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We have performed kinetic Monte Carlo simulations of benzene orientational randomi&Oé)

and diffusion in Na-Y zeolite for various Ni&) occupancies and Nk) spatial patterns. Full N#)
occupancy gives BOR rates controlled by intracage motion, whereas h@l) Mecupancy gives
BOR rates sensitive to both intracage and intercage motion, but insensitive to particiligr Na
spatial patterns. Alternatively, BOR with one quarter(INaoccupancy demonstrategialitative
sensitivityto different Ndll) spatial patterns. Calculated diffusion coefficients vary weakly with
decreasing N@l) occupancy until ca. one Ni&) per supercage. Diffusion coefficients and mean
square displacements reveal no information about intracage motion, and are insensitive to different
spatial patterns of N#) cations. Our computational results thus suggest that measuring
orientational randomization in zeolites can provide important information regarding intracage
motion, diffusion and cation disorder. @997 American Institute of Physics.
[S0021-960607)51007-5

I. INTRODUCTION Carld"%12=t0 calculate the orientational correlation func-
tion accounting for randomization of benzene’s six-fold axis.
The transport properties of adsorbed molecufay a  The results presented below clearly indicate that NMR cor-
central role in catalytic and separation proce$skat take relation times for benzene in Na-Y with full X&) occu-
place within zeolite cavitied Although significant effort has pancy are indeed controlled by intracage hopping processes.
been devoted to understanding diffusion in zeolttesyeral An important parameter characterizing the electrostatic
fundamental questions persist: What causes discrepancies k&wironment of a zeolite is the Si:Al composition ratio,
tween diffusion coefficients measured by different tech-which ranges between one and infinity in different systems,
niques? What structural aspects of zeolites can be probed Ryxd which varies inversely with the density of exchangeable
diffusion measurements? How can structural details be recations in the solid.Molecular mobilities in zeolites tend to
vealed if diffusion measurements are insensitive to themcrease with an increasing Si:Al ratio, especially for nucleo-
Below we begin to answer these questions using kinetighilic adsorbates which become trapped with long residence
modeling techniques applied to benzene in Na-Y zeolite. Oufimes at cationic sites. To deepen our understanding of this
computational results suggest that measuring benzene oriefiend, we use kinetic Monte Carlo to calculate orientational
tational randomization in Na-Y can provide important infor- correlation functions and mean square displacements for
mation complementary to that obtained from diffusion mea{enzene in Na-Y(Si:Al=2.0), to determine how decreasing
surements. Na(ll) cation occupancy affects orientational randomization
In a recent series of theoretical studies, we have exploreghtes and diffusion coefficients. The results presented below
how fundamental intracage and intercage jumps control benngicate that calculated diffusion coefficients vary weakly
zene mobility in Na-X (SiAI=1.0 and Na-Y jth decreasing Ndl) occupancy untilca one N4ll) per
(Si:Al=2.0).4~® Our calculations indicate that activation en- supercage, and that mean square displacements reveal no in-
ergies from long length scale diffusion measurements, e.gformation about intracage motion or spatial patterns of
pulsed field gradient NMR; should be interpreted as site- Ng(11) cations. Alternatively, we predict that cation vacan-
to-window activation energies. Moreover, we suggest thatjes cause non-exponential decay of the orientational corre-
results from NMR relaxation experiments for benzene in aation function, providing important information regarding
series of faujasite®;'! while reported as diffusion coeffi- intracage motion, diffusion and cation disorder.
cients, should be interpreted as time scaledrfoacageori- The remainder of this paper is organized as follows: in
entational randomization, and hence should not agree witBec || we discuss the relevant orientational correlation func-
pulsed field gradient NMR results. In an effort to model tjon and relate it to various NMR measurements of reorien-
NMR relaxation data as closely as possible, which mayaiion dynamics. In Sec. Il we describe the structural and
complement diffusion data, we use kinetic Monte pnysical assumptions in our model, in addition to the kinetic
Monte Carlo algorithm used to simulate benzene mobility in
dAuthor to whom correspondence should be addressed. Na-Y. In Sec. IV we present the calculated orientational cor-

J. Chem. Phys. 106 (7), 15 February 1997 0021-9606/97/106(7)/2893/13/$10.00 © 1997 American Institute of Physics 2893



2894 S. M. Auerbach and H. I. Metiu: Orientational randomization in zeolites

similarity to isotropic motion suggests a useful starting point
for the derivation of our OCF, while still allowing for multi-
exponential decay. The OCF for benzé&him the isotropic
limit!! is given by?®

+2
Ci()= 3 fim(0)(DFo(P0,00,0D7,(P1,0,,0)),
2.2

where(---) denotes an ensemble avera@(#’m,(a,ﬁ,y) is
a Wigner rotation matrix elemefitand @, ,0,) are spheri-
cal polar angles which transform between a molecular axis
(i.e., the principak-axis) at timet and the Zeeman field axis
Bo. The coefficientd,(8) = [D? ,(0,6,0)]1> whered is the
angle between a zeolite crystallite principadxis and théB,
field axis. Averaging thef;,(6) coefficients over a Na-Y
FIG. 1. Schematic of tetrahedrally arranged benzene binding sites in Na-Yypowder composed of randomly oriented zeolite crystallites
gives aj- and m-independent factor. Setting this factor to
unity normalizes the OCF obtained below. Equati@?)
relation functions and mean square displacements, and coran then be expressed entirely in the molecular frame by
pare the information they provide regarding benzene mobilnoting that the sum oven renders the OCF a function only
ity and zeolite structure. Finally, in Sec. V we give of the molecular rotation angle betweend,0,)
concluding remarks emphasizing the experimental implicaand (@,,0,). We demonstrate this using the spherical
tions of our theoretical findings. harmonic _ addition  theoreth where D! («,8,0)
= VA7/(2j+1)Y] n(B,a) and Y| (B,@) is a spherical
Il. NMR ORIENTATIONAL CORRELATION FUNCTIONS harmonic?* Equation(2.2) thus becomes

The importance of orientational correlation functions yp i 2
(OCFs9 for model!ng and interpreting NMR measurementsc )= + /?[ = > (Yom(®0,P0)Y3,,(0,, D))
of molecular reorientation dynamics has been discussed by m=-2
several author$’®1"Here we give a brief review to sum- a
marize how our computational results for benzene in Na-Y  — /_W<y20(13t,0)>:<p2(cosgt)>, (2.3
can be compared with experiment. We begin with the work S '

of Boddenberget al®*8who derived an OCF accounting for . _
rotational diffusion about benzene’s six-fold axi8)( libra- ~ Where Py(x) = 3(3x“—1) is the second-degree Legendre

tion of the six-fold axis (), and rotational diffusion of the Pelynomial,3; is the angle between molecular axes at time 0

six-fold axis on a spherelY). The resulting OCF fs andt ar_1d thel §econd equality in qu.3). is the spherical
harmonic addition theoret. The angleB, is taken between
benzene’s six-fold axis at time 0 and The final form ob-
tained in Eq(2.3) is the working formula used in our kinetic
Monte Carlo simulations described below. We note that
X[ g2+ (1—g2)e~(L-mOUn ], (2.1)  Klein et al?? studied this OCF and others in their molecular
. : dynamics simulations of benzene, xylenes and nitroaniline in
wheref,, is a geometrical factor ang measures the mean a-y

square librational amplitude of the six-fold axis. While this "~ _ . .
formulation is useful for characterizing benzene mobility on, '_I'h|s QCF.'S relgte(ljst_%several NMR pro_bes O.f molecular
reorientation in solid$: In deuterium spin-lattice relax-

e.g., platinum microcrystallitesit is too simple to treat ben- . . : .
zene orientational randomizatigBOR) in Na-Y zeolite. In- ation, for example, which results from the interaction of a
, quadrupolar nucleus?) and a stochastically fluctuating

deed, on a typical time scale of BOR in a Na-¥ and . molecular electric field gradient, the spin-lattice relaxation
r hort that E¢2.1) r = fog2e Y™™, W = o i
are so short that Eq2.1) reduces t(t) = fog-e © rateT;!is related to the OCFia

show below that since benzene jumping in Na-Y is very
different from rotational diffusion on a sphere, BOR in Na-Y 1 3
can exh_ibit multi-e_xpo_nential decay_ of th_e OCF, providi_ng == 1_6C2Q[j(w0)+4j(2w0)]’ (2.9
information regarding intracage motion, diffusion and cation 1
distributions in zeolites. » o

Benzene jumps among tetrahedrally arranged sites ihere the spectral density{w), is given by
Na-Y,*!® shown schematically in Fig. 1, giving rise to
“pseudo—isotropic’j motion bgcau;e tetrahedral' syr.nmetry.is j(w)zzfmdt cos wtC(t). (2.5
high enough to give full orientational randomization. This 0

+2
C(t):eft/TD E , fmefmztlﬁrs
m=—
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In Eqg. (2.4), Cq is the quadrupolar coupling constamind  tetrahedral symmetry, showing that the eventual rise of off-
wq is the Larmor frequency. As such, deuterium spin-latticediagonal intensity gives complete decay of the OCF. Finally,
relaxation is sensitive to the Fourier transform of the OCF athe phenomenon of anticorrelation, i.e., a particular disposi-
multiples of the Larmor frequency. To extract an orienta-tion for hopping at certain intermediate times, corresponds to
tional randomization time scale one usually assumes that the,{(t) exceeding3. Below we perform OCF calculations
OCEF is an exponential and solves the following equation forusing Egs.(2.3) and (2.9) to demonstrate their numerical
the NMR correlation timer,: equivalence for benzene in Na-Y.

1 3, Te 47,
—=—_C + .
T, 16 Q1+(wore)? 1+ (2wete)?

(2.6
Ill. THEORETICAL METHODOLOGY
While it is possible in principle to extract multi-exponential
OCFs from NMR relaxation dat®®a more direct measure- In the present article we model benzene orientational
ment of the OCF would be preferable. randomization(BOR) at infinite dilution in Na-Y (Si:Al
Two-dimensional exchange NMR spectroscopy, devel=2.0). Below we describe various structural and physical
oped for studying polymer dynamidsand subsequently ap- assumptions of our model, in addition to the kinetic simula-
plied to benzene mobility in Ca-X:2°directly measures the tion techniques used to perform the ensemble average in Eq.
OCF and one molecular jumping angle. This method is suit{2.3). We then summarize the theoretical methodology at the
able for studying reorientation dynamics in systems withend of this section.
7= 1 ms, such as benzene in Ca-X and C&“¥'*The A zersene in Na-y (SiAl =2.0)
two-dimensional exchange spectru(w;,w,;t), consists
of on-diagonal and off-diagonal components. The off- Benzene mobility in Na-Y strongly depends upon the
diagonal spectrum arises from molecules executing trajectdumber and placement of NB) cations in the zeolite frame-
ries during the mixing time involving initial and final states Work structure®:*1%*"~3qt is therefore important when dis-
with different resonance frequenci$s.The on-diagonal cussing benzene mobility in a particular Na-Y to quantify the
spectrum arises from molecules that either do not jump durNa(ll) occupancy, in addition to standard properties such as
ing the mixing time, or that execute trajectories in time the Si:Al ratio. For example, a Si:Al ratio of 2.0 requires 64
involving initial and final states with the same resonanceons per unit cell to balance the negative framework charge.
frequency. In this context the OCF in E@.3) is given by’  In this case we assurhefull occupation of Na sites’l(32
5 per unit cell, located in smalle8 cage$ and Na sites 1(32
_> . per unit cell, 4 per supercage on the vertices of a tetrahe-
)= 52f dwlf w2010 01,0231), @7 dron). This occupancy model is reasonable considering that

where § is a measure of the chemical shift. We emphasizegz:zlzzhneeNdllln) '023 d?triinaccfejisf?r'g::eﬂ;% a gteundei;r:nt;?e E;?YOf

that _vvhlle NMR spin-lattice relaxatlon_probgs only SeleCtéSi:Al=1.7)31 and Na-Y(Si-Al=2.4/° find nearly full Nall)

Fourier components of the OCF, two-dimensional exchang : : :

NMR directly measures the OCF for a wide variety of Sys_occupat_lon. Before d|scu53|ng w3 occupancy models fOT
other Si:Al ratios, we describe the binding sites, hopping

ms. This i rticularly important for ms exhibitin Lo . .
::eomS Iicatzdst)r?:ni:tlijoia)( ran%%rtj}z;tign Si/j;[:eh ass %en?etnegi aths and kinetic simulation techniques used to calculate the
b ' CF for benzene in Na-YSi:Al=2.0).

the Na-Y zeolites modeled below. Our previous MD-IDCKER calculations find two distinct
An alternative but equivalent formula for the OCF is binding sites for benzene in Na-15i:Al=2.0),*® in agree-

obtained by defining,,(t) and py¢(t) as the normalized, . ) . .
integrated on-diagonal and off-diagonal spectral intensitiesment with the powder neutron diffraction results of Fitch

: — et all® The calculated sorption sites are shown in Fig. 2. In
{Sefﬁgﬁtgigr’,sbu;h thton(t) + Pors(t) =1 for allt. The OCF S, binding site, benzene is facially coordinated to a su-

percage 6-ring, 2.70 A above NB. In the W site, benzene
C(t) =Pon(t) P2(COBon) + Pors(t)P2(COBosr).  (2.8) is centered in the 12-ring window, 5.3 A from thg Site.
Because of the strong Na—benzene interaction, theit® is
much more stable than the W site, bg. 25 kJ mol'* ac-
cording to some estimatég’~3°

For benzene in Na-Y(Si:Al=2.0), the calculated

C(t)=1— 4pys(t). (2.9 S|<—>S|_ anql S =W minim_um energy paths{l\_/IEPs) are

shown in Figs. 3 and 5 with the corresponding energetics

This formula provides a simple interpretation of the inte-shown in Figs. 4 and 6, respectively. These MEPs were ob-
grated spectral intensities. Indeed, at very short timesained using our coordinate driving metfodith our re-
Pori(t)=Phop(t) = 1—e Knop'= Knopt Wherek;,qis the most  cently fitted potential energy surface for benzene in
facile process leading to benzene orientational randomiz&aujasites’ These hopping paths clearly demonstrate the re-
tion. This argument shows how the short time rise of off-orientation processes probed by NMR relaxation and two-
diagonal intensity decreases the OCF from unity. Furtherdimensional exchange NMR. The calculated-$S;, activa-
more, the asymptotic limit ofp.(t) is 2 because of tion energy is 35 kJ mol', in reasonable agreement with 24

For the tetrahedrally symmetric case of benzene in Na-Y
P,(cos8,)=1 andP,(cosBy1)= — 3. Using the normaliza-
tion condition, the OCF becomes
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FIG. 4. §,<S, energetics with 35 kJ mol activation energy.

FIG. 2. Binding geometries of benzene in Na-Y. Central benzene ig at S B. Kinetic Monte Carlo
site, 2.7 A above N@l), with a binding energy of-75 kJ mol %. Upper L .
right benzene is at the W site, 5.3 A from thg Benzene, with a binding We apply the kinetic Monte Carl(KMC) algorithm to

energy of—50 kJ morl L. benzene mobility in Na-Y by replacing the zeolite frame-
work with a three-dimensional lattice of;Sand W binding
sites. Such a lattice model is known to accurately reproduce
mobilities when site residence times are much longer than
kJ mol~* obtained by NMR relaxatiofvide infra) 11 travel times between si_té-..%*.32 This is indeed the case for
Our calculated hopping activation energies and hypo_benzene in cat|on—cor.1ta|n|ngl faujasites becausg of the strong
thetical Arrhenius prefactor¢vide infra), first reported in charge—qguadrupolg Interactions betyveen(ll\]alons .ar.1d
Ref. 4, are summarized in Table I. We note that leaving th enzgné. Connecting th? ® and W S|te§ are four d'St'.n(.:t .
W site is much more facile than leaving thg Site in our opping events, each with a characteristic rate coefficient:
model. Indeed, the predicted 300 K residence time at th&(S1—Si). k(S —W), kW—S,) and k(W—W). The

S, site isca. 5000 times longer than that at the W site. probability to make a particular hop is proportional to the
associated rate coefficient.

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

e

FIG. 3. §,< S, minimum energy path with a transition state indicated in FIG. 5. §,<—W minimum energy path with a transition state indicated in
bold face. bold face.
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-30 y T Y T T T Y the §, site are typically much smaller than those for leaving
R - the W site, the elapsed, Stime is much larger than the
elapsed W time. Thus, the variable time step KMC random
walk algorithm efficiently models both sluggish and rapid
motions in the Na-Y—-benzene system. Ensemble averages
-50 |- - required for calculating mean square displacements are per-
R 4 formed as previously described in Ref. 4. In order to resolve
—0 i translational dynamics over widely separated length and time
scales we display mean square displacements with log—log
plots. In these cases it is computationally advantageous to
=70 |- - perform the ensemble average using logarithmic time bins as
= g previously discussed in Ref. 6.
~80 1 1 ! 1 1 ] 1 In Refs. 4, 5, and 6 and in the present study, we estimate
-10 -5 0 5 10 rate coefficients using the Arrhenius formula in which
Reaction coordinate (angstroms) k=ve PEa wherev and E, are temperature independent.
We assume that the Arrhenius prefactpr$ resemble typi-
FIG. 6. §—W energetics with 41 kJ mot activation energy. cal vibrational frequencies, of order #0s 1. We believe
these rate coefficients are sufficiently accurate for the pur-
) _ ~ pose of drawing qualitative conclusions. We calculate acti-
step. The hop is accepted or rejected based on the kinefigation energies for a particular hop by following the MEP
Metropolis prescription in which a ratio of hopping rate co- from an initial site, through the transition state, to the final
efficients Kyop/kref, is compared to a random number. Heresjte (cf. Figs. 3, 4, 5, and %6 For a full description of the
kief is a reference rate that controls the temporal resolutiofpgp calculation, please see Ref. 4.
of the calculated OCF, i.edt = 1/, is the time bin width
used for accumulating KMC statistics. During a KMC simu-
lation benzene’s orientation is stored at each time s$tep C. Benzene in Na—Y (Si:Al >2.0)

-1

Energy (kJ mol )

=1,...N. The OCF is calculated as Benzene mobility in Na-Y(Si:Al>2.0) differs from that
N—n in Na-Y (Si:Al=2.0) because changing the Si:Al ratio alters
C(t=nét)= ﬂz PLIV(i)-V(i+n)], (3.)  Na(ll) occupancy:**1927-3%Since occupancies of different
— =1

Na' sites vary differently upon changing the Si:Al ratio,
where V(i) is the unit vector specifying the orientation at depending on site stabilities and zeolite synthesis conditions,
KMC stepi. We note that calculating well converged OCFs Nno simple formula is known that relates (Na occupancy to
for long times is computationally challenging because of thehe Si:Al ratio. Below we model the behavior of benzene
difficulty in obtaining proper cancellation of positive and orientational randomization in Na-Y as Nla occupancy is
negativeP,(x) values from a Monte Carlo random walk. ~ decreased. In order to express these results in terms of the

We use a variable time step KMC algorithm for mean Si:Al ratio, a standard zeolite composition variable, we as-
square displacement calculations in which a hop is madéume full Ndl’) occupation for Si:A>2.0 as we did for
every KMC step and the system clock is updatedSi:Al=2.0%°We emphasize that this assumptiomist cru-
accordingly>* The mean time elapsed before each hop is the&ial for the conclusions we draw below; rather it allows us to
inverse of thetotal rate coefficient to leave the originating abel a particular Ndl) occupancy in Na-Y by its Si:Al ra-
site3* For example, if benzene in Na-§Si:Al=2.0) jumps  tio. In an experimental verification of our computational re-
from an S, site, the mean time elapsed is sults, structural information about the zeolite would have to

be measured, in addition to the OCF, quantifying the site Il

AL(S,)= 1 ’ (3.2) cation occupancy.

3[k(Si— ) +k(§—W)] Figure 7 shows how N#) occupancy varies with the

where the factor of three counts available target sites in thel-Al ratio in our model. We have calculated benzene diffu-

Na-Y supercage structure. Since rate coefficients for leavin§ion cpeffi_cients for systems marked by circlesnpty and
llled) in Fig. 7, and have compared benzene mean square

displacements to OCFs for systems marked by filled circles
TABLE |. Hopping activation energies and hypothetical Arrhenius prefac-in Fig. 7. We note that by assuming full N& occupancy
tors for benzene in Na-Y. Our model predicts that leaving the W site isfor all Si:Al ratios, benzene mobi|ity in our model increases
relatively facile. precipitously near Si:A+5.0 as the last N#l) cation is re-

Jump Activation energykJ mol5)  Arrhenius prefactots ) moved. Such a sudden mobility increase is an artifact of our
- cation occupancy model, and is not to be taken seriously.
Si—Sy 35 1 We model BOR in Na-Y for a given Si:Al ratio, and
S —W 41 102 h f : lacing th I
Wos, 16 15° ence for a given N&) occupancy, by replacing the zeolite
WoW 18 103 framework with a three-dimensional lattice of, &ind W

benzene binding sites, where the number pfs8es is ob-
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29

Na(II) Cations/Unit Cell

2.0 3.0 4.0 5.0
Si:Al Ratio

0 25
FIG. 7. Model Nall) occupancy vs Na-Y Si:Al ratio. Benzene diffusion

coefficients are reported below for aII_circIegmpw and filled, and are  F|G. 8. Schematic of Na-YSi:Al=2.0) unit cell (a~25 A) where shaded
compared with results from OCFs for filled circles. boxes arg3 cages, unshaded boxes are supercages and black dots(Hje Na
cations.

tained from Fig. 7. This model ignores benzene binding at

supercage 6-rings with no associatedINacation. This is a tions in disordered zeolites. Since cation mobilities in dehy-
very good approximation because benzene residence timesdriated zeolites are significantly smaller than benzene
these 6-rings are significantly shorter than the times requirechobilities®’~3° Na(Il) disorder is static on the time scale of
for full BOR. As such, benzene visiting 6-rings without BOR. We turn this difficulty to our advantage by proposing
Na(ll) cations would contribute negligibly to the ensemblethat benzene mobility can be used to probe statifliNdis-
average in Eq(2.3). From an experimental perspective, ben-order. That is, while we do not know the proper spatial
zene rotational dynamics at these “siliceous” 6-rings is tooNa(ll) occupancy pattern, we can calculate benzene mobili-
fast to be observed by two-dimensional exchange NftR, ties assuming various occupancy patterns to determine mea-
and is on the borderline for NMR relaxatioh. surable signatures for these patterns.

Two aspects of our model for BOR in Na-¥Si:Al We examine two such patterns below, both based on
>2.0) need to be discussed: determining spatial patterns alandom N&ll) siting. The first pattern, called “cage” disor-
Na(ll) occupancy and calculating rate coefficients for hop-der, assumes that each supercage has roughly the same num-
ping between these sites. Regarding the latter, we assunter of Ngll) cations. For example, a Si:Al ratio of 3.0 gives
that the activation energy for hopping betwegnsites in a  on average two N#l) cations per supercage. The cage dis-
supercage where some (Na cations are missing isnaf-  order pattern requires that each supercage has exactly two
fectedby cation vacancies, i.e., takes the value for benzene iNa(ll) cations, placed randomly at two of the four possible
Na-Y (Si:Al=2.0). In addition, we assume that activation tetrahedrally arranged sites. This pattern would arise physi-
energies for W and W—W jumps are likewise unaf- cally from, e.g., a random distribution of framework Al with
fected by cation vacancies. This approximation, which dedensity fluctuations on a length scale smaller than the super-
rives from analyzing Ndl )—benzene charge—quadrupole in- cage dimension, and Na ions in close proximity to frame-
teractions varying as 17,*° is expected to affect activation work Al. Although this spatial distribution seems plausible,
energies by roughly 15-20% because of the length scaldsimposes constraints which may be artificial. A less con-
involved3® For benzene in Na-YSi:Al=2.0), the calculated strained pattern, called “cell” disorder, randomly places
S, S, transition state benzene center of mass is ca. 5 MNa(ll) cations in the Na-Y cubic unit cell.
from an initial or final Nall) cation, and is ca9 A from Schematic illustrations of cage and cell disorder are
either of the other two N# ) cations. Removing one or both shown in Figs. 8, 9 and 10. Figure 8 depicts the N&SYAI
of these distant cations is not expected to drastically change2.0) unit cell containing 8 supercages ang3&ages. The
activation energies; similar arguments apply for the otheshaded boxes arg cages containing no Ni&) cations, and
jumps. We note that this approximation, which gives error orthe unshaded boxes are supercages containing fodt)Na
par with our initial minimum energy path calculatiohdras-  cations(black dot3 because Si:A+2.0. Figure 9 shows cage
tically simplifies the interpretation of KMC simulations by disorder for Na-Y(Si:Al=3.0), with 16 N4&ll) cations per
reducing the number of fundamental rate processes involvednit cell randomly distributed so that each supercage con-
In future studies we plan to examine the effect on jumpingtains two ions. Figure 10 shows cell disorder for NdSf:Al
rates from heterogeneous supercage environments. =3.0), involving 16 Nall) cations randomly distributed over

Determining accurate spatial patterns of(Waoccu- the unit cell, in this case giving one supercage with ndlNa
pancy for Na-Y (Si:Al>2.0) is challenging because of the cations and one supercage with four cations. We emphasize
difficulty in measuring and calculating Al and Nalistribu-  that our KMC simulations of benzene in Na{8i:Al=2.0)
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0.8 —— Two-step| -
B o——o Direct 1

<P,(cosP)>

C(t)

0.00 0.04 0.08 0.12 0.16 0.20
Time (usec)

FIG. 9. Schematic of Na-YSi:Al=3.0) unit cell showing cage disorder: all

supercages have two NB cations randomly placed within each supercage. FIG. 11. KMC calculated OCF for benzene in Na{Bi:Al=2.0) at
T=300 K comparing “direct” and “two-step” methods.

use the actual NaTY structure for constructing lattices of S 31d mean square displacements contain complementary in-
and W benzene binding sites. formation, and the effect of static K& disorder on benzene
mobilities.

D. Summary of theoretical methodology

We model benzene orientational randomizat{&DR) V. RESULTS AND DISCUSSION

in Na-Y for a given Si:Al ratio, and hence for a given (Na We now discuss the results of our KMC simulations of
occupancy, by replacing the zeolite framework with a threebenzene mobility in Na-YSi:Al=2.0). After discussing the
dimensional lattice of $and W benzene binding sites where calculated OCFs and mean square displacements, we com-
the number of  sites is obtained from Fig. 7.,Ssites are  pare the information they provide regarding benzene mobil-
placed randomly according to either cage or cell disorderity and zeolite structure.

We use fixed time step kinetic Monte CaflkiMC) for cal-
culating OCFs according to Eg§2.3) and (3.1), and also
variable time step KMC for calculating mean square dis- Benzene in Na-Y (Si:Al=2.0). Since BOR in Na-Y
placements according to E¢3.2 and Ref. 4. Activation arises from a variety of fundamental hopping processes,
energies used to compute hopping rate coefficients for berlkMC simulations are useful for determining which hopping
zene in Na-Y(Si:Al>2.0) are estimated from minimum en- process, if any, controls BOR rates. Figure 11 shows the
ergy path calculations performed for benzene in NéSYAI ~ KMC calculated OCF for benzene in Na-{6i:Al=2.0) at
=2.0. The results are examined to determine whichT=300 K comparing two computational approaches. The
underlying jumps control BOR, the extent to which OCFs"direct” calculation involves using KMC to evaluate the
ensemble average in Eq2.3). The “two-step” approach
involves first using KMC to calculatp,¢¢(t), the probability

at timet that benzene gives off-diagonal intensity, neglecting
spin diffusion?® in two-dimensional exchange NMR; fol-
lowed by substitutingp,¢¢(t) into Eq.(2.9). The two meth-
ods give essentially exact agreement, confirming the inter-
pretation in Eq.(2.8) of on- and off-diagonal spectral
intensities. The OCF in Fig. 11 exhibits exponential decay,
which arises from pseudo-isotropic motion giving full orien-
tational randomization.

In order to extract quantitative BOR rates, we show
In|C(t)| in Fig. 12. The difficulty in using Monte Carlo to
give proper sign cancellation for long times is evident in Fig.
12. Analyzing the short time slopes in Fig. 12 indicates that
ksor= 1.3/At(S;), where kgor is the BOR rate and
At(S,) is the mean residence time at the Ste given in Eq.
(3.2). The factor of 1.3 can be understood as follows. For

FIG. 10. Schematic of Na-¥Si:Al=3.0) unit cell showing cell disorder: 16 _short times the OCF satisfi€yt) = 1— %khopt as diSCUSS.ed
Na(ll) cations randomly distributed over the unit cell. in Eq. (2.9), whereky,o, = k(S,) = 1/At(S;). The OCF in

A. Orientational correlation functions
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Na-Y is not yet available because of the difficulty in mea-
suring reliable self diffusion coefficients for benzene in Na-Y
powders, which are composed of relatively small
i crystallites®
Diffusion coefficients obtained from NMR relaxation
. datd° agree remarkably well with those from PFG NI&
for benzene in Na-X, a zeolite similar to Na-Y but with more
Na* ions per supercage. This close agreement is puzzling
considering the analysis above for benzene in Na-Y. We
have recently performed calculations indicating that these
additional N& ions affect both intracage and intercage hop-
1 ping activation energies, making them approximately egual.
' DT N TR As such, although comparingge s to Dgog is generally in-
0.00 0.04 0.08 0.12 0.16 0.20 appropriate, it happens to give good agreementHiw sys-
Time (usec) tem because of fortuitous equivalence between intracage and
intercage hopping time scales.
FIG. 12. Logarithm of Fig. 11 showing simple exponential decay for We close our discussion of BOR in Na-{Gi:Al=2.0)
C(t)=0.01 and statistical error thereafter. by relating our calculated OCF to recent two-dimensional
exchange spectra for benzene in CaSXAl=1.0) measured
by Chmelka and co-workefé:?° Powder neutron diffraction
Fig. 12 calculated from 500,000 KMC steps is a single ex-and X-ray diffraction studié of this zeolite find nearly full
ponential down toC(t)=0.01, suggesting that for longer occupation of Cdl) sites(32 per unit cell, 4 per supercage
times the short time approximation can be re-exponentiatedn the vertices of a tetrahednoin analogy with Ndl) cat-
to yield C(t) = e~ “nop', As such, one would expekgor  ions in Na-Y. As such, benzene in Ca{%i:Al=1.0) jumps
= 3k(S)) = 1.3k(S,), in agreement with our numerical re- among tetrahedrally arranged sitda S, — S, and $—W
sults. This argument does not suggest that we expect singhops, in analogy with motion in Na-Y. The relevant differ-
exponential decay in all cases, but does explain the decagnce between benzene in Na-Y and in Ca-X is that adsorp-
rate magnitude when single exponential decay is found. tion heats and hopping activation energies are greater in
The BOR rate found in Fig. 12 satisfiekgor =~ Ca-X because of the approximately doubled charge on Ca
=1.3k(S,) = 4k(§,—S)) +k(§,—=W)] = 4k(S,—S)), ions. In order to model this system more closely, we have
where the final expression results frork(S,—S) calculated MEPs for benzene in Ca{%i:Al=1.0).** Hop-
> Kk(S,—W) at T=300 K in our model. This BOR rate ex- ping activation energies extracted from these MEPs suggest
pression can be identified as the number of mutually acceghatk(S,—S,) > k(S,—W) at T=300 K, as was predicted
sible sites multiplied by the site-to-site hopping rate coeffi-for benzene in Na-Y. These results indicate that BOR is
cient, as previously discussed by Torchia and SZ88this  qualitatively identical in the two zeolites, i.e.C(t)
analysis clearly indicates that BOR is dominated by intra-C(t)=e~(®*nos' where kgor= 3Knop=4Kk(S,—S;)  for
cage motion when this motion is significantly faster thanbenzene in Ca-X.
cage-to-cage migration. Thus, we predict that the NMR spin- The elegant measurements by Chmelka and
lattice relaxation experiments of Bugt al!! on benzene in  co-workeré*?® have revealed that benzene jumps among
Na-Y (Si:Al=1.7) observe intracage hopping processes, theifour tetrahedrally arranged sites and that the OCF decays
data providing a direct probe of thg,S:S;, hopping rate exponentially. Their measured decay rates exhibit Arrhenius
coefficient. This suggests the comparison of their 24 kiemperature dependence with the parametgS,—S,)
mol~! apparent activation energy to oBg(S;—S,) =35 = 10"s ! andE,(S,—S,) = 62 kJ mol'L. These experi-
kJ mol ! as mentioned above. ments represent some of the most detailed microscopic stud-
In several instances self diffusion coefficients for ad-ies to date of molecular mobility in zeolites. Our calculations
sorbed benzene are estimated from relaxation®dHtac-  have helped to interpret the NMR spectra by resolving am-
cording toD e s ~ Dgor = Ksord?, Wherea is a likely jump  biguities regarding the jump assignment. Since the exchange
length chosen from structural data. Our present results sugpectrum relates tP,(cos3y)), an even function of cg3,
gest that using NMR relaxation data to estimate diffusivitiesthe experiment is unable to distinguish between jump angles
may be incorrect for certain systems. Indeed, we find tha3, and 180°— B;. The symmetry of Na-Y and Ca-X is such
BOR in Na-Y (Si:Al=2.0) is controlled by the intracage, thatthe intracage,5— S, jump angle is ca. 109.5°, while the
Si—3S, jump. We have previously found that benzene dif-intercage (§)caga— (Si)cage JUmp angle is ca. 70.5°, pre-
fusion in this system is controlled by the cage-to-cagegcluding assignment of the BOR rate in terms of a fundamen-
S, — W jump?® Therefore, reporting NMR correlation times tal hopping process. Our predictitn that k(S,—S;)
in terms of diffusion coefficients may lead to inappropriate> k(S;,— W) suggests that two-dimensional exchange spec-
comparisons with data from, e.g., pulsed field gradi®®G  tra for benzene in Ca-X are controlled mtracageBOR.
NMR which directly measures mean square displacentents. Benzene in Na-Y (Si:Al=3.0). The preceding discus-
Experimental verification of these predictions for benzene irsion pointed to the difficulty in experimentally disentangling

InIC(t)|
IR

YOl
]
’

6 == N=50,000 |/
N=500,000 | *
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In|C(t)] = —1.1 as determined from Ed2.9). Figure 13
shows the transition from rapid to sluggish motion very near
this value of the OCF.
E In order to execute full orientational randomization with
half Na(ll) occupancy, benzene must visit enough supercages
to sample all four tetrahedral orientations. The long time
BOR rate is thus controlled by the rate of cage-to-cage mo-
tion. Indeed, the BOR rate extracted from long time decay in
B . Fig. 13 iskgor= Keage= 3-4+ k(S —W) wherek;,ge is the
3k _ intercage hopping rate coefficient, i.€cqqe= 1/Kcageis the
mean supercage residence time. The factorsafd 4 were
B . previously explained in our recent theoretical studies of ben-
PR T SN (T T TN S zene diffusion in Na-Y:® The factor of} accounts for ran-
000 025 050 075 1.00 1.25 domizing in the W site which halves the probability to leave
Time (usec) the cage. The factor of 4 accounts for the four ways to leave
the supercage through one of the four windows. Since we
FIG. 13. IfC(t)| for benzene in Na-Y(Si:Al=3.0 at T=300 K, showing have previously shown tha@ltse;= #Kcaged® Wherea =11 A
?nsensitivity to the NQI) occupancy pattern. I_ntracgge motion gives _rapid, is the cage-to-cage Ieng‘lﬁ,the OCF in Fig. 13 suggests a
Ln;;mplete decay while cage-to-cage migration gives slower, long time dehew approach for measuring self diffusion coefficients in
zeolites.

Although much of the preceding discussion assumed
benzene intracage motion from intercage motion in zeolitescage disorder, especially our analysis of short time intracage
In this section we demonstrate that studying BOR in Na-YBOR, the results in Fig. 13 are insensitive to particular oc-
with half Nall) occupancy can unambiguously disentanglecupancy patterns. We now examine this effect. Deviations
rates of intracage and intercage motion. Half(INaoccu- from cage disorder encountered with cell disorder are ex-
pancy corresponds in Fig. 7 to Si:AB.0, although this point pected to affect BOR rates in two ways. First, instead of
is not crucial as previously discussed. It is crucial, howeverhaving the intracage BOR ratgsor= 1.%(S,—S;), one
to determine the effect of different N&) occupancy patterns expects a collection of intracage ratekgor(n)
on benzene mobility. Figure 13 showg@{t)| for benzene = 1.3(n—1)k(S,—S,) wheren=1,...,4 is the Nél) occu-
in Na-Y (Si:Al=3.0) at T=300 K, comparing several Ni&) pancy of a particular supercage. Since these jumps are inde-
occupancy patterns. The cage disorder system has t@lb)Na pendent processes, averaging different supercage occupan-
ions per supercage, while the cell disorder systems have thedes during a KMC simulation is tantamount to averaging the
patterns(1, 0, 5, 2, Q.en and (0, 3, 3, 1, dceii2, Where  corresponding rates, yielding  kgor=(kgor(n))
(ng,ny,ny,n3,n,) signifiesny supercages with zero &) = 1.3(n)—1)k(§,— ) =1.%(S,—S,) because the av-
ions, n, supercages with one N&) ion, etc. The results in  erage Ndl) occupancy is two per supercage. This explains
Fig. 13 demonstrate remarkable insensitivity to particular octhe agreement between cage and cell disorder at short times.
cupancy patterns, suggesting that such an OCF should be The second effect from cell disorder pertains to the ex-
measurable with, e.g., two-dimensional exchange NMR orent of intracage BOR once benzene begins cage-to-cage mi-
benzene in Ca-Y with half GH) occupancy. Below we in- gration. For cages containing two {la ions, one expects
terpret the nature of BOR in Na-¥Si:Al=3.0) and suggest C(t) ~ 3 at the onset of intercage motion as discussed above.
an explanation for the predicted insensitivity to the(INa  Alternatively, supercages containing four (N& ions are
disorder. likely to give full BOR before benzene exits the cage, while

The OCF in Fig. 13 exhibits biexponential decay result-cages with only one N#) give no BOR before cage-to-cage
ing from incomplete Nél) occupancy. Considering first motion* Although the KMC algorithm averages these dif-
cage disorder, each supercage contains tywbi8ding sites. ferent environments during the simulation, the resulting OCF
Benzene hopping between these two sites gimesmplete  may not necessarily agree with that from cage disorder. Fig-
decay of the OCF up toa. 0.12 us because the tetrahedral ure 13 indicates that cage and cell disorder give virtually
symmetry that was present with full NB) occupancy is bro- identical OCFs, a somewhat surprising result. We speculate
ken with half Ndll) occupancy. The BOR rate extracted that with half Ndll) occupancy there are too many cations
from  short time decay is kgor=1.3K(S;) present for cell and cage disorder to give markedly different
=1.3k(S§,—S)) +t3k(§,—=W)] = 1L.XK(S,—S,). This results. Indeed, we find in the next section that the situation
BOR rate is one third of that found in Na-¥Si:Al=2.0)  changes significantly when considering one quarte(lilNa
because with two N#l) ions per cage, there is only one occupancy.
target § site available as opposed to the three targesifes We close our discussion of BOR in Na-{%i:Al=3.0)
available with full Ndll) occupancy. In the absence of inter- by emphasizing the experimental implications of our theo-
cage motion the asymptotic value pf¢;(t) at long times retical predictions. We have suggested that by measuring the
would be 3 because of the two,Ssites per supercage. As OCF for benzene in Na-Y with half N&) occupancy, one
such, the OCF would plateau af(t)=1—13-3=% or can simultaneously obtain the intracage hopping rate and the

T T T I | !
....... Cage disorder ||
Cell disorder 1
o——=o Cell disorder 2
o—a Intracage BOR|
0—o Intercage BOR

InIC(t)l
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FIG. 14. IfC(t)| for benzene in Na-Y(Si:Al=3.8) at T=300 K, showing

qualitative sensitivity to the N&) occupancy pattern. FIG. 15. Benzene diffusion coefficients for different temperatures and Si:Al

ratios, showing insensitivity to cage disordéarge filled symbolsvs cell
disorder(small empty symbols

self diffusion coefficient. This is important for connecting
the very different length scales probed by NMR relaxatlonin the cell disorder system requires cage-to-cage motion,

and PFG NMR experiments. A convenient way to measur%iexponential decay arises as was predicted for benzene in

the predicted OCF for, e.g., benzene in Ca-Y with two- CAl_ ; ; : ;
Na-Y (Si:Al=3.0). Figure 14 also predicts a slight difference
dimensional exchange NMR is first to focus on the rapid, Si ). Figu prect g d

hort time d 0 the int BOR rate is determi in the diffusion coefficients obtained from cage and cell dis-
short ime decay. once the intracage rate IS determnedy yor The striking conclusion drawn from Fig. 14 is that

one then focuses on diffusive time scales, thereby generatinsqudying BOR in Na-Y with one quarter K& occupancy

a rgla_nvely narrow_peak qlong the dlz_agonal arsing fromcan clearly distinguish between qualitatively different'Na
rapid intracage motion. This approach is complementary WQistributions

PFG. NMR becguse O.CF.measure':ments do not require large We therefore suggest that guest mobility can be used to
particles for reliable diffusion coefficients. We anticipate that ) .\~ < ctural aspects of disordered zeolites. Two-

such experiments will greatly enhance our understanding imensional exchange NMR can be used, e.g., to determine

molecular mobility in zeolites. TR . .
. A . _ the supercage C& distribution pattern in Ca-Y with one
Benzene in Na-Y(Si:Al=3.8). In the preceding section quarter Cdl) occupancy. By determining whether single ex-

¥ve tl;ound thqt csge ?ifflg(gswrﬂ gt'x? very S'T.'Iir ?CF onential or biexponential decay is observed, the NMR spec-
or benzene in Na-YSi:Al=3.0. e tis InSensitivity 10 4 will point to either cage or cell disorder, respectively.

particular N& distributions lends credibility to the predicted
OCF, it makes detecting different occupancy patterns ver)é M displ
difficult. This is important because measuring the distribu-—" ean square displacements
tion of Na“ ions is closely related to measuring Al distribu- In Sec. IV A we predicted that studying orientational
tions in disordered zeolites, which remains challenging taandomization in zeolites can provide valuable information
modern characterization methdtisn this section we dem- about intracage motion, diffusion and cation disorder. One
onstrate that studying BOR in Na-Y with one quartelNa wonders whether such information can also be extracted
occupancy can clearly distinguish between cage and cell disrom direct diffusion measurements such as PFG NMR or
order. tracer exchangk considering the wide application of these
One quarter Ndl) occupancy corresponds on average tomethods to mass transport in zeolites. We have previously
one Ndll) per supercage, and in Fig. 7 to SizA8.8. Figure argued that intracage hopping rates in Na-Y cannot be deter-
14 shows IhC(t)| for benzene in Na-Y(Si:AlI=3.8) at mined by measuring diffusivities because intracage motion
T=300 K, showing qualitative sensitivity to N& occu- does not contribute to long range diffusibnlt is possible,
pancy patterns. Since cage disorder entails precisely orthough, that diffusion measurements can be used to infer
Na(ll) in each cage, benzene must visit adjacent supercagesition distributions. To address this issue, we have per-
to commence orientational randomizatf§nAs such, the formed additional KMC simulations to calculate mean
OCF exhibits single exponential decay controlled by thesquare displacements and self diffusion coefficients for all
S,—W rate coefficient. Indeed, for cage disordegor  the systems discussed in Sec. IV A.
= 2k(S,—W) as was found for long time BOR in Na-Y Figure 15 shows KMC calculated self diffusion coeffi-
(Si:Al=3.0). cients for benzene in Na-Y for various temperatures and
The cell disorder system in Fig. 14 has3 2, 3, 0, 0  Si:Al ratios, comparing cage and cell disorder patterns des-
occupancy pattern, enabling partial intracage BOR becaudgnated by large filled symbols and small empty symbols,
three supercages contain two (N& cations. Since full BOR respectively. The results in Fig. 15 predict that benzene dif-
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FIG. 16. Benzene mean square displacements in Na-Y=e800 K for _ . . . Sy e
Si:AI=3.0, 3.8 and 4.8. The sizabjeintercept for Si:AF4.8 is explained & 17+ L0g—10g plot of Fig. 16 for Si:A+4.8 showing rapid diffusion at
short times, followed by dormancy at the long Site, and finally normal

below. diffusion giving the mean square displacement in Fig. 16 and the diffusion
coefficient in Fig. 15.

fusion coefficients increase monotonically with the Na-Y
Si:Al ratio, and that the increase is gentle for Si/Ad.0-4.0

and more steep nea_r.Si:#\B.O(cf. Sec. Il Q The diffusion - diffusion ensues fot>7ap giving the mean square
coefficients for SiAF2.0-4.0 are given ?\y_Dself displacement in Fig. 16 and the diffusion coefficient in Fig.
= eKeagdl” Wherekeage= 2k(S; —W) anda=11 A is the 15. The results in Fig. 17 indicate that mean square displace-

cage-to-cage length, as .expllamedA%n our recent theoreticgonis while providing diffusion coefficients, can contain
studies of benzene diffusion in Na-Y’.Figure 15 also indi- 1o, interesting information as well.

cates that the calculated diffusion coefficients are virtually To determine whether measuring mean square displace-
insensitive to particular N#) distributions. As such, our ments can probe cation distributions in Na-Y, we show in
calculations suggest that diffusion coefficients alone cannoﬁg_ 18 log—log benzene mean square displacement plots for
distinguish between cage and cell cation distributions. Si:Al=3.0 and 3.8 comparing cage and cell disorder. These
_ Underlying the_se diffusion cqefﬂment_s aré mean squargegits contain interesting information about rapid and slug-
displacements which may contain more information. Figuréyish gitfusion as was found in Fig. 17, but also demonstrate
16_ shows benz.fane_ mean square d|splacen.1.ents i Na-Y' gt Jjitative insensitivity to particular N&) occupancy pat-
T=300 K for Si:Al=3.0, 3.8 and 4.8. The Si:Al ratios 3.0 yorns Our results therefore suggest that diffusion measure-

and 3.8 use cage disorder giving two and onelNawer . onts cannot be used to infer cation distributions in Na-Y.
supercage, respectively, while Si:Ad.8 gives one Ndl)

per unit cell, thus eliminating cation disorder. The only cu-
rious aspect in Fig. 16 is the sizabjeintercept for Si:Al

=4.8, suggesting rapid diffusion at short times in this sys- p
tem. 10 T T | | ?
) To pursue this, we re_pea_ted_ the KMC calculat|on_ for . Cage disorder .
Si:Al=4.8 using logarithmic binning to resolve short time 10 .
------= Cell disorder

dynamics as discussed in Sec. Ill B and Ref. 6. The log—log

mean square displacement plot in Fig. 17 shows KMC data "%, . 4 | "
from two long runs(thin lines, and a smoothed version of Z 10 E 3
the longer KMC run(thick line) portraying the converged ~ N .
mean square displacement. In linear regions of such a log— N@ 10’ E
log plot, unit slope indicates normal diffusion with the ﬂé =

y-intercept giving logy6Dsef). Figure 17 shows an early 2
diffusive regime where benzene jumps rapidly among super-

cages containing no Ni) ions, eventually becoming C
trapped at the lone,Ssite. The early diffusive regime is 10" L L L L s
analogous to benzene mobility in siliceoust¥although the
rapid cage-to-cage hopping mechanism in our model is not
specn‘lcall'y tallore.d for. that SySteﬁﬁ'The trap dl.Jrf’mon is the FIG. 18. The same as Fig. 17, except with S&8L0 and 3.8 comparing
mean residence time in the supercage Contam'r@ Nand cage and cell disorder, suggesting that mean square displacements are quali-
the plateau R?(t)) value is they-intercept in Fig. 16. Nor- tatively insensitive to different cation distributions in Na-Y.

Time (sec)
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