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We have performed kinetic Monte Carlo simulations of benzene orientational randomization~BOR!
and diffusion in Na-Y zeolite for various Na~II ! occupancies and Na~II ! spatial patterns. Full Na~II !
occupancy gives BOR rates controlled by intracage motion, whereas half Na~II ! occupancy gives
BOR rates sensitive to both intracage and intercage motion, but insensitive to particular Na~II !
spatial patterns. Alternatively, BOR with one quarter Na~II ! occupancy demonstratesqualitative
sensitivityto different Na~II ! spatial patterns. Calculated diffusion coefficients vary weakly with
decreasing Na~II ! occupancy until ca. one Na~II ! per supercage. Diffusion coefficients and mean
square displacements reveal no information about intracage motion, and are insensitive to different
spatial patterns of Na~II ! cations. Our computational results thus suggest that measuring
orientational randomization in zeolites can provide important information regarding intracage
motion, diffusion and cation disorder. ©1997 American Institute of Physics.
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I. INTRODUCTION

The transport properties of adsorbed molecules1 play a
central role in catalytic and separation processes2 that take
place within zeolite cavities.3 Although significant effort has
been devoted to understanding diffusion in zeolites,1 several
fundamental questions persist: What causes discrepancie
tween diffusion coefficients measured by different tec
niques? What structural aspects of zeolites can be probe
diffusion measurements? How can structural details be
vealed if diffusion measurements are insensitive to the
Below we begin to answer these questions using kin
modeling techniques applied to benzene in Na-Y zeolite. O
computational results suggest that measuring benzene o
tational randomization in Na-Y can provide important info
mation complementary to that obtained from diffusion me
surements.

In a recent series of theoretical studies, we have explo
how fundamental intracage and intercage jumps control b
zene mobility in Na-X ~Si:Al51.0! and Na-Y
~Si:Al52.0!.4–6 Our calculations indicate that activation e
ergies from long length scale diffusion measurements, e
pulsed field gradient NMR,1,7 should be interpreted as site
to-window activation energies. Moreover, we suggest t
results from NMR relaxation experiments for benzene in
series of faujasites,8–11 while reported as diffusion coeffi
cients, should be interpreted as time scales forintracageori-
entational randomization, and hence should not agree
pulsed field gradient NMR results. In an effort to mod
NMR relaxation data as closely as possible, which m
complement diffusion data, we use kinetic Mon

a!Author to whom correspondence should be addressed.
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Carlo4,6,12–14to calculate the orientational correlation fun
tion accounting for randomization of benzene’s six-fold ax
The results presented below clearly indicate that NMR c
relation times for benzene in Na-Y with full Na~II ! occu-
pancy are indeed controlled by intracage hopping proces

An important parameter characterizing the electrosta
environment of a zeolite is the Si:Al composition rati
which ranges between one and infinity in different system
and which varies inversely with the density of exchangea
cations in the solid.3 Molecular mobilities in zeolites tend to
increase with an increasing Si:Al ratio, especially for nucle
philic adsorbates which become trapped with long reside
times at cationic sites. To deepen our understanding of
trend, we use kinetic Monte Carlo to calculate orientatio
correlation functions and mean square displacements
benzene in Na-Y~Si:Al>2.0!, to determine how decreasin
Na~II ! cation occupancy affects orientational randomizat
rates and diffusion coefficients. The results presented be
indicate that calculated diffusion coefficients vary weak
with decreasing Na~II ! occupancy untilca. one Na~II ! per
supercage, and that mean square displacements reveal n
formation about intracage motion or spatial patterns
Na~II ! cations. Alternatively, we predict that cation vaca
cies cause non-exponential decay of the orientational co
lation function, providing important information regardin
intracage motion, diffusion and cation disorder.

The remainder of this paper is organized as follows:
Sec. II we discuss the relevant orientational correlation fu
tion and relate it to various NMR measurements of reori
tation dynamics. In Sec. III we describe the structural a
physical assumptions in our model, in addition to the kine
Monte Carlo algorithm used to simulate benzene mobility
Na-Y. In Sec. IV we present the calculated orientational c
2893893/13/$10.00 © 1997 American Institute of Physics
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2894 S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites
relation functions and mean square displacements, and c
pare the information they provide regarding benzene mo
ity and zeolite structure. Finally, in Sec. V we giv
concluding remarks emphasizing the experimental impli
tions of our theoretical findings.

II. NMR ORIENTATIONAL CORRELATION FUNCTIONS

The importance of orientational correlation functio
~OCFs! for modeling and interpreting NMR measuremen
of molecular reorientation dynamics has been discussed
several authors.9,15–17Here we give a brief review to sum
marize how our computational results for benzene in Na
can be compared with experiment. We begin with the w
of Boddenberget al.9,18 who derived an OCF accounting fo
rotational diffusion about benzene’s six-fold axis (S), libra-
tion of the six-fold axis (L), and rotational diffusion of the
six-fold axis on a sphere (D). The resulting OCF is9

C~ t !5e2t/tD (
m522

12

f me
2m2t/6tS

3@g21~12g2!e2~12m2/6!t/tL#, ~2.1!

where f m is a geometrical factor andg measures the mea
square librational amplitude of the six-fold axis. While th
formulation is useful for characterizing benzene mobility o
e.g., platinum microcrystallites,9 it is too simple to treat ben
zene orientational randomization~BOR! in Na-Y zeolite. In-
deed, on a typical time scale of BOR in a Na-Y,tS andtL
are so short that Eq.~2.1! reduces toC(t) 5 f 0g

2e2t/tD. We
show below that since benzene jumping in Na-Y is ve
different from rotational diffusion on a sphere, BOR in Na-
can exhibit multi-exponential decay of the OCF, providi
information regarding intracage motion, diffusion and cati
distributions in zeolites.

Benzene jumps among tetrahedrally arranged sites
Na-Y,4,19 shown schematically in Fig. 1, giving rise t
‘‘pseudo-isotropic’’ motion because tetrahedral symmetry
high enough to give full orientational randomization. Th

FIG. 1. Schematic of tetrahedrally arranged benzene binding sites in N
J. Chem. Phys., Vol. 106, N
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similarity to isotropic motion suggests a useful starting po
for the derivation of our OCF, while still allowing for multi-
exponential decay. The OCF for benzene20 in the isotropic
limit 11 is given by16

Cj~ t !5 (
m522

12

f jm~u!^Dm,0
2* ~F0 ,Q0,0!Dm,0

2 ~F t ,Q t,0!&,

~2.2!

where^•••& denotes an ensemble average,Dm,m8
j (a,b,g) is

a Wigner rotation matrix element21 and (F t ,Q t) are spheri-
cal polar angles which transform between a molecular a
~i.e., the principalz-axis! at timet and the Zeeman field axi
B¢ 0. The coefficientsf jm(u) 5 @Dj ,m

2 (0,u,0)#2 whereu is the
angle between a zeolite crystallite principalz-axis and theB¢ 0
field axis. Averaging thef jm(u) coefficients over a Na-Y
powder composed of randomly oriented zeolite crystalli
gives a j - andm-independent factor. Setting this factor
unity normalizes the OCF obtained below. Equation~2.2!
can then be expressed entirely in the molecular frame
noting that the sum overm renders the OCF a function onl
of the molecular rotation angle between (F0 ,Q0)
and (F t ,Q t). We demonstrate this using the spheric
harmonic addition theorem21 where Dm,0

j (a,b,0)
5 A4p/(2 j11)Yj ,m* (b,a) and Yj ,m(b,a) is a spherical
harmonic.21 Equation~2.2! thus becomes

C~ t !5A4p

5 HA4p

5 (
m522

2

^Y2,m~Q0 ,F0!Y2,m* ~Q t ,F t!&J
5A4p

5
^Y2,0~b t,0!&5^P2~cosb t!&, ~2.3!

whereP2(x) 5 1
2(3x

221) is the second-degree Legend
polynomial,b t is the angle between molecular axes at time
and t and the second equality in Eq.~2.3! is the spherical
harmonic addition theorem.21 The angleb t is taken between
benzene’s six-fold axis at time 0 andt. The final form ob-
tained in Eq.~2.3! is the working formula used in our kineti
Monte Carlo simulations described below. We note th
Klein et al.22 studied this OCF and others in their molecul
dynamics simulations of benzene, xylenes and nitroaniline
Na-Y.

This OCF is related to several NMR probes of molecu
reorientation in solids.9,15–17In deuterium spin-lattice relax
ation, for example, which results from the interaction of
quadrupolar nucleus (2H! and a stochastically fluctuatin
molecular electric field gradient, the spin-lattice relaxati
rateT1

21 is related to the OCFvia

1

T1
5

3

16
CQ
2 @ j ~v0!14 j ~2v0!#, ~2.4!

where the spectral density,j (v), is given by

j ~v!52E
0

`

dt cosvtC~ t !. ~2.5!

Y.
o. 7, 15 February 1997
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In Eq. ~2.4!, CQ is the quadrupolar coupling constant9 and
v0 is the Larmor frequency. As such, deuterium spin-latt
relaxation is sensitive to the Fourier transform of the OCF
multiples of the Larmor frequency. To extract an orien
tional randomization time scale one usually assumes tha
OCF is an exponential and solves the following equation
the NMR correlation timetc :

1

T1
5

3

16
CQ
2 F tc
11~v0tc!

2 1
4tc

11~2v0tc!
2G . ~2.6!

While it is possible in principle to extract multi-exponenti
OCFs from NMR relaxation data,9,23 a more direct measure
ment of the OCF would be preferable.

Two-dimensional exchange NMR spectroscopy, dev
oped for studying polymer dynamics17 and subsequently ap
plied to benzene mobility in Ca-X,24,25directly measures the
OCF and one molecular jumping angle. This method is s
able for studying reorientation dynamics in systems w
tc> 1 ms, such as benzene in Ca-X and Ca-Y.17,24,25The
two-dimensional exchange spectrum,S(v1 ,v2 ;t), consists
of on-diagonal and off-diagonal components. The o
diagonal spectrum arises from molecules executing traje
ries during the mixing timet involving initial and final states
with different resonance frequencies.26 The on-diagonal
spectrum arises from molecules that either do not jump d
ing the mixing time, or that execute trajectories in timet
involving initial and final states with the same resonan
frequency. In this context the OCF in Eq.~2.3! is given by17

C~ t !5
5

d2E dv1E dv2v1v2S~v1 ,v2 ;t !, ~2.7!

whered is a measure of the chemical shift. We emphas
that while NMR spin-lattice relaxation probes only sele
Fourier components of the OCF, two-dimensional excha
NMR directly measures the OCF for a wide variety of sy
tems. This is particularly important for systems exhibiti
complicated orientational randomization, such as benzen
the Na-Y zeolites modeled below.

An alternative but equivalent formula for the OCF
obtained by definingpon(t) and pof f(t) as the normalized
integrated on-diagonal and off-diagonal spectral intensit
respectively, such thatpon(t)1 pof f(t)51 for all t. The OCF
is then given by

C~ t !5pon~ t !P2~cosbon!1pof f~ t !P2~cosbo f f!. ~2.8!

For the tetrahedrally symmetric case of benzene in Na
P2(cosbon)51 andP2(cosbof f)5 2 1

3. Using the normaliza-
tion condition, the OCF becomes

C~ t !512 4
3 pof f~ t !. ~2.9!

This formula provides a simple interpretation of the in
grated spectral intensities. Indeed, at very short tim
pof f(t)>phop(t) 5 12e2khopt>khopt wherekhop is the most
facile process leading to benzene orientational random
tion. This argument shows how the short time rise of o
diagonal intensity decreases the OCF from unity. Furth
more, the asymptotic limit ofpof f(t) is 3

4 because of
J. Chem. Phys., Vol. 106, N
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tetrahedral symmetry, showing that the eventual rise of o
diagonal intensity gives complete decay of the OCF. Fina
the phenomenon of anticorrelation, i.e., a particular dispo
tion for hopping at certain intermediate times, correspond
pof f(t) exceeding3

4. Below we perform OCF calculation
using Eqs.~2.3! and ~2.9! to demonstrate their numerica
equivalence for benzene in Na-Y.

III. THEORETICAL METHODOLOGY

In the present article we model benzene orientatio
randomization~BOR! at infinite dilution in Na-Y ~Si:Al
>2.0!. Below we describe various structural and physic
assumptions of our model, in addition to the kinetic simu
tion techniques used to perform the ensemble average in
~2.3!. We then summarize the theoretical methodology at
end of this section.

A. Benzene in Na-Y (Si:Al 52.0)

Benzene mobility in Na-Y strongly depends upon t
number and placement of Na~II ! cations in the zeolite frame
work structure.4,11,19,27–30It is therefore important when dis
cussing benzene mobility in a particular Na-Y to quantify t
Na~II ! occupancy, in addition to standard properties such
the Si:Al ratio. For example, a Si:Al ratio of 2.0 requires 6
ions per unit cell to balance the negative framework char
In this case we assume4,5 full occupation of Na sites I8 ~32
per unit cell, located in smallerb cages! and Na sites II~32
per unit cell, 4 per supercage on the vertices of a tetra
dron!. This occupancy model is reasonable considering t
only the Na~II ! ions are accessible to a penetrant the size
benzene. In addition, diffraction studies of Na-
~Si:Al51.7!31 and Na-Y~Si:Al52.4!19 find nearly full Na~II !
occupation. Before discussing Na~II ! occupancy models for
other Si:Al ratios, we describe the binding sites, hopp
paths and kinetic simulation techniques used to calculate
OCF for benzene in Na-Y~Si:Al52.0!.

Our previous MD-DOCKERcalculations find two distinct
binding sites for benzene in Na-Y~Si:Al52.0!,4,5 in agree-
ment with the powder neutron diffraction results of Fitc
et al.19 The calculated sorption sites are shown in Fig. 2.
the SII binding site, benzene is facially coordinated to a s
percage 6-ring, 2.70 Å above Na~II !. In the W site, benzene
is centered in the 12-ring window, 5.3 Å from the SII site.
Because of the strong Na–benzene interaction, the SII site is
much more stable than the W site, byca. 25 kJ mol21 ac-
cording to some estimates.4,27–30

For benzene in Na–Y~Si:Al52.0!, the calculated
SII↔SII and SII↔W minimum energy paths~MEPs! are
shown in Figs. 3 and 5 with the corresponding energe
shown in Figs. 4 and 6, respectively. These MEPs were
tained using our coordinate driving method4 with our re-
cently fitted potential energy surface for benzene
faujasites.4 These hopping paths clearly demonstrate the
orientation processes probed by NMR relaxation and tw
dimensional exchange NMR. The calculated SII→SII activa-
tion energy is 35 kJ mol21, in reasonable agreement with 2
o. 7, 15 February 1997
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2896 S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites
kJ mol21 obtained by NMR relaxation~vide infra!.11

Our calculated hopping activation energies and hy
thetical Arrhenius prefactors~vide infra!, first reported in
Ref. 4, are summarized in Table I. We note that leaving
W site is much more facile than leaving the SII site in our
model. Indeed, the predicted 300 K residence time at
SII site isca. 5000 times longer than that at the W site.

FIG. 2. Binding geometries of benzene in Na-Y. Central benzene is aII

site, 2.7 Å above Na~II !, with a binding energy of275 kJ mol21. Upper
right benzene is at the W site, 5.3 Å from the SII benzene, with a binding
energy of250 kJ mol21.

FIG. 3. SII↔SII minimum energy path with a transition state indicated
bold face.
J. Chem. Phys., Vol. 106, N
-

e

e

B. Kinetic Monte Carlo

We apply the kinetic Monte Carlo~KMC! algorithm to
benzene mobility in Na-Y by replacing the zeolite fram
work with a three-dimensional lattice of SII and W binding
sites. Such a lattice model is known to accurately reprod
mobilities when site residence times are much longer t
travel times between sites.13,32 This is indeed the case fo
benzene in cation-containing faujasites because of the st
charge–quadrupole interactions between Na~II ! ions and
benzene.33 Connecting the SII and W sites are four distinc
hopping events, each with a characteristic rate coefficie
k(SII→SII ), k(SII→W!, k~W→SII ) and k~W→W!. The
probability to make a particular hop is proportional to t
associated rate coefficient.

We use a fixed time step KMC algorithm for OCF ca
culations in which a random hop is attempted at each t

FIG. 4. SII↔SII energetics with 35 kJ mol21 activation energy.

FIG. 5. SII↔W minimum energy path with a transition state indicated
bold face.
o. 7, 15 February 1997
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2897S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites
step. The hop is accepted or rejected based on the kin
Metropolis prescription in which a ratio of hopping rate c
efficients,khop /kre f , is compared to a random number. He
kre f is a reference rate that controls the temporal resolu
of the calculated OCF, i.e.,dt 5 1/kre f is the time bin width
used for accumulating KMC statistics. During a KMC sim
lation benzene’s orientation is stored at each time stei
51,...,N. The OCF is calculated as

C~ t5ndt !5
1

N2n(
i51

N2n

P2@v¢~ i !–v¢~ i1n!#, ~3.1!

where v¢( i ) is the unit vector specifying the orientation
KMC step i . We note that calculating well converged OC
for long times is computationally challenging because of
difficulty in obtaining proper cancellation of positive an
negativeP2(x) values from a Monte Carlo random walk.

We use a variable time step KMC algorithm for me
square displacement calculations in which a hop is m
every KMC step and the system clock is updat
accordingly.34 The mean time elapsed before each hop is
inverse of thetotal rate coefficient to leave the originatin
site.34 For example, if benzene in Na-Y~Si:Al52.0! jumps
from an SII site, the mean time elapsed is

Dt~SII !5
1

3@k~SII→SII !1k~SII→W!#
, ~3.2!

where the factor of three counts available target sites in
Na-Y supercage structure. Since rate coefficients for leav

TABLE I. Hopping activation energies and hypothetical Arrhenius pref
tors for benzene in Na-Y. Our model predicts that leaving the W site
relatively facile.

Jump Activation energy~kJ mol21! Arrhenius prefactor~s21!

SII→SII 35 1013

SII→W 41 1013

W→SII 16 1013

W→W 18 1013

FIG. 6. SII↔W energetics with 41 kJ mol21 activation energy.
J. Chem. Phys., Vol. 106, N
tic

n

e

e

e

e
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the SII site are typically much smaller than those for leavi
the W site, the elapsed SII time is much larger than the
elapsed W time. Thus, the variable time step KMC rand
walk algorithm efficiently models both sluggish and rap
motions in the Na-Y–benzene system. Ensemble avera
required for calculating mean square displacements are
formed as previously described in Ref. 4. In order to reso
translational dynamics over widely separated length and t
scales we display mean square displacements with log–
plots. In these cases it is computationally advantageou
perform the ensemble average using logarithmic time bin
previously discussed in Ref. 6.

In Refs. 4, 5, and 6 and in the present study, we estim
rate coefficients using the Arrhenius formula in whic
k>ne2bEa, wheren and Ea are temperature independen
We assume that the Arrhenius prefactors$n% resemble typi-
cal vibrational frequencies, of order 1013 s21. We believe
these rate coefficients are sufficiently accurate for the p
pose of drawing qualitative conclusions. We calculate a
vation energies for a particular hop by following the ME
from an initial site, through the transition state, to the fin
site ~cf. Figs. 3, 4, 5, and 6!. For a full description of the
MEP calculation, please see Ref. 4.

C. Benzene in Na–Y (Si:Al >2.0)

Benzene mobility in Na-Y~Si:Al.2.0! differs from that
in Na-Y ~Si:Al52.0! because changing the Si:Al ratio alte
Na~II ! occupancy.4,11,19,27–30Since occupancies of differen
Na1 sites vary differently upon changing the Si:Al ratio
depending on site stabilities and zeolite synthesis conditio
no simple formula is known that relates Na~II ! occupancy to
the Si:Al ratio. Below we model the behavior of benze
orientational randomization in Na-Y as Na~II ! occupancy is
decreased. In order to express these results in terms o
Si:Al ratio, a standard zeolite composition variable, we
sume full Na~I8) occupation for Si:Al.2.0 as we did for
Si:Al52.0.4,5 We emphasize that this assumption isnot cru-
cial for the conclusions we draw below; rather it allows us
label a particular Na~II ! occupancy in Na-Y by its Si:Al ra-
tio. In an experimental verification of our computational r
sults, structural information about the zeolite would have
be measured, in addition to the OCF, quantifying the site
cation occupancy.

Figure 7 shows how Na~II ! occupancy varies with the
Si:Al ratio in our model. We have calculated benzene dif
sion coefficients for systems marked by circles~empty and
filled! in Fig. 7, and have compared benzene mean squ
displacements to OCFs for systems marked by filled circ
in Fig. 7. We note that by assuming full Na~I8) occupancy
for all Si:Al ratios, benzene mobility in our model increas
precipitously near Si:Al55.0 as the last Na~II ! cation is re-
moved. Such a sudden mobility increase is an artifact of
cation occupancy model, and is not to be taken seriously

We model BOR in Na-Y for a given Si:Al ratio, and
hence for a given Na~II ! occupancy, by replacing the zeolit
framework with a three-dimensional lattice of SII and W
benzene binding sites, where the number of SII sites is ob-

-
s
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2898 S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites
tained from Fig. 7. This model ignores benzene binding
supercage 6-rings with no associated Na~II ! cation. This is a
very good approximation because benzene residence tim
these 6-rings are significantly shorter than the times requ
for full BOR. As such, benzene visiting 6-rings witho
Na~II ! cations would contribute negligibly to the ensemb
average in Eq.~2.3!. From an experimental perspective, be
zene rotational dynamics at these ‘‘siliceous’’ 6-rings is t
fast to be observed by two-dimensional exchange NMR,24,25

and is on the borderline for NMR relaxation.11

Two aspects of our model for BOR in Na-Y~Si:Al
.2.0! need to be discussed: determining spatial pattern
Na~II ! occupancy and calculating rate coefficients for ho
ping between these sites. Regarding the latter, we ass
that the activation energy for hopping between SII sites in a
supercage where some Na~II ! cations are missing isunaf-
fectedby cation vacancies, i.e., takes the value for benzen
Na–Y ~Si:Al52.0!. In addition, we assume that activatio
energies for SII↔W and W↔W jumps are likewise unaf-
fected by cation vacancies. This approximation, which
rives from analyzing Na~II !–benzene charge–quadrupole i
teractions varying as 1/r 3,35 is expected to affect activatio
energies by roughly 15–20% because of the length sc
involved.36 For benzene in Na-Y~Si:Al52.0!, the calculated
SII↔SII transition state benzene center of mass is ca.
from an initial or final Na~II ! cation, and is ca. 9 Å from
either of the other two Na~II ! cations. Removing one or bot
of these distant cations is not expected to drastically cha
activation energies; similar arguments apply for the ot
jumps. We note that this approximation, which gives error
par with our initial minimum energy path calculations,4 dras-
tically simplifies the interpretation of KMC simulations b
reducing the number of fundamental rate processes invol
In future studies we plan to examine the effect on jump
rates from heterogeneous supercage environments.

Determining accurate spatial patterns of Na~II ! occu-
pancy for Na-Y~Si:Al.2.0! is challenging because of th
difficulty in measuring and calculating Al and Na1 distribu-

FIG. 7. Model Na~II ! occupancy vs Na-Y Si:Al ratio. Benzene diffusio
coefficients are reported below for all circles~empty and filled!, and are
compared with results from OCFs for filled circles.
J. Chem. Phys., Vol. 106, N
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tions in disordered zeolites. Since cation mobilities in deh
drated zeolites are significantly smaller than benze
mobilities,37–39Na~II ! disorder is static on the time scale o
BOR. We turn this difficulty to our advantage by proposin
that benzene mobility can be used to probe static Na~II ! dis-
order. That is, while we do not know the proper spat
Na~II ! occupancy pattern, we can calculate benzene mo
ties assuming various occupancy patterns to determine m
surable signatures for these patterns.

We examine two such patterns below, both based
random Na~II ! siting. The first pattern, called ‘‘cage’’ disor
der, assumes that each supercage has roughly the same
ber of Na~II ! cations. For example, a Si:Al ratio of 3.0 give
on average two Na~II ! cations per supercage. The cage d
order pattern requires that each supercage has exactly
Na~II ! cations, placed randomly at two of the four possib
tetrahedrally arranged sites. This pattern would arise ph
cally from, e.g., a random distribution of framework Al wit
density fluctuations on a length scale smaller than the su
cage dimension, and Na ions in close proximity to fram
work Al. Although this spatial distribution seems plausib
it imposes constraints which may be artificial. A less co
strained pattern, called ‘‘cell’’ disorder, randomly plac
Na~II ! cations in the Na-Y cubic unit cell.

Schematic illustrations of cage and cell disorder a
shown in Figs. 8, 9 and 10. Figure 8 depicts the Na-Y~Si:Al
52.0! unit cell containing 8 supercages and 8b cages. The
shaded boxes areb cages containing no Na~II ! cations, and
the unshaded boxes are supercages containing four N~II !
cations~black dots! because Si:Al52.0. Figure 9 shows cag
disorder for Na-Y~Si:Al53.0!, with 16 Na~II ! cations per
unit cell randomly distributed so that each supercage c
tains two ions. Figure 10 shows cell disorder for Na-Y~Si:Al
53.0!, involving 16 Na~II ! cations randomly distributed ove
the unit cell, in this case giving one supercage with no Na~II !
cations and one supercage with four cations. We empha
that our KMC simulations of benzene in Na-Y~Si:Al>2.0!

FIG. 8. Schematic of Na-Y~Si:Al52.0! unit cell (a'25 Å! where shaded
boxes areb cages, unshaded boxes are supercages and black dots are~II !
cations.
o. 7, 15 February 1997
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use the actual Na-Y structure for constructing lattices ofII

and W benzene binding sites.

D. Summary of theoretical methodology

We model benzene orientational randomization~BOR!
in Na-Y for a given Si:Al ratio, and hence for a given Na~II !
occupancy, by replacing the zeolite framework with a thr
dimensional lattice of SII and W benzene binding sites whe
the number of SII sites is obtained from Fig. 7. SII sites are
placed randomly according to either cage or cell disord
We use fixed time step kinetic Monte Carlo~KMC! for cal-
culating OCFs according to Eqs.~2.3! and ~3.1!, and also
variable time step KMC for calculating mean square d
placements according to Eq.~3.2! and Ref. 4. Activation
energies used to compute hopping rate coefficients for b
zene in Na-Y~Si:Al.2.0! are estimated from minimum en
ergy path calculations performed for benzene in Na-Y~Si:Al
52.0!. The results are examined to determine wh
underlying jumps control BOR, the extent to which OC

FIG. 9. Schematic of Na-Y~Si:Al53.0! unit cell showing cage disorder: al
supercages have two Na~II ! cations randomly placed within each supercag

FIG. 10. Schematic of Na-Y~Si:Al53.0! unit cell showing cell disorder: 16
Na~II ! cations randomly distributed over the unit cell.
J. Chem. Phys., Vol. 106, N
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and mean square displacements contain complementar
formation, and the effect of static Na~II ! disorder on benzene
mobilities.

IV. RESULTS AND DISCUSSION

We now discuss the results of our KMC simulations
benzene mobility in Na-Y~Si:Al>2.0!. After discussing the
calculated OCFs and mean square displacements, we c
pare the information they provide regarding benzene mo
ity and zeolite structure.

A. Orientational correlation functions

Benzene in Na-Y „Si:Al52.0…. Since BOR in Na-Y
arises from a variety of fundamental hopping process
KMC simulations are useful for determining which hoppin
process, if any, controls BOR rates. Figure 11 shows
KMC calculated OCF for benzene in Na-Y~Si:Al52.0! at
T5300 K comparing two computational approaches. T
‘‘direct’’ calculation involves using KMC to evaluate th
ensemble average in Eq.~2.3!. The ‘‘two-step’’ approach
involves first using KMC to calculatepof f(t), the probability
at timet that benzene gives off-diagonal intensity, neglecti
spin diffusion,26 in two-dimensional exchange NMR; fol
lowed by substitutingpof f(t) into Eq. ~2.9!. The two meth-
ods give essentially exact agreement, confirming the in
pretation in Eq. ~2.8! of on- and off-diagonal spectra
intensities. The OCF in Fig. 11 exhibits exponential dec
which arises from pseudo-isotropic motion giving full orie
tational randomization.

In order to extract quantitative BOR rates, we sho
lnuC(t)u in Fig. 12. The difficulty in using Monte Carlo to
give proper sign cancellation for long times is evident in F
12. Analyzing the short time slopes in Fig. 12 indicates t
kBOR5 1.3/Dt(SII ), where kBOR is the BOR rate and
Dt(SII ) is the mean residence time at the SII site given in Eq.
~3.2!. The factor of 1.3 can be understood as follows. F
short times the OCF satisfiesC(t) > 12 4

3khopt as discussed
in Eq. ~2.9!, wherekhop 5 k(SII ) 5 1/Dt(SII ). The OCF in

. FIG. 11. KMC calculated OCF for benzene in Na-Y~Si:Al52.0! at
T5300 K comparing ‘‘direct’’ and ‘‘two-step’’ methods.
o. 7, 15 February 1997
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2900 S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites
Fig. 12 calculated from 500,000 KMC steps is a single
ponential down toC(t)50.01, suggesting that for longe
times the short time approximation can be re-exponentia
to yieldC(t) 5 e2(4/3)khopt. As such, one would expectkBOR
5 4

3k(SII ) > 1.3k(SII ), in agreement with our numerical re
sults. This argument does not suggest that we expect si
exponential decay in all cases, but does explain the de
rate magnitude when single exponential decay is found.

The BOR rate found in Fig. 12 satisfieskBOR
51.3k(SII ) > 4@k(SII→SII )1k(SII→W)# > 4k(SII→SII ),
where the final expression results fromk(SII→SII )
@ k(SII→W) at T5300 K in our model. This BOR rate ex
pression can be identified as the number of mutually ac
sible sites multiplied by the site-to-site hopping rate coe
cient, as previously discussed by Torchia and Szabo.16 This
analysis clearly indicates that BOR is dominated by int
cage motion when this motion is significantly faster th
cage-to-cage migration. Thus, we predict that the NMR sp
lattice relaxation experiments of Bullet al.11 on benzene in
Na-Y ~Si:Al51.7! observe intracage hopping processes, th
data providing a direct probe of the SII→SII hopping rate
coefficient. This suggests the comparison of their 24
mol21 apparent activation energy to ourEa(SII→SII ) 535
kJ mol21 as mentioned above.

In several instances self diffusion coefficients for a
sorbed benzene are estimated from relaxation data8–11 ac-
cording toDsel f ; DBOR5 1

6kBORa
2, wherea is a likely jump

length chosen from structural data. Our present results
gest that using NMR relaxation data to estimate diffusivit
may be incorrect for certain systems. Indeed, we find t
BOR in Na-Y ~Si:Al52.0! is controlled by the intracage
SII→SII jump. We have previously found that benzene d
fusion in this system is controlled by the cage-to-ca
SII→W jump.4,6 Therefore, reporting NMR correlation time
in terms of diffusion coefficients may lead to inappropria
comparisons with data from, e.g., pulsed field gradient~PFG!
NMR which directly measures mean square displacemen1,7

Experimental verification of these predictions for benzene

FIG. 12. Logarithm of Fig. 11 showing simple exponential decay
C(t)>0.01 and statistical error thereafter.
J. Chem. Phys., Vol. 106, N
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Na-Y is not yet available because of the difficulty in me
suring reliable self diffusion coefficients for benzene in Na
powders, which are composed of relatively sm
crystallites.40

Diffusion coefficients obtained from NMR relaxatio
data8,10agree remarkably well with those from PFG NMR7,41

for benzene in Na-X, a zeolite similar to Na-Y but with mo
Na1 ions per supercage. This close agreement is puzz
considering the analysis above for benzene in Na-Y.
have recently performed calculations indicating that th
additional Na1 ions affect both intracage and intercage ho
ping activation energies, making them approximately equ5

As such, although comparingDsel f to DBOR is generally in-
appropriate, it happens to give good agreement forthis sys-
tem because of fortuitous equivalence between intracage
intercage hopping time scales.

We close our discussion of BOR in Na-Y~Si:Al52.0!
by relating our calculated OCF to recent two-dimensio
exchange spectra for benzene in Ca-X~Si:Al51.0! measured
by Chmelka and co-workers.24,25Powder neutron diffraction
and X-ray diffraction studies42 of this zeolite find nearly full
occupation of Ca~II ! sites~32 per unit cell, 4 per supercag
on the vertices of a tetrahedron!, in analogy with Na~II ! cat-
ions in Na-Y. As such, benzene in Ca-X~Si:Al51.0! jumps
among tetrahedrally arranged sitesvia SII→SII and SII→W
hops, in analogy with motion in Na-Y. The relevant diffe
ence between benzene in Na-Y and in Ca-X is that ads
tion heats and hopping activation energies are greate
Ca-X because of the approximately doubled charge on
ions. In order to model this system more closely, we ha
calculated MEPs for benzene in Ca-X~Si:Al51.0!.43 Hop-
ping activation energies extracted from these MEPs sug
thatk(SII→SII ) @ k(SII→W) atT5300 K, as was predicted
for benzene in Na-Y. These results indicate that BOR
qualitatively identical in the two zeolites, i.e.,C(t)
C~t!5e2(4/3)khopt where kBOR5 4

3khop>4k(SII→SII ) for
benzene in Ca-X.

The elegant measurements by Chmelka a
co-workers24,25 have revealed that benzene jumps amo
four tetrahedrally arranged sites and that the OCF dec
exponentially. Their measured decay rates exhibit Arrhen
temperature dependence with the parametersn(SII→SII )
5 1011 s21 andEa(SII→SII ) 5 62 kJ mol21. These experi-
ments represent some of the most detailed microscopic s
ies to date of molecular mobility in zeolites. Our calculatio
have helped to interpret the NMR spectra by resolving a
biguities regarding the jump assignment. Since the excha
spectrum relates tôP2(cosbt)&, an even function of cosbt ,
the experiment is unable to distinguish between jump ang
b t and 180°2 b t . The symmetry of Na-Y and Ca-X is suc
that the intracage SII→SII jump angle is ca. 109.5°, while th
intercage (SII )cage1→(SII )cage2 jump angle is ca. 70.5°, pre
cluding assignment of the BOR rate in terms of a fundam
tal hopping process. Our prediction43 that k(SII→SII )
@ k(SII→W) suggests that two-dimensional exchange sp
tra for benzene in Ca-X are controlled byintracageBOR.

Benzene in Na-Y„Si:Al53.0…. The preceding discus
sion pointed to the difficulty in experimentally disentanglin
o. 7, 15 February 1997
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2901S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites
benzene intracage motion from intercage motion in zeoli
In this section we demonstrate that studying BOR in Na
with half Na~II ! occupancy can unambiguously disentan
rates of intracage and intercage motion. Half Na~II ! occu-
pancy corresponds in Fig. 7 to Si:Al53.0, although this point
is not crucial as previously discussed. It is crucial, howev
to determine the effect of different Na~II ! occupancy patterns
on benzene mobility. Figure 13 shows lnuC(t)u for benzene
in Na-Y ~Si:Al53.0! at T5300 K, comparing several Na~II !
occupancy patterns. The cage disorder system has two N~II !
ions per supercage, while the cell disorder systems have
patterns~1, 0, 5, 2, 0!cell1 and ~0, 3, 3, 1, 1!cell2, where
(n0 ,n1 ,n2 ,n3 ,n4) signifiesn0 supercages with zero Na~II !
ions, n1 supercages with one Na~II ! ion, etc. The results in
Fig. 13 demonstrate remarkable insensitivity to particular
cupancy patterns, suggesting that such an OCF shoul
measurable with, e.g., two-dimensional exchange NMR
benzene in Ca-Y with half Ca~II ! occupancy. Below we in-
terpret the nature of BOR in Na-Y~Si:Al53.0! and suggest
an explanation for the predicted insensitivity to the Na~II !
disorder.

The OCF in Fig. 13 exhibits biexponential decay resu
ing from incomplete Na~II ! occupancy. Considering firs
cage disorder, each supercage contains two SII binding sites.
Benzene hopping between these two sites givesincomplete
decay of the OCF up toca. 0.12ms because the tetrahedr
symmetry that was present with full Na~II ! occupancy is bro-
ken with half Na~II ! occupancy. The BOR rate extracte
from short time decay is kBOR51.3k(SII )
51.3@k(SII→SII )13k(SII→W)# > 1.3k(SII→SII ). This
BOR rate is one third of that found in Na-Y~Si:Al52.0!
because with two Na~II ! ions per cage, there is only on
target SII site available as opposed to the three target SII sites
available with full Na~II ! occupancy. In the absence of inte
cage motion the asymptotic value ofpof f(t) at long times
would be 1

2 because of the two SII sites per supercage. A
such, the OCF would plateau atC(t)512 4

3•
1
25

1
3 or

FIG. 13. lnuC(t)u for benzene in Na-Y~Si:Al53.0! at T5300 K, showing
insensitivity to the Na~II ! occupancy pattern. Intracage motion gives rap
incomplete decay while cage-to-cage migration gives slower, long time
cay.
J. Chem. Phys., Vol. 106, N
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lnuC(t)u 5 21.1 as determined from Eq.~2.9!. Figure 13
shows the transition from rapid to sluggish motion very ne
this value of the OCF.

In order to execute full orientational randomization wi
half Na~II ! occupancy, benzene must visit enough superca
to sample all four tetrahedral orientations. The long tim
BOR rate is thus controlled by the rate of cage-to-cage m
tion. Indeed, the BOR rate extracted from long time decay
Fig. 13 iskBOR5 kcage5

1
2•4•k(SII→W! wherekcage is the

intercage hopping rate coefficient, i.e.,tcage5 1/kcage is the
mean supercage residence time. The factors of1

2 and 4 were
previously explained in our recent theoretical studies of b
zene diffusion in Na-Y.4,6 The factor of 12 accounts for ran-
domizing in the W site which halves the probability to lea
the cage. The factor of 4 accounts for the four ways to le
the supercage through one of the four windows. Since
have previously shown thatDsel f5

1
6kcagea

2 wherea >11 Å
is the cage-to-cage length,4,6 the OCF in Fig. 13 suggests
new approach for measuring self diffusion coefficients
zeolites.

Although much of the preceding discussion assum
cage disorder, especially our analysis of short time intrac
BOR, the results in Fig. 13 are insensitive to particular o
cupancy patterns. We now examine this effect. Deviatio
from cage disorder encountered with cell disorder are
pected to affect BOR rates in two ways. First, instead
having the intracage BOR ratekBOR5 1.3k(SII→SII ), one
expects a collection of intracage rateskBOR(n)
5 1.3(n21)k(SII→SII ) wheren51,...,4 is the Na~II ! occu-
pancy of a particular supercage. Since these jumps are i
pendent processes, averaging different supercage occu
cies during a KMC simulation is tantamount to averaging
corresponding rates, yielding kBOR5^kBOR(n)&
5 1.3(̂ n&21)k(SII→SII )51.3k(SII→SII ) because the av
erage Na~II ! occupancy is two per supercage. This expla
the agreement between cage and cell disorder at short ti

The second effect from cell disorder pertains to the
tent of intracage BOR once benzene begins cage-to-cage
gration. For cages containing two Na~II ! ions, one expects
C(t) ; 1

3 at the onset of intercage motion as discussed abo
Alternatively, supercages containing four Na~II ! ions are
likely to give full BOR before benzene exits the cage, wh
cages with only one Na~II ! give no BOR before cage-to-cag
motion.44 Although the KMC algorithm averages these d
ferent environments during the simulation, the resulting O
may not necessarily agree with that from cage disorder. F
ure 13 indicates that cage and cell disorder give virtua
identical OCFs, a somewhat surprising result. We specu
that with half Na~II ! occupancy there are too many catio
present for cell and cage disorder to give markedly differ
results. Indeed, we find in the next section that the situa
changes significantly when considering one quarter Na~II !
occupancy.

We close our discussion of BOR in Na-Y~Si:Al53.0!
by emphasizing the experimental implications of our the
retical predictions. We have suggested that by measuring
OCF for benzene in Na-Y with half Na~II ! occupancy, one
can simultaneously obtain the intracage hopping rate and

e-
o. 7, 15 February 1997
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2902 S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites
self diffusion coefficient. This is important for connectin
the very different length scales probed by NMR relaxat
and PFG NMR experiments. A convenient way to meas
the predicted OCF for, e.g., benzene in Ca-Y with tw
dimensional exchange NMR is first to focus on the rap
short time decay. Once the intracage BOR rate is determi
one then focuses on diffusive time scales, thereby genera
a relatively narrow peak along the diagonal arising fro
rapid intracage motion. This approach is complementary
PFG NMR because OCF measurements do not require l
particles for reliable diffusion coefficients. We anticipate th
such experiments will greatly enhance our understandin
molecular mobility in zeolites.

Benzene in Na-Y„Si:Al53.8…. In the preceding section
we found that cage and cell disorder give very similar OC
for benzene in Na-Y~Si:Al53.0!. While this insensitivity to
particular Na1 distributions lends credibility to the predicte
OCF, it makes detecting different occupancy patterns v
difficult. This is important because measuring the distrib
tion of Na1 ions is closely related to measuring Al distrib
tions in disordered zeolites, which remains challenging
modern characterization methods.45 In this section we dem-
onstrate that studying BOR in Na-Y with one quarter Na~II !
occupancy can clearly distinguish between cage and cell
order.

One quarter Na~II ! occupancy corresponds on average
one Na~II ! per supercage, and in Fig. 7 to Si:Al53.8. Figure
14 shows lnuC(t)u for benzene in Na-Y~Si:Al53.8! at
T5300 K, showing qualitative sensitivity to Na~II ! occu-
pancy patterns. Since cage disorder entails precisely
Na~II ! in each cage, benzene must visit adjacent superc
to commence orientational randomization.44 As such, the
OCF exhibits single exponential decay controlled by
SII→W rate coefficient. Indeed, for cage disorderkBOR
5 2k(SII→W! as was found for long time BOR in Na-Y
~Si:Al53.0!.

The cell disorder system in Fig. 14 has a~3, 2, 3, 0, 0!
occupancy pattern, enabling partial intracage BOR beca
three supercages contain two Na~II ! cations. Since full BOR

FIG. 14. lnuC(t)u for benzene in Na-Y~Si:Al53.8! at T5300 K, showing
qualitative sensitivity to the Na~II ! occupancy pattern.
J. Chem. Phys., Vol. 106, N
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in the cell disorder system requires cage-to-cage mot
biexponential decay arises as was predicted for benzen
Na-Y ~Si:Al53.0!. Figure 14 also predicts a slight differenc
in the diffusion coefficients obtained from cage and cell d
order. The striking conclusion drawn from Fig. 14 is th
studying BOR in Na-Y with one quarter Na~II ! occupancy
can clearly distinguish between qualitatively different Na1

distributions.
We therefore suggest that guest mobility can be use

probe structural aspects of disordered zeolites. Tw
dimensional exchange NMR can be used, e.g., to determ
the supercage Ca12 distribution pattern in Ca-Y with one
quarter Ca~II ! occupancy. By determining whether single e
ponential or biexponential decay is observed, the NMR sp
tra will point to either cage or cell disorder, respectively.

B. Mean square displacements

In Sec. IV A we predicted that studying orientation
randomization in zeolites can provide valuable informati
about intracage motion, diffusion and cation disorder. O
wonders whether such information can also be extrac
from direct diffusion measurements such as PFG NMR
tracer exchange,1 considering the wide application of thes
methods to mass transport in zeolites. We have previou
argued that intracage hopping rates in Na-Y cannot be de
mined by measuring diffusivities because intracage mot
does not contribute to long range diffusion.4,5 It is possible,
though, that diffusion measurements can be used to i
cation distributions. To address this issue, we have p
formed additional KMC simulations to calculate mea
square displacements and self diffusion coefficients for
the systems discussed in Sec. IV A.

Figure 15 shows KMC calculated self diffusion coef
cients for benzene in Na-Y for various temperatures a
Si:Al ratios, comparing cage and cell disorder patterns d
ignated by large filled symbols and small empty symbo
respectively. The results in Fig. 15 predict that benzene

FIG. 15. Benzene diffusion coefficients for different temperatures and S
ratios, showing insensitivity to cage disorder~large filled symbols! vs cell
disorder~small empty symbols!.
o. 7, 15 February 1997
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2903S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites
fusion coefficients increase monotonically with the Na
Si:Al ratio, and that the increase is gentle for Si:Al52.0–4.0
and more steep near Si:Al55.0 ~cf. Sec. III C!. The diffusion
coefficients for Si:Al52.0–4.0 are given by Dsel f

5 1
6kcagea

2 wherekcage5 2k(SII→W! and a>11 Å is the
cage-to-cage length, as explained in our recent theore
studies of benzene diffusion in Na-Y.4,6 Figure 15 also indi-
cates that the calculated diffusion coefficients are virtua
insensitive to particular Na~II ! distributions. As such, ou
calculations suggest that diffusion coefficients alone can
distinguish between cage and cell cation distributions.

Underlying these diffusion coefficients are mean squ
displacements which may contain more information. Fig
16 shows benzene mean square displacements in Na-
T5300 K for Si:Al53.0, 3.8 and 4.8. The Si:Al ratios 3.
and 3.8 use cage disorder giving two and one Na~II ! per
supercage, respectively, while Si:Al54.8 gives one Na~II !
per unit cell, thus eliminating cation disorder. The only c
rious aspect in Fig. 16 is the sizabley-intercept for Si:Al
54.8, suggesting rapid diffusion at short times in this s
tem.

To pursue this, we repeated the KMC calculation
Si:Al54.8 using logarithmic binning to resolve short tim
dynamics as discussed in Sec. III B and Ref. 6. The log–
mean square displacement plot in Fig. 17 shows KMC d
from two long runs~thin lines!, and a smoothed version o
the longer KMC run~thick line! portraying the converged
mean square displacement. In linear regions of such a l
log plot, unit slope indicates normal diffusion with th
y-intercept giving log10~6Dsel f). Figure 17 shows an earl
diffusive regime where benzene jumps rapidly among sup
cages containing no Na~II ! ions, eventually becoming
trapped at the lone SII site. The early diffusive regime is
analogous to benzene mobility in siliceous-Y,11 although the
rapid cage-to-cage hopping mechanism in our model is
specifically tailored for that system.46 The trap duration is the
mean residence time in the supercage containing Na~II !, and
the plateaûR2(t)& value is they-intercept in Fig. 16. Nor-

FIG. 16. Benzene mean square displacements in Na-Y atT5300 K for
Si:Al53.0, 3.8 and 4.8. The sizabley-intercept for Si:Al54.8 is explained
below.
J. Chem. Phys., Vol. 106, N
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mal diffusion ensues fort.t trap giving the mean square
displacement in Fig. 16 and the diffusion coefficient in F
15. The results in Fig. 17 indicate that mean square displa
ments, while providing diffusion coefficients, can conta
other interesting information as well.

To determine whether measuring mean square displ
ments can probe cation distributions in Na-Y, we show
Fig. 18 log–log benzene mean square displacement plots
Si:Al53.0 and 3.8 comparing cage and cell disorder. Th
results contain interesting information about rapid and sl
gish diffusion as was found in Fig. 17, but also demonstr
qualitative insensitivity to particular Na~II ! occupancy pat-
terns. Our results therefore suggest that diffusion meas
ments cannot be used to infer cation distributions in Na-

FIG. 17. Log–log plot of Fig. 16 for Si:Al54.8 showing rapid diffusion at
short times, followed by dormancy at the lone SII site, and finally normal
diffusion giving the mean square displacement in Fig. 16 and the diffus
coefficient in Fig. 15.

FIG. 18. The same as Fig. 17, except with Si:Al53.0 and 3.8 comparing
cage and cell disorder, suggesting that mean square displacements are
tatively insensitive to different cation distributions in Na-Y.
o. 7, 15 February 1997
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V. CONCLUDING REMARKS

We have performed kinetic Monte Carlo~KMC! simu-
lations of benzene mobility in Na-Y with various Na~II ! cat-
ion occupancies. We evaluate a second-order orientati
correlation function with KMC to quantify rates of benzen
orientational randomization~BOR!. Full Na~II ! occupancy
gives BOR rates controlled by intracage motion, wher
half Na~II ! occupancy gives BOR rates sensitive to both
tracage and intercage motion, but insensitive to particu
Na~II ! spatial patterns. Alternatively, BOR with one quart
Na~II ! occupancy demonstratesqualitative sensitivityto dif-
ferent Na~II ! spatial patterns.

In order to compare the information obtained from BO
in Na-Y with that available from benzene diffusion in Na-Y
we have used KMC to calculate benzene mean square
placements and diffusion coefficients for various tempe
tures, Na~II ! occupancies and Na~II ! spatial patterns. The cal
culated diffusion coefficients vary weakly with decreasi
Na~II ! occupancy until ca. one Na~II ! per supercage. Diffu-
sion coefficients and mean square displacements revea
information about intracage motion, and are insensitive
different spatial patterns of Na~II ! cations.

Our computational results thus suggest that measu
orientational randomization in zeolites can provide import
information complementary to that obtained from diffusi
measurements. Indeed, we predict that using tw
dimensional exchange NMR to measure benzene’s orie
tional correlation function in Ca-Y with half Ca~II ! occu-
pancy can simultaneously reveal intracage hopping rates
diffusion coefficients. This would provide an important lin
between the disparate length scales probed by NMR re
ation and pulsed field gradient~PFG! NMR. We further pre-
dict that performing such a measurement in Ca-Y with o
quarter Ca~II ! occupancy can provide unprecedented inf
mation about disordered cation distributions. Chmelka a
co-workers are particularly well poised to undertake su
experiments.24,25

Several aspects of our model can be improved in orde
strengthen our predictions. We plan to calculate dynamic
exact hopping rate coefficients to remove assumptions
garding Arrhenius temperature dependence. We also pla
correct these hopping rate coefficients for inhomogenei
introduced by cation vacancies, and will incorporate fin
benzene loadings to determine effects from guest–gues
teractions. Finally, we plan to extend these calculations
other host–guest systems to determine how widely ap
cable our conclusions remain. Nevertheless, our results
benzene in cation-containing faujasites are sufficiently
markable that they deserve attention at this initial level
theory.

ACKNOWLEDGMENTS

We thank Dr. D. J. Schaefer, Professor B. F. Chme
and Professor K. Schmidt-Rohr for enlightening discussi
regarding solid state NMR. S. M. A. acknowledges supp
from the National Science Foundation~NSF! under Grants
No. CHE-9403159 and No. CHE-9625735, and from M
J. Chem. Phys., Vol. 106, N
al

s
-
r

is-
-

no
o

g
t

-
a-

nd

x-

e
-
d
h

to
ly
e-
to
s

in-
o
li-
or
-
f

a
s
rt

I

for generously providing visualization software. H. I. M. a
knowledges the NSF and the Office of Naval Research
funding. This work made use of UCSB-MRL Central Faci
ties supported by the NSF under Award No. DMR-91230

1J. Kärger and D. M. Ruthven,Diffusion in Zeolites and Other Mi-
croporous Solids~Wiley, New York, 1992!.

2J. Weitkamp, inCatalysis and Adsorption by Zeolites, edited by G. Olh-
mann, J. C. Vedrine, and P. A. Jacobs~Elsevier, Amsterdam, 1991!, p. 21.

3J. M. Newsam, ‘‘Zeolites,’’ inSolid State Chemistry: Compounds, edited
by A. K. Cheetham and P. Day~Oxford University Press, Oxford, 1992!,
pp. 234–280.

4S. M. Auerbach, N. J. Henson, A. K. Cheetham, and H. I. Metiu, J. Ph
Chem.99, 10600~1995!.

5S. M. Auerbach, L. M. Bull, N. J. Henson, H. I. Metiu, and A. K
Cheetham, J. Phys. Chem.100, 5923~1996!.

6S. M. Auerbach and H. I. Metiu, J. Chem. Phys.105, 3753~1996!.
7A. Germanus, J. Ka¨rger, H. Pfeifer, N. N. Samulevic, and S. P. Zdano
Zeolites5, 91 ~1985!.

8B. Boddenberg and R. Burmeister, Zeolites8, 488 ~1988!.
9B. Boddenberg and B. Beerwerth, J. Phys. Chem.93, 1440~1989!.
10R. Burmeister, H. Schwarz, and B. Boddenberg, Ber. Bunsenges. P
Chem.93, 1309~1989!.

11L. M. Bull, N. J. Henson, A. K. Cheetham, J. M. Newsam, and S.
Heyes, J. Phys. Chem.97, 11776~1993!.

12K. A. Fichthorn and W. H. Weinberg, J. Chem. Phys.95, 1090~1991!.
13R. L. June, A. T. Bell, and D. N. Theodorou, J. Phys. Chem.95, 8866

~1991!.
14H. I. Metiu, Y. T. Lu, and Z. Y. Zhang, Science255, 1088~1992!.
15H. W. Spiess,NMR Basic Principles and Progress~Springer-Verlag, Ber-
lin, 1978!, Vol. 15.

16D. A. Torchia and A. Szabo, J. Magn. Reson.49, 107 ~1982!.
17K. Schmidt-Rohr and H. W. Spiess,Multidimensional Solid-State NMR
and Polymers~Academic Press, London, 1994!.

18V. Voss and B. Boddenberg, Surf. Sci.298, 241 ~1993!.
19A. N. Fitch, H. Jobic, and A. Renouprez, J. Phys. Chem.90, 1311~1986!.
20Here we have assumed an axially symmetric coupling tensor, whic
exact for C–H bonds and an excellent approximation for C–D bonds

21M. E. Rose,Elementary Theory of Angular Momentum~Wiley, New
York, 1967!.

22H. Klein, H. Fuess, and G. Schrimpf, J. Phys. Chem.100, 11101~1996!.
23J. A. Sousa Goncalves, R. L. Portsmouth, P. Alexander, and L. F. G
den, J. Phys. Chem.99, 3317~1995!.

24M. Wilhelm, A. Firouzi, D. E. Favre, L. M. Bull, D. J. Schaefer, and B. F
Chmelka, J. Am. Chem. Soc.117, 2923~1995!.

25D. J. Schaefer, D. E. Favre, and B. F. Chmelka~in preparation!.
26Off-diagonal intensity can also arise from, e.g., dipole–dipole interacti
generating magnetization transfer between different resonance freque
without molecular jumping, i.e., spin diffusion. For an experimental d
cussion of this effect, see Ref. 25.

27P. Demontis, S. Yashonath, and M. L. Klein, J. Phys. Chem.93, 5016
~1989!.
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