ|<0.04 eV represent supercritical lattice
g 40 gas diffusion, while those using= —0.07 eV represergub-
e 20 critical diffusion.
Since canonical KMC simulations fix the loading, a sub-
) 2 critical system at, e.g#=0.5 will involve a fluctuating lig-
- . uidlike cluster of filled sites occupying approximately half
-2000 . 0'2 . 0'4 . 0'6 . 0'8 ' 1.0 th.e lattice, while a supercritical system at the same Ioadipg
) ) C.overag.e ) ) will be more evenly dispersed throughout the lattice. This
insight explains our intriguing simulation results, and may
120 ——— help elucidate experimental findings as well. First, the for-
i (b) O:j::g:gg:x i mation of large clusters increases the system correlation
80 o—0J=-0.040V | | length, requiring larger simulation cells for convergence.
. O—04=0076V Second, cluster formation in subcritical systems suggests a
g 40 diffusion mechanism involving “evaporation” of particles
":, from clusters. Since an accurate treatment of density fluctua-
¢ tions at the cluster boundary is required for modeling evapo-
0 g ration realistically, we expect that MFA will be less accurate
- T for subcritical systems, as shown in Figga7and 7b).
_40 1 1 1 1 L

1 I 1 1 1 1 1 1 1
oo 02 o4 o8 o8 1o Moreover, the distribution of cage residence times becomes

Coverage multimodal for subcritical systems, making the kinetic inter-

pretation ofk, less clear. The fact that MFA still captures the
FIG. 7. Percent error between MFA and MSD diffusion coefficients for qualitative loading dependencies of subcritical diffusivities,
benzene in(@) Na-X and(b) Na-Y, evaluated asDwra—Dwsp)/Dmso  and is even correct to within a factor of ca. 2, is remarkable.
»100%. The isotherms calculated with= —0.07 eV in Figs. €a)
and @b) can also be understood in terms of cluster forma-
tion. Increasing the loading in subcritical systems increases
mean cluster sizes, and smoothes cluster interfaces. Once
these interfaces become sufficiently smooth, we can assume

to-cage motion, these jumps allow for rapid washing out 0fthat evaporation dynamics remain essentially unchanged by

correlations among cage-to-cage jumps. Thus, when vaca rther increases in loading. As such, we expect the subcriti-

S, sites are present, rapid intracage motion gives diffusiorf@l diffusivity to obtain its full loading value at low loadings,
that is accurately mo,deled ty(6) = (1/6)k ya2 and then remain roughly constant up to full loading, as
- 020"

When mostS;, sites are filled, correlations betwe®i shown for Na—X in Fig. &). Since supercritical Na-Y sys-

—W intercage jumps reduce diffusivities from their approxi-;[emSgexh('jb'thtypedIII |sotr_1em;s |nh_F|g.(B), ]lc_ncdree;]smg fgr
mate MFA values. For coverages near full loading, MFA OV(‘)’ ~§n tlenAecreasmlg orb |_g_ﬁ ;Nﬁ mY thatD(
diffusivities give errors near 30% for all values &f which )=D(6~1). As a result, subcritical Na-Y systems are
is characteristic of th&V site lattice in zeolites X and ¥ expected to give isotherms that are roughly constant for all

We have previously reported an analytical theory for theséoadings, as shown in Fig.(6).

minor correlation effect®® and hence will not discuss them This type of qudmg 'dep'endencg,. mvolymg proad re-
further in this article. gions of constant diffusivity, is surprising, since isotherms

Figures 6a) and b) show that systems withJ for interacting adsorbates are expected to decrease with load-

— —0.07 eV exhibit diffusivities with intriguing loading de- ing Whe_n site blocking dominates. It is interesting to note_
pendencies. In addition, Figs(a7 and 7b) show that MFA thgt an isotherm type has been reported for _strongly associ-
diffusivities with J=—0.07 eV demonstrate very different ating adsorbate_s such as water and amm%?nmanotgd by
patterns of error from those calculated with less negativé<arger aqd Pfep‘er as type I!ﬁnot to be confused with our
values of J. Furthermore, the KMC simulations fod type I, involving an |n|_t|§1l increase followed by. a broad

— —0.07eV required a larger simulation cell for conver- region of constant diffusivity. The present analysis suggests

gence, containing eight faujasite unit cells. These findingéhat Kager and Pfeifer’s type |ll diffusion isotherm may be

can be explained by considering that strongly attractiveCharaCteriStiC of a cluster-forming, subcritical adsorbed

adsorbate—adsorbate interactions can induce phase tranghase'
tions from low to high density of adsorbed benzene, analo- . . e
gous to vapor—liquid equilibrium of bulk benzene. Indeed,c' Comprehensive loading dependence of diffusion

we have recently reported a study using grand canonical The comprehensive loading dependence of diffusion in
Monte Carlo and thermodynamic integrati$hpredicting  these systems is controlled by the degree of degeneracy be-
that such phase transitions can occur for benzene in Na—¥Xveen S, and W sites, which depends upon three energy
up to a critical temperature of.=370=20K, assuming)  scalesf,;—f,, J, andkgT. As such, two unitless parameters

vacantS, sites allows for intracages;— S, jumps, which
are relatively rapid compared to intercadg,— W jumps.
Although S;,— S, jumps do not directly contribute to cage-



11008

J. Chem. Phys., Vol. 110, No. 22, 8 June 1999

TABLE Ill. Diffusion isotherm types as a function gf and y for Na—X and Na-Y.

C. Saravanan and S. M. Auerbach

x=(f1—f2)/kegT

9 ev) [J] (eV)
2 3 4 5 6 7 8 9 Na-X  Na-Y
30 | | I mmmomm 0.005 0.0085
25 | | I MW mwwnm 0.006 0.01
20 | | I M mmmm 0.0075 00125
y=(f,—1,)/|3] 15 | | I MW mm o m 001 0.0167
10 | | I mo fm]  wm mwm 0.015 0.025
5 [ | o mloowm owm w003 0.05
25 | I | | | | [ | 0.06 0.1
T (K) Na—=X 870 580 435 350 290 250 220 190
T (K) Na=Y 1450 965 725 580 480 415 360 320

are required to describe the corresponding states of benzegealitatively reasonable diffusivities, which consistently
in Na—X and Na-Y. In Sec. V A, we quantified the compe-overestimate simulated values because MFT neglects corre-
tition between host—guest and guest—guest interactions witlation effects that make<1/2 for finite loadings® Thus,
the parametery=(f,—f,)/|J|. This parameter controls the we find that MFT can be used to compute diffusion iso-
loading dependence at low temperatures, when guest—gudlerms for systems with low to moderate couplings.
interactions are required for stabilizivg sites. In a previous ForJ=—0.04 eV, we find that MFT predicts phase tran-
article!® we discussed the parameter=(f;—f,)/kgT, sitions from low to high density of adsorbed benzene, analo-
which controls the loading dependence for small values ofjous to vapor—liquid equilibrium of bulk benzeke. Sec.
|J], when thermal fluctuations are required for populatidg VB and Ref. 28. Since lattice gas MFT is implemented in
sites. the grand canonical ensembBfphase transitions are charac-
Table 1ll summarizes a large number of KMC simulatedterized by precipitous jumps in density vs chemical potential.
diffusion isotherms, calculated with various valuesyodind  These jumps give rise to coexistence regionsTifp]-space
v. In each region of y,y)-space, we performed at least two where equilibrium systems cannot be observed, as shown in
diffusion isotherm calculations using different fundamentalFigs. §a) and 8b) for J=—0.04 eV. MFT typically overes-
parameter sets, e.g., one isotherm for Na—X and one faimates critical temperatures of vapor—liquid phase
Na-Y, to confirm that these different states do indeed corretransitions®3® which explains why the simulated isotherms
spond to the same isotherm type. In Table Ill, we see that are smooth in Figs. (@& and 8b), while the theoretical iso-
low values of eithery or y, (y=3, y=30) or (<9, y therms are not. It is interesting to note that the MFT coex-
=<2.5), whereS;; andW sites are almost degenerate, we have
a type | isotherm. Whereas at high values of eithesr v,

(x=5, y=10) or (x=6, y=5), whereS,; andW sites are 46410 ————— —
. * J=-0.02 eV, MFT

far from degenerate, we have a type lll isotherm. A type I L (a) — J=-0.02 6V, KMC

isotherm occurs in the intermediate valuesyofnd y. The 36410 e e

boxed type Il in Table Ill is the actual region ¢f,y)-space
that we predict represents benzene in Na—X at 468 K, while
the boxed type IlI's model benzene in Na-Y at 468 K. In
general, we see that the loading of maximum diffusivity,
Omax, decreases with increasingl andT.

2e+10 * |

k,(s™)

1e+10

~-.
~.
~-,
~.
~.
~.
.
~.
-~
-

~——
~)

Oe+00 —

Il 1
0.4 0.6

D. Comparison between theory and simulation 00 02 08 1.0
. . Coverage
The computational effort required to create Table llI
provides incentive for developing analytical theories of dif- 5e409 T
fusion. In Sec. Ill, we described our new mean-field theory senco | (b) @ 1
(MFT) of diffusion, which we compare with KMC in this ST R el i
L A

section. Since we found in Sec. VB thab(6)

3e+09
s(llG)kgag, and thaia, depends very weakly upon loading,

we will compare MFT and KMC calculations of the loading
and temperature dependencekgf According to MFT,k,
=1/2Xk; X P;, wherek, andP; are evaluated as described

ky(s™)

2e+09

1e+09

® J=-0.02 eV, MFT
J=-0.02 eV, KMC
0 J=-0.04 eV, MFT

in Sec. lll. 60200 [, |le=—-y=tosevikmo]
Figures 8a) and 8b) showk, for benzene in Na—-X and 00 02 %4 06 08 1.0
overage

Na-Y, respectively, calculated by MFT and KMC at 468 K
for two values of the coupling parametér When usingJ
=-0.02eV, Figs. &) and &b) show that MFT provides

FIG. 8. Comparing, from mean-field theoryMFT) and KMC at 468 K for
(8 Na—X and(b) Na-Y.
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TABLE IV. Apparent activation energie@V) of k, for Na—X and Na-Y,  shows MSD calculated diffusion isotherms for benzene in

calculated by MFT and KMC for different values éfandJ (eV). Na—X atT=393 and 468 K, compared to PFG NMR d4ta
9—0.21 9—0.94 at the same.tem_p(_a.ratLSIr(amiformly scalgd by a factor of)5
_ and TZLC diffusivities® at T=468 K (uniformly scaled by a

Zeolite 19| MFT KMC MFT KMC factor of 100. The experimental data were scaled to facili-
Na—X 0.02 0.202 0.208 0.134 0.125 tate comparison with the loading dependence predicted by
Na—X 0.04 0.193 0.219 0.133 0.127  simulation, which itself wasot fitted to either experimental
Na-Y 0.02 0.353 0.353 0.149 0.138  result. Figure 9 shows that our model is in excellent qualita-
Na-Y 0.04 0.334 0.324 0.149 0.136

tive agreement with the PFG NMR results, and in qualitative
disagreement with TZLC. Our model overestimates PFG
NMR diffusivities at high loadings, because the lattice model
istence region narrows from Na—X to Na-Y, becauseihe allows 6 molecules per cage while the observed saturation
site is less stable in Na-Y. Ay=(f,—f,)/|J| increases, coverage is 5.4 molecules per cage.
e.g., from Na—X to Na-Y, the critical temperature decreases, One way to view the discrepancy in Fig. 9, apart from
which narrows the coexistence region for a given temperathe absolute magnitudes, is that both simulation and PFG
ture. As we will show in a forthcoming publicatidfi,in-  NMR are consistent with a low coverage of maximum diffu-
creasingy can actually quench the phase transition, forcingsivity, 6max, While TZLC exhibits a larged,,c. While it is
the critical temperature to vanish identically. not obvious why the TZLC results differ so markedly from
Because of the fluctuating adsorption and activation enPFG NMR data and from our simulated diffusivities, our
ergies in our model, it is not obvious how apparent activatiorresults in Sec. V C do suggest future experiments to test the
energies of diffusion relate to fundamental energy scalegeliability of TZLC. Indeed, we found in Sec. V C thaf,,,
Although MFT was found to be only partially useful for decreases with increasing temperature, as all sites become
calculating diffusion isotherms of strongly coupled systemsmore degenerate. As such, high-temperature TZLC diffusion
MFT may prove useful for predicting apparent activationisotherms should be measured, to confirm consistency with
energies. In Table IV, we show apparent activation energiesur rather plausible prediction regarding the temperature de-
of k, for Na—X and Na-Y, calculated by MFT and KMC for pendence ob)y.
different values o andJ. The results in Table IV show that
MFT provides semiquantitative activation energies, which
properly decrease with loading, and increase from Na—X t¢/!- SUMMARY
Na-Y. The activation energies far=0.21 are consistently We have presented a lattice model of self-diffusion in
below S, —W activation energies, while those f&=0.94  5n0p0res, involving inhomogeneous adsorption sites, repul-
are consistently aboveV—W activation energies. We re- gy adsorbate—adsorbate interactions via site blocking, and
mind the reader that these conclusions are subject to the aggractive adsorbate—adsorbate interactions via the nearest-
curacy of the parabphc jump mpdel, which will be_tgsted INneighbor coupling parametes]. We have developed a
detail in a forthcoming publicatioff. Nevertheless, it is en- simple and qualitatively reliable method for describing how

couraging that MFT provides such an accurate description of ysorhate—adsorbate interactions modify jump activation en-
the temperature dependence of diffusion for strongly coupled,gies for site-to-site rate coefficients, called the parabolic

systems, at essentially no computational cost. jump model. We have used this model to explore the load-
. _ . _ ing, temperature, andldependence of benzene self-diffusion
E. Comparison between simulation and experiment in Na—X and Na-Y zeolites. Our model for benzene diffu-

Now that we have considered benzene in faujasite as 80N assumes that benzene molecules jump arsprapd W
general model for diffusion in nanopores, we focus on benSites, located near Naions in supercages, and in 12-ring
zene in Na—X using= — 0.03 eV, obtained from the second Windows separating adjacent supercages, respectively.

virial coefficient of the heat of adsorptidh!? Figure 9 Various levels of theory and simulation have been pro-
posed for calculating diffusion coefficients from our lattice

model. We have implemented a variable time-step, canonical
kinetic Monte Carlo(KMC) algorithm for calculating mean

o
=)

—— Model . . ;
[T o_op,?GfNMR square displacements. We have discussed a mean-field ap-
—e TZLC proximation (MFA) that simplifies KMC calculations, in-

oy
[

volving diffusivities given byD(e)s(1/6)k9a§, whereg is

the fractional loadinga, is the KMC calculated mean inter-

cage jump lengthd,=11A), and 1k, is the KMC calcu-

lated mean cage residence time. We have also derived a

completely analytical, grand canonical mean-field theory

(MFT) of diffusion, whereink, is approximated byk,

=(1/2)Xk;X P4, whereP; is the probability of occupying
Coverage (molec/cage) aW site, andk, is the total rate of leaving W site.

FIG. 9. Diffusion isotherm for benzene in Na—X at 468 K, by PFG NMR We have calculated diffusion coefficients for various

(scaled by B TZLC (scaled by 100 and by MSD simulations. loadings at fixed temperature, denoted as “diffusion iso-

D,.(6) (10°cm’s™)

o
=)
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