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We simulated benzene adsorption in Na—X and Na-Y zeolites on a lattice of binding sites using a
two-replica cluster Monte Carlo algorithm. Evidence for a vapor—liquid phase transition is explored
for a range of guest—guest and host—guest energy and entropy parameters. The critical temperature
is found to vanish precipitously with increasing energy difference between sites. For Na—X, critical
temperatures as high as 300—400 K are found for reasonable values of the parameters, while for
Na-Y no phase transition is predicted. Z)00 American Institute of Physics.
[S0021-960600)70433-9

I. INTRODUCTION integratio~2° (TI) to demonstrate that cooperative cage-to-

] ] ] ) cage interactions can lead to vapor—liquid transitions for

The thermodynamic properties of confined fluids play apenzene in Na—X zeolite. In Ref. 6 the system was modeled

central role in separation and reactions that take place WithiBy a lattice gas on a decorated diamond lattice with two
porous material$? Of particular interest are hysteresis loops ;. pes of binding sitegsee Fig. 1 Although this lattice

and ;?rempltous_ Jun;ps_w adsorplfuor? dlsothe_rms, sTche thesg o gel provides a good approximation to the actual adsorp-
are often associated with vapor—liquid transitions of the cong;,, gjie topology, its accuracy is limited by the uncertainties

fined fluid. Although there is a vast literature on such tranS|-(ff the input parameters in the Monte Ca®IC) simula-

tions in mesoporous materials, there are very few reports %ons. Some of the parameters were obtained from experi-

phase transitions in microporous solids such as zeolites. Thl%ental thermochemisthy'2 but others are more difficult to
is presumably because confinement into such small cavitieé

(<20 A) can reduce the vapor—liquid critical temperature to. stimate. Uncertainties in these parameters yield uncertainty

o . in the critical temperature, and possibly even uncertainty re-
extremely low values or even eliminate coexistence alto-

. %z%rding the existence of the phase transition. Since Sara-
gether. Nevertheless, there have been occasional reports . :
vanan and Auerbach only considered a single set of param-

possible phase transitions in such systems. For example, hygfer values, the uncertainty in the critical temperature is
teresis loops have been observed at 77 K for methane in ' y P

AIPO,-5, a one-dimensional channel zeolite. Radhakrishnaﬁomple'[ely unknown. In the present paper, we apply a novel

and Gubbind simulated this system taking into account in- cluster algorithm to efficiently simulate benzene in Na—X

teractions between methanes in adjacent pores and foundagd Na—Y for a wide range of parameters using the lattice

critical temperature of 52 K. However, the simulations of 988 model n Ref. 6. One of our primary results is that the
Maris et al* suggest that the interactions between methan@hase t_ransmon can be_completely suppres;ed by modestly
molecules in adjacent channels do not account for the oghcreasing the energy difference between different benzene

served transition. For benzene in Na-Y, a muItiple-quantunp'nd_:%g S|rt1es. d . iofT hni di
proton nuclear magnetic resonan®MVR) study detected a et ermo ynamic integratiof .) tec nlqge used n
continuous network of coupled proton spisyggesting the Ref. 6_epr0|ts_t_he fact thgt the chemical potentials and grand
importance of interactions among molecules in adjacenpotennal.d('en5|t|?1$essentlally Fl).regsur)assnust be equal for
cages. These experimental and theoretical studies suggd@f CO€Xisting phases in equilibrium. Saravanan and Auer-

that first-order phase transitions and critical phenomena ma?ach_applied Tl to determine the grand potential density as a
be possible for molecules in microporous solids. unction of chemical potential for the vapor and liquid

In a previous study, Saravanan and Auerfaoked phases separately. This was accomplished using a Metropolis

grand canonical Monte CafldGCMC) and thermodynamic algorithm that updates one site at a time, and therefore, re-
mains in one phase for long times due to the free energy
barrier between the two phases. Unfortunately, Tl breaks

dPresent address: Department of Chemistry, UC Berkeley, Berkeley, C%own as the critical region is approached from the low-
94720 .
YAuthor to whom correspondence should be addressed. Electronic maifemperature side, for one of two reasons. For small systems,

auerbach@chem.umass.edu the free energy barrier between phases becomes small and
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I. GENERAL MODEL

OW We model benzene adsorption in Na—X and Na-Y by
\ replacing the zeolite framework with a three-dimensional lat-
tice of binding sites. Benzene has two predominant sites in
® B Na-Y 6 shown schematically in Fig. 1. In the blacR) site
(-\ in Fig. 1, benzene enjoys favorable charge—quadrupole inter-
actions with a nearby Na cation. In the whii#) site in Fig.
J 1, which is less stable than the black site, benzene lies in the
plane of the window separating adjacent supercages.
Locating benzene adsorption sites in Na—X is more dif-
\ ficult because of the influence of additional Na cations in
low-symmetry positions near the windows. Recent crystallo-
graphic studie€ *8favor the prevalence of Na cations that lie
in the window, which would preclude benzene from lying in
FIG. 1. Lattice structure of benzene adsorption sites in Na—X and Na—Y'the plane of the Na_).( WIHQOW, as It doeg In Na1_7Y' Indeed,
B-sites are near Na cations, while W-sites are in windows separating adjai—he pOWder neutron diffraction StUdy of Vitaé al"" found
cent cages. benzene in Na—X only at the black sites, but located only
half the adsorbed benzene, suggesting that low-symmetry
benzene sites near the windows are likely. These binding
the distinction between the two phases diminishes, making &jtes would act as intermediates for cage-to-cage interactions,
difficult to separately determine the grand potential density, analogy with Na—Y W sites. As such, we denote benzene
for each phase. Since the free energy barrier between phasgg.s near window cations as Na—X W sites, although their
grows with system size, one might try to avoid this difficulty geometries and energies differ from those of Na—Y W sites.
by simulating larger systems. However, for large systemsyhe |attice of benzene binding sites in Na—X and Na—Y thus
the Metropolis algorithm has very long equilibration times contains four tetrahedrally arranged B sites and four tetrahe-
near the critical point, a phenomenon known as critical 5|0W‘dra||y arranged, doubly shared W sites per supercage. Satu-
ing. For these reasons, Saravanan and Auerbach were ngfion coverages of-6 molecules per cage are found for
able to closely approach the critical point. Instead, they werganzene in Na—X and Na-¥:,corresponding to occupation
forced to extrapolate the location of the critical point usingqf 511 B and W sites. In equations that follow, the W and B
data from the subcritical region by assuming that the coexzjtes are denoted sites 1 and 2, respectively.
istence curve obeys the three-dimensional Ising scaling law. A |attice gas model is used to describe the thermody-
In the present paper we apply a novel Monte Carlo alygmics of these systems, limiting the range of adsorbate—
gorithm that partially avoids the difficulties inherent in the Tl 54sorbate interactions to nearest neighbors. The Hamiltonian

method. We implement a two-replica cluster algorithi®  for 4 Jattice withM, W sites andVl,=2M, B sites, takes the
which updategflips) large clusters of spins in a single step. form:

Unlike local algorithms such as the Metropolis algorithm,

which remain in a single phase for a long time, the two- M My My M,

replica algorithm can jump between phases in a single Monte  H(n,m)=>, nf,+= >, niJiljlnj+ > niJiljij
Carlo step. In addition, the two-replica algorithm suffers less i=1 271 i=1j=1

critical slowing than the Metropolis algorithm. Thus we are M, M,

able to sin_’nglate re!atively large systems in both the subcriti- +5 2 miJi2jij +2 mif,, (1)
cal and critical regions. ij=1 i=1

Our results show that for Na—X, critical temperatures as
high as 300—400 K can be found for reasonable values of theheren and m are site occupation numbers for W and B
parameters, while for Na—Y no phase transition is foundsites, respectivelyf; andf, are site free energies given by
The critical temperature is suppressed to zero for sufficientlyfj=¢;—u—Ts;, whereu is the chemical potential. In Eq.
large differences between the binding energies. Below, i), Ji*, Ji?, andJ3*are the nearest-neighbor W—W, W-B,
Sec. IV, we explain how this suppression Tyf can be un- and B-B interactions, respectively, i.el-rlj,1=J11 for nearest-
derstood in the context of a simpler spin model, the Isingneighbor W sites and zero otherwise, and so orﬂfﬁrand
model in a staggered field. The strong sensitivity of the criti-Jiij. In previous studies we have used the following site
cal temperature on system parameters highlights the need fbinding energiesc,= —0.78 eV anc ;= —0.63 eV for ben-
more precise experimental characterization of benzene imene in Na—X° ande,=—0.78 eV ands;= —0.53 eV for
Na—X and related systems. benzene in Na—Y¥.

The remainder of this paper is organized as follows: In  Site 2 is chosen for the zero of entropy in both Na—X
Sec. Il we describe the model of benzene in Na—X andand Na-Y, givings, = 0. Monte Carlo simulations for ben-
Na-Y zeolites. Section Il provides a brief description of thezene in Na—Y have shown that site 1 is favored entropically,
two-replica algorithm implemented in this study. In Sec. IV with a temperature-independent equilibrium coefficient pref-
we present the results of our study and compare them witactor of ~7.22° which more than compensates for the fact
the results in Ref. 6, and in Sec. V we conclude. that there are twice as many B sites as W sites. This makes
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s,=kgIn(7.2)=1.9% for benzene in Na-Y, which we WhereK{'=K;;=J;,/4 for nearest-neighbor W-W interac-

have assumed in previous studies also holds for benzene tiPns, and zero otherwise. LikewisK,=J17/4 and K,

Na—X?8 =J,./4 for the other nearest-neighbor interactions. In addi-
The adsorbate—adsorbate parametéys, are obtained tion, the internal magnetic fields are given Iy =f,/2

from the second virial coefficient of the heat of +6K,andh,=1f,/2+6K,, for W and B sites, respectively.

adsorption:*1? yielding J=J,,= J,,=—0.04 eV.J,, is set

to zero because the W—W intracage distance is larger than

typical B—B and W-B intracage distances, i.€(B,B) IIl. SIMULATION METHODS

~d(BW) ~5 A, while d(W,W) ~9 A .*° - In this study we use a cluster Monte Carlo technfgu#

The results we find below are partlcularly sensitive 10t simulate the Ising model of E¢4). Our approach is simi-
the parameterf—f;)/|J], of which f, is the most poorly |51 (o the single cluster method introduced by Wolff, which
known. To determine the sensitivity of the critical tempera-ye now briefly describe. First a “seed” site for the cluster is
ture to changes iff;, we varied bothe, ands, over physi-  randomly chosen. Next, neighbors of the seed site with the
cally relevant ranges. The physically relevant rangestois  same spin as the seed site are added to the cluster with prob-
determined by considering initial enthalpies of benzene adability p=1—e 2T where K is the lIsing coupling
sorption in weakly adsorbing and strongly adsorbing zeolitegength for the bond connecting the seed to the neighbor.
with the same topology as Na—X and Na—Y. These rang&pins with the opposite value as the seed spin are not added
from —0.78 eV _forlstrong adsorptioh'?to —0.55 eV for {4 the cluster. The growth process continues by adding spins
weak adsorptiod. Below we study the range on the perimeter of the cluster with probabilipy After no
e,€[—0.78;-0.60] eV, because the phase transition is al-more sites can be added to the cluster, the cluster is flipped,
ready completely suppressed fo=—0.60 eV. The physi- hat is, every spin in the cluster is reversed. It is straightfor-
cally relevant range fos, is determined by considering Vi- \ard to prove detailed balance, ergodicity and, thus, conver-
brational freedom at W sites. As discussed above, we havgence to equilibrium for this algorithff. The behavior of the
performed Monte Carlo simulations yielding=1.98&g for yolff algorithm in the critical and subcritical regions can be
benzene in Na—¥? showing that benzene in Na-Y has ;nderstood by considering the sizes of the clusters that are
more vibrational freedom in W sites than it does in B Sites-ﬂipped, At low-temperaturep is near one and typical spin
Because the Na—X W site is presumed to involve coordinagonfigurations are ordered so clusters often contain most of
tion to Na, which tends to restrict vibrational motion, it is the stes of the system. As a result, in the subcritical region,
likely that O<s;<1.9&ag for benzene in Na—X. Finally, t0 the algorithm frequently jumps between the coexisting
determine qualitatively how adsorbate—adsorbate interagsnases. At the critical point there is a power law distribution
tions control the nature and existence of this phase transitiony cjuster sizes so that the algorithm modifies the spin con-
we variedJ,, over the range 0 te-0.05 eV. figuration on all length scales. In both cases, equilibration

In order to conveniently apply cluster Monte Carlo requires a number of Monte Carlo sweeps that increases as a
methods to lattice gas models, we map the lattice gas modgpnall power of the system length. This is in contrast to the
onto the corresponding Ising spin model. This mapping iSvietropolis algorithm where the equilibration time grows ap-
also convenient for interpreting our results below, becausgroximately as the square of the system length at criticality
the effects of varying parameters in the Ising model are simzq exponentially in the system length in the coexistence
pler to understand than those from varying lattice gas paramggion.
eters. The Ising model involves interacting magnetic spins ~ gq, Ising systems with fields such as defined in &j.
that take values of- 1. The mapping of the lattice gas model he standard Wolff algorithm is not effective because a Bolt-
into the Ising model is given with the equations: zmann factor involving the fields is needed to decide whether

F=2ni—1 ) to flip the clusters. Large clusters are pinned by the fields and
' b the efficiency of the algorithm is lost. The two-replica
o=2m—1, (3)  algorithm®*~**overcomes this difficulty by growing clusters

in two independent replicas of the system. The replicas are
wheren; andm; are the occupation numbeltsiking values O noninteracting and each is described by the same Ising
and J of the lattice gas model, while; ando; are the spin  Hamiltonian, in this case E¢4). Each site of the underlying
variables(taking values-1 and 1) of the Ising model, for W |attice is thus associated with a pair of spins, one spin be-
and B sites, respectively. The binding energies of the latticgonging to each replica. A site where the spins in the two
gas model map into internal magnetic fields in the Isingreplicas are opposite is called aative site, otherwise it is
model, while the chemical potential maps into an externakajledinactive A cluster is grown from a randomly chosen
magnetic field. The Hamiltonian of the system after the mapzctive site in the same way as in the Wolff algorithm except

ping into the Ising model is that spins added to the cluster must agree with the seed spins
M, M, My M, for each replica. New sites that agree with the seed site are
; i — 1 — a—4K/KgT Qi
H(T,(,):E Tih1+5‘2 TiKillej+z E TiKi]iZO'j added Wth probgblht)p—l e B'. Since there are two
i=1 ij=1 i=1j=1 different interaction strengths in E¢4) the probability of
M M adding a new site to the cluster is determined by the particu-

1 2 2 . . . .

Lz 2 0"K--20"+2 o:h (4) lar interaction,K;; for the bond connecting the new site to
2=, T e T the cluster. After a cluster of active sites is grown, it is
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flipped by changing the sign of every spin in the cluster. 0.8
Since the spins in the cluster are opposite in the two replicas,
the cluster flip can also be viewed as exchanging magnetiza- 0.75

tion between replicas. The advantage of the two-replica
method is that there is no change in field energy of the over-  kgT./ I3l 0.7
all system due to a cluster flip and thus no Boltzmann factor

preventing clusters from flipping. It is still the case that the 0.65
active clusters are usually large in the subcritical region and
have a power law distribution of sizes at the critical point. 0.6

02 04 06 08 1

Cluster flips in the two-replica algorithm do not affect 0

inactive sites and do not allow active sites to become inac-

tive or vice versa. Thus, as it stands, the algorithm is noflG. 2. Coexistence curves fars=1.9&g, &,=—0.63 eV,e,=—0.78

ergodic. In order to insure ergodicity, we also carry out Me-€V: J2z=J12=—0.04 eV from Ref. Gsquaresand this work(triangles. ¢
. ! ... __is the fractional coverage.

tropolis updates of each of the replicas separately. Equilibra-

tion is further accelerated by translating one replica relative

to the other by a randomly chosen lattice vector of the untemperature as the temperature that gave the maximum of the
derlying Bravais lattice. It is straightforward to show that the sysceptibility. The errors quoted for the critical temperature
full algorithm including two-replica cluster flips, Metropolis are determined by the distance to nearby temperatures where
sweeps and random translations is ergodic and satisfies dve susceptibility is definitively less than the maximum.
tailed balance. A full discussion of the two-replica algorithm To simulate benzene adsorption in Na—X and Na-Y
can be found in Refs. 13-15. zeolites we used the lattice model described in Sec. I
In order to study the coexistence curve and critical pointmapped into the Ising model, E¢4). The centers of the
it is necessary to locate the coexistence values of the chemieolite cages, represented by cubes in Fig. 1, form a diamond
cal potential. In the Ising picture, the chemical potential apdattice. Each unit cell of the Na—X and Na-Y framework
pears as a term in the internal fieldsandh,. The systemis contains eight such cages. Therefore, each unit cell of our
extremely sensitive to changes in the chemical potentialnodel lattice contains 32 B sites and 16 W sites. We simu-
which must be adjusted to within one part in°10 achieve lated a system with 2010X10 unit cells with periodic
phase coexistence. We determined the coexistence value beundary conditions, making a total of 32000 B and 16 000
the chemical potential by using a feedback mechanism basédf binding sites. We fixed the interaction parameles=
on the clusters grown by the algorithm. As discussed above; 0.04 eV throughout, and varied other parameters in physi-
in the subcritical region the active cluster is likely to be cally relevant ranges.
large. As will be shown in a forthcoming paper, at coexist-  Each run consisted of an initial 3000 Monte Carlo
ence, the net magnetic field acting on large active clustersweeps with the feedback procedure during which the coex-
must vanish on average. Furthermore, away from coexististence chemical potential is determined and then an addi-
ence, there are no large active clusters but the inactive cluglonal 3000 Monte Carlo sweeps to collect equilibrium data
ters must have a net field on them that is positive in the without the feedback mechanism. A single, full Monte Carlo

phase and negative in the phase. The net field on a cluster SWeep consists of one cluster sweep and one Metropolis
is the sum ofh; over the sites of the cluster wheheis the =~ SWEeP- A cluster sweep is obtained by forming as many clus-

local field at site. In our caseh, takes one of two value, ~ (€rS @S is needed to flifon averageeach spin once. The

andh,. Our feedback mechanism works as follows. For anstatistical errors were calculated with the bootstrap method.

initial period, both active and inactive clusters are grown andThe simulations were performed on a 450 MHz Pentium I

the net field acting on all clusters is averaged. If the averaggompu'ter. The simulation time was %80~° CPU seconds
net field is positive it is an indication that the system is in theP€" SPIN Per MC sweep.
+ phase and the chemical potential is increased or vice versa
(recall that the chemical potential appears with a negativéV. RESULTS
sign inh). Adjustments are made in the chemical potential | this section we show results of MC simulations ex-
until the average net field on the clusters vanishes. In thigoring how the critical point for benzene in Na—X and
way we can locate the coexistence value of the chemica\z—y changes with host—guest and guest—guest energies.
potential. After the coexistence chemical potential is deter- Figure 2 shows the coexistence curves obtained from
mined, the feedback mechanism is turned off, and the algothis work using a 16:10x 10 simulation cell, as well as the
rithm is run as described above, growing and flipping onlyresult obtained from simulating a22x 2 cell in Ref. 6. In
the active clusters. During the equilibrium simulation eachpoth cases we set\s=1.9&%g, £,=—0.63 eV, g,=
replica frequently jumps between the coexisting phases. —0.78 eV andJ,,= —0.04 eV. For these values of the pa-
Finally, to determine the critical temperature, we moni-rameters we predict,=360+2 K compared to the result
tored the susceptibility of the Ising system for a range offrom Ref. 6,T.=370*8 K. Part of this difference may arise
temperatures near the critical temperature. The susceptibilitirom the different system size, while another part arises from
is efficiently estimated by the average size of the nonsparnthe uncertainties in the extrapolation in Ref. 6 of the coex-
ning active clusteré’ We estimated the finite size critical istence curve into the critical region. No extrapolation is
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1 E::12K12+6K22i2h1i4h2. (5)
0.8 On the other hand, if the magnitude of the field difference is
0.6 greater than the critical value, the ground state has each spin
ksTe /1ol 4 aligned with its local field. The energy of this state is
0.2 E3:_12K12+6K22_2h1+4h2. (6)
0 s If the magnitude of the field difference has its critical value,
0 1 ) 3 4 5 the two ordered phases have the same energy. Setting the
AeflY, | energies of staggered and magnetized states equal, we obtain
FIG. 3. T, vsAg=g,—¢, for As=0 (triangles andAs=1.9&g (squares h1=h,—9K,. (7)

Jp=J1,= —0.04 eV. o . . :
e € This yields the following relation for the lattice gas param-

eters that makéd ; vanish:

_ —1.)—2
needed in the present approach. The curve from Ref. 6 is a fit Aec=3(J2oJ12) = 212 (8)

to an assumed lIsing scaling law of the foff-T;=A(6  The values of the parameters at the points on the abscissas
—6,)3, while the curve from the two-replica algorithm is a (T.=0) in Figs. 3 and 4 are obtained from E@).
fifth order polynomial fit. The result that the critical temperature and the existence
Figure 3 shows the critical temperature as a function ot the transition depend sensitively on the energy difference
the difference in the binding energies of the W and B siteetween the binding sites is not surprising in light of results
for a system with no entropy difference between the two sitegrom related lattice models. For example, the Ising ferromag-
(triangles and with an entropy difference dfs=1.98%g be-  net on a checkerboard lattigkipartite latticé with a stag-
tween the sitegsquares The data in Fig. 3 were obtained by gered field is well-known to have a transition temperature
fixing £,=—0.78 eV,J=J;,=—0.04 eV and by varying that can be driven to zero as the strength of the staggered
&1. As the difference in the binding energies increases, th@eld is increased® At a critical value of the staggered field
critical temperature is driven to zero. FAe>4.5J;5 there  the transition is eliminated. For values of the field near and
is no phase coexistence. The introduction of an entropy difhe|ow this critical field, the transition temperature varies
ference between the binding sites extends the rangeifor  strongly with field. In general, for lattices with the property
which T, remains high, but does not change the valu&sf  that jong paths must visit two types of sites with different
whereT; vanishes. The data faks=1.98&g implies that a  fie|ds, the transition temperature may be driven to zero by
slight change of the binding energies in the region neajncreasing the field difference. Interpreted as a lattice gas, the
Ae/|d;]=4.5 determines whether or not there is a phasgsing model in a staggered field corresponds to a system with
transition near room temperature. Figure 3 shows that for oUfyo binding energies whose difference is related to the stag-
best estimate of; = —0.63 eV, removing the entropy differ- gered field. Although the decorated diamond lattice em-
ence between sites reducEsby 53%, from 360 to 170 K. ployed to model benzene Na—X and Na—Y is not bipartite, it
The points on the abscissa$ (=0) in Figs. 3 and 4 does share the property that there are two binding energies

were obtained from a theoretical calculation of the groundung that long paths through the lattice must visit both types
state energies of the equivalent Ising model. The groungys sjtes.

states are expected to be ordered in one of two ways. If the  The present lattice model for benzene in Na—X and

magnitude of the field differendé,—h,| is less than a criti-  Na—Y involves two types of guest—guest interactiods;
cal value, there are two ground states, one with all sgids  ¢ontrols intracage benzene—benzene coupling whijene-
and the other with all spins-1. The energy per spiB.. for  giates cage-to-cage interactions. Since lattice models with
these states is, respectively, only one guest—guest coupling parameter exhibit|J|, it
is interesting to determine how. varies with J,, in the
present system. It is logical to surmise tHat<|J;,|, since

, this coupling parameter can lead to cooperative interactions
over long length scales. However, it is not obvious hbw
0.8 varies withJ,,. To explore this dependence, we have found
61 the critical point for various values dfs andJ,,, keeping
kpTe/ ! Ji, and Ae fixed. Figure 4 shows the dependence of the
0.4 critical temperature on the interaction between B-B sites for
0.2 As=1.9&g (squarep and for As=0 (triangles. In both
0 8 casese;=—0.63 eV,e,=—0.78 eV andJ;,=—0.04 eV.

The maximum value od,, above which the system does not
0 02 04 ?‘6 I/(:}S | 112 14 undergo phase transition is obtained from ER).
72V The phase transition suppression caused by increasing

FIG. 4. T, vs Jy, for As=0 (triangles and As=1.9% (squarel J;,= |J22|_ arises_becaus_bzz modifies the tOtal_ﬁeld on B sites. |_n
—0.04 eV,e;=—0.63 eV,s,=—0.78 eV. particular, increasing the overall stability of B sites by in-
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creasing|J,,|, while keeping all other parameters fixed, ef- This sensitivity underscores the importance of obtaining
fectively decreases the stability of W sites. As we have seemore precise structural information for benzene in the Na—X
above, there exists a critical stability of W sites below whichW site, to quantify its energy and entropy more accurately.

the phase transition is completely suppressed. In particular, we need to know the extent to which benzene
binds onto Na cations in the plane of the 12-ring window
V. DISCUSSION AND CONCLUSIONS [so-called Na(Ill) cationg, as well as the extent to which

We have performed two-replica cluster Monte CarloP€nzene binds onto Na cations off the 12-ring window in the
(MC) simulations of benzene in Na—X and Na—Y, using aS0-called Nall) position. Because these benzene binding

lattice model with two types of binding sites. We have cal-S'es Ia(_:k much O_f _the symn_"netr_y 9f the Na-X framework,
culated the critical properties of these systems for a widéhese S'teﬁ are difficult to d|scr|m|nate py powgier neutron
range of parameters, using the particularly efficient samplin |ffrac.ton. Single crystal ngutron diffraction stut_:iles of b_en—
afforded by the two-replica cluster algorithm. For benzene i ene in Na—X would provide more struqtural information,
Na-X, critical temperatures as high as 300-400 K are foun ut thefge measurements require relatively large Na-X
for reasonable values of the parameters, while for benzene I(hrystals. . T

Na-Y no phase transition is predicted. Such high values of In addl/tlon, we negd to know the d|str|but|pn of Na). .

T. may not seem surprising when compared to that for buII?Ind Na(llt )_ cations in N?“X- I _thege cations .eXh'b't
benzene, i.eT.=562 K. However, the critical temperatures guenched disorder, then windows rich in these cations may

calculated above are considerably larger than those typicall r_esent particularly deep traps for benzene, while catlonTpoor
associated with fluids confined in microporous sofi<? indows would be relatively unstable for cluster formation.

The range of critical temperatures obtained from our moderQ’L.JCh energetic disorder WQUId supprégsbelow that ob- .
of benzene in Na—X remains relatively high because ofa'”e‘?' from. the corresponding ordered struct_ure assumt_ad n
strong attractions between benzene molecules in adjaceﬂ’tJr simulations above. On the other hand, if these cations

cages. These interactions are mediated by benzene molecu ibit annealed disorder on the equilibration time scale for
in W sites, which are shared between adjacent supercag enzene adsorption, then our lattice model may become in-

thereby stabilizing large clusters of coupled benzenes. Fo alid altogether. : S
benzene in Na—Y, our simulations predict that the Na—Y W The disorder issue may be addressed by considering ben-

site is too unstable to support the development of such Iargéene in Na—LSX(Si:Al=1.0), which involves a strictly al-

clusters ternating pattern of Si and Al, and involves two Na cations
Our.predictedT for benzene in Na—X has important per 12-ring window, assuming full occupation in other cation
Cc

. . 17,18 . .
experimental consequences for adsorption and diffusion of'tes, namely sites land II.">"The e_nergehc heterogtlenen_y
strongly associating fluids confined in micropof&& In ~ ¢an be decreased further by considering benzene in Si-Y,

. _ il
particular, cluster formation in subcritical systems may sug-the I.tcorr;)pletely c'attlon f:ge analogue kOf ma Xt,\r/]vhere .
gest a diffusion mechanism involving “evaporation” of mol- zeolite—benzene Interactions are weaker than they are in

ecules from clusters that span several cages. Such a transp —X. As such, careful low-temperature measurements of

mechanism is expected to give a self-diffusion coefficient® sorption heats and isoth_err_ns for benzene_ _in éﬁ-rwa_y
with a relatively weak loading dependerf@ewhich is pre- indeed reveal the vapor-liquid phase transition considered

cisely what is observed for water and ammonia diffusion inabove. . .
Na—X 29 Important computational work for the future involves

Despite these insights, it remains troubling that the reperforming .oﬁ—lgttice GCMC simulgtions on benzene. in
P g g P Na—X and in Si—Y. These calculations will likely require

dicted vapor—liquid phase transition has not yet been ob-"" : . 333 o ; .
served experimentally for benzene in Na—X. Although hyS_conflguratlonal—blas Monte Card® to facilitate inserting

teresis has been observed in adsorption isotherms measur%raliSOtrOpiC adsorbates at high density. It is also important to
for benzene in Na—¥° this observation must arise from a Simulate models of benzene in Na—X with quenched disorder

structural transformation of the zeolite rather than from co-" the binding energies. The associated Ising model is of the

operative interactions among guests, because the measurr@tﬁldom field type and is much more difficult to simulate.
densities in the adsorption branekceedhose in the desorp-
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