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Concerted Diffusion of Molecular Clusters in a Molecular Sieve
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We show that attractive interactions between molecules adsorbed in molecular sieves play a vital
role in the mechanisms and rates of intracrystalline diffusion. Over a wide temperature range, the
single-file diffusion of Ck, SK, and CC| in AIPO,-5 is dominated by the diffusion of molecular
clusters. Skand CCJ clusters diffuse by concerted mechanisms involving all of the cluster’'s molecules
simultaneously. The activation energiés, for these mechanisms are strongly size dependent and are
lower thanE, for monomer diffusion. [S0031-9007(97)04486-4]

PACS numbers: 36.40.Sx, 66.30.—h, 81.05.Rm

Molecular sieves are microporous, crystalline materialtems [6,7,12]. These potentials represent the adsorbates
used in many applications involving separations, catalyby Lennard-Jones particles [13], hold the AlR®lattice
sis, and shape-selective chemistry. In these applicationsgid, and represent the adsorbate-lattice interactions by
the mechanisms and rates of intracrystalline adsorbate dif-ennard-Jones interactions between adsorbates and lattice
fusion are of fundamental importance [1,2]. One regimeD atoms with appropriately chosen parameters [6,7,12].
that has received considerable recent attention occurs whé&otentials of this type have been used in a range of stud-
adsorbed molecules are sufficiently large that, althougies of adsorbate motion in molecular sieves (see, e.g.,
they can diffuse along a pore, they cannot pass other adRefs. [6,14]). CE, Sk, and CCJ all perform single-file
sorbed molecules in a pore [3—7]. This type of diffusiondiffusion in AIPQy-5 [7]. For each of these species, the
is known as single-file diffusion [3—6]. One striking fea- potential energy surface of an isolated adsorbed mole-
ture of single-file diffusion is that the mean-squared dis-cule consists of energetic minima (binding sites) spaced
placement of a tracer particle is proportionatt¢ atlong a = 4.24 A, apart along the pore [6]. Potential energy
times [3—6,8]. The existence of single-file diffusion wasbarriers exist between binding sites so, at sufficiently low
first predicted over twenty years ago [8], but has only retemperatures, isolated molecules diffuse by activated hop-
cently been experimentally demonstrated [3—5]. ping between binding sites.

A number of models are available that predict trans- To assess the role of adsorbate-adsorbate interactions
port rates and other relevant features of adsorbates duduring single-file diffusion, we have examined the diffu-
ing single-file diffusion [4,6,8—10]. The most important sion and dissociation mechanisms of clusters of adsorbed
simplifying assumptions in these models are that the onlynolecules. The typical displacements of large molecules
interactions between adsorbed molecules are short-rangeérpendicular to the pore direction in AIRG are small
hard-core repulsions and that the motions of adsorbataglative to typical molecular spacings along the pore [6].
at any loading can be described in terms of the motionglence, we use a one-dimensional (1D) model in which
executed by an isolated adsorbate. In this Letter, wéateral displacements are neglected and the position of the
examine the diffusion mechanisms of three species thath molecule is defined to be;. The corrugated poten-
undergo single-file diffusion in the molecular sieve AIRO tial due to the lattice is assumed to be sinusoidal [4], and
5: Ck, SK;, and CCl. The nonintersecting quasicylin- we only include adsorbate-adsorbate interactions between
drical pores of AIP@-5 have made this material a useful neighboring molecules. Hence, the potential energy of a
prototype for understanding the role of adsorbate size onluster ofn molecules withx = (xy,...,x,) is
intracrystalline diffusion [3-7,11]. We show below that L 27 x: n_l
the attractive van der Waals interactions that exist between U(x) = > 7“ sin<7’> + > Unylxisr = xil).
molecules of these three species can have an enormous im- i=l i=1
pact on their diffusion. In particular, the concerted diffu- 1)
sion of molecular clusters can be the dominant diffusionE, is the diffusion activation energy of an isolated mole-
mechanism for molecular transport in these systems. Oneule (from the full potential) and', ; is the Lennard-Jones
significant implication of this result is that single-particle potential for the adsorbed species (with hard-sphere radius
models of single-file diffusion [4,8—10] cannot accuratelyo) [13]. All of the results presented below use Eq. (1),
describe particle mobilities during single-file diffusion, so although the generality of our results for the full poten-
new theoretical descriptions must be sought. tial is discussed. IUL; in Eq. (1) is replaced with a har-

To examine adsorbed GFSK,, and CCJ in AIPO4- monic potential, Eg. (1) becomes the Frenkel-Kontorova
5, we have derived Kiselev-type potentials for these sys{FK) model [15,16], which has been widely used to model
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dislocations in solids. Equation (1), unlike the FK model, @
can be used to describe cluster dissociation (see below). ® CD
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The minima of Eq. (1) can be found with standard \
numerical optimization methods. Cluster motion can be @
accurately described by minimum-energy paths (MEPS)
between local minima, at least at low temperatures. To \
find MEPs, we use an extension of a method developed by @

QUL
Elber and co- workers [17 18] A discretized path between
DN
@

alx¥71+ xM —2xk1=0. (2)

Here,x* = (xlf, . “’x}’i) is a cluster configuration aréd is FIG. 1. lllustrations of SF dimer diffusion by (a) stepwise
a unit vector along the local path [17,18]. The first groupmetion and (b) concerted diffusion. Vertical lines show the
of terms ensures that the path is a steepest descent pathtBE}‘PS'tlon states between binding sites of isolated molecules.
thenD potential energy surface [17,18]. The second group
of terms ensures that points on the path are equally spacesimilar or faster rate than dimer dissociation and is much
Using appropriate values of > 0 prevents the bunching slower than the hopping of isolated Sfolecules, which
of points on trial paths that can occur when= 0. Tofind has an energy barrier of 90.1 K.
a MEP, a trial path is chosen connecting two local minima, Any model of dimer motion that only included stepwise
and a gradient flow algorithm is used that converges to diffusion and dissociation would give a completely inac-
path satisfying Eq. (2). curate description of the true dimer motion. ¢Stimer

We first consider the properties of a pair of (SF motion is dominated by a concerted diffusion mechanism
molecules adsorbed in AIRS. In this case, our MEP that cannot be approximated by stepwise motions of single
results can be verified by a direct examination of the 2Dmolecules. This mechanism is shown in Fig. 1(b); the
potential. The adsorbate interaction is minimized whertwo molecules move together along the pore with only
lx, — x;| = 2Y/%¢ = 6.185 A [13], a distance 45.9% small deviations in their spacing. The energy barrier for
larger than the distance between single-particle bindinghis mechanism is only 21.5 K (cf., 90.1 K for monomer
sites. When Eq. (1) is minimized, the molecules of adiffusion and 202.1 K for stepwise dimer diffusion). This
SF; dimer are 6.049 A apart with energy 127.5 K lower low barrier arises from the mismatch between the molecu-
than two isolated adsorbed molecules. The diffusion antar and lattice spacings; as one molecule moves through
dissociation mechanisms available to this dimer are mora region where the lattice potential is increasing, the lat-
complex than would be suspected from typical lattice gasice potential of the other molecule decreases. We have
(LG) descriptions [9,10] because of the strong mismatclverified that this mechanism also exists if the 6D dimer
between the lattice and intermolecular spacings. A difpotential discussed above is used. It can be seen from the
fusion mechanism that can be described by LG modelsnergy barriers alone that the concerted diffusion of SF
[9,10] is a stepwise mechanism, where one molecule hopdimers will be significantly faster than monomer diffu-
and is subsequently joined by the other. The MEP forsion, stepwise dimer diffusion, or dimer dissociation over
the Sk dimer diffusion mechanism analogous to step-a wide temperature range. This observation is the first ex-
wise motion is illustrated in Fig. 1(a). The incommen- ample of the central result of this LettefThe single-file
surate minimum-energy state of the dimer can be seediffusion of molecules in molecular sieves can be domi-
at the beginning and end of the path. The total, statichated by concerted motions of molecular clustefsisor-
energy barrier for this path (that is, the energy differ-bate diffusion by concerted motions is well known in the
ence between the minimum-energy state and the highediffusion of atomic adsorbates and clusters on crystal sur-
of the local energy maxima along the MEP) is 202.1 K.faces [16,19,20] and is strongly analogous to the motion
It is interesting to note that there is a distinct but ener-of dislocations in solids [15]. Our results are the first in-
getically equivalent MEP that shifts the dimer twice asdication that this phenomenon occurs during diffusion in
far along the pore. The MEP for dimer dissociation con-molecular sieves.
sists of the first three frames of Fig. 1(a) followed by one The existence of concerted diffusion mechanisms with
of the molecules hopping away from the other along thdow activation energies is not restricted togSffimers in
pore. The total energy barrier to dissociation is 217.6 KAIPO,-5. We have examined the motion of S&nd CC}j,
much higher than in models without attractive interactionsclusters containing up to 24 molecules. In every case, the
[9,10]. This process cannot be described by the FK moddbwest energy barrier for cluster motion is when clusters
[15,16]. These results suggest that over a wide temperanove in a concerted fashion. These motions are well
ture range, stepwise diffusion of §Eimers occurs at a approximated by rigid body translations of clusters with
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adsorbates uniformly separated by°s. The activation is necessary to determine the rate of cluster motion. One
energies for these concerted motions are shown in Fig. 2iseful approximation to cluster diffusion rates is based
One striking feature of Fig. 2 is that, for both SF on harmonic transition-state theory (TST) [21]. W.ith
and CCl, the highest cluster diffusion activation energy this approximation, the tracer diffusivity of a cluster is
occurs for monomerg: = 1). Thus, at every temperature D = vysra’® exp(—E,/kT)/2, whereE, is the activation
where isolated molecules are mobile in these systemgnergy andvrst is the ratio of the real normal mode
clusters ofall sizes are also mobile. frequencies at the minimum energy state and transition
The curves in Fig. 2 can be understood in terms of thestate [21]. Harmonic TST is valid f&f < E,. The TST
mismatch between the molecular and lattice spacings. Faredictions for the tracer diffusivities of gElusters are
example, a number of “magic” cluster sizes [16] with veryshown in Fig. 3. The results for CChre qualitatively
low activation energies appear in Fig. 2. Approximat-similar. In generalyrst decreases as the cluster mass
ing clusters by the rigid body mentioned above, magids increased (with some exceptions, for examplg; <
clusters with everm should appear when every mole- »%5f). This behavior combines with the highly size-
cule in the cluster can be paired with another moleculelependent cluster activation energies to make the size
that is completely out of phase with respect to the peridependence ob a complicated function of temperature.
odic lattice potential. This occurs when cluster pairs areThe most significant feature of Fig. 3 is that, when
k + 1/2 lattice spacings apart for some integer In this  harmonic TST is valid, clusters with = 2 or 4 diffuse
case, the paired contributions of the lattice potential tdaster than monomers. At very low temperatures, the
the total potential make no net contribution to the dif-monomer diffusion rate is slower than or comparable to
fusion activation energy. Hence, magic clusters shouldhe diffusivity of all the clusters shown in Fig. 3.
appear whem = (2k + 1)/M, wheren is an even in- One implication of our findings for experimental studies
teger, k is an integer, and¥ = 2'/%¢/a is the dimen- s that the diffusion rates of molecules in pores with finite
sionless mismatch. For $FCCly), M = 1.459 (1.557). concentrations may be faster than those of isolated, indi-
This criterion predicts magic clusters with everwhen  vidual molecules. Indeed, in recent experimental studies
n = 2,24,50,72,...(2,16,34,52,70,...) for Sk (CCly),  [4], anomalously high diffusion rates were inferred from
in good agreement with Fig. 2. Furthermore, clusters wittsingle-file mobilities at finite concentrations. Our results
one more or fewer molecules than these magic sizes havedicate that the concerted diffusion of molecular clusters
activation energies comparable to a monomer, becauswuld contribute to these trends. It is important to note,
there is one molecule in the cluster whose oscillatory lathowever, that our discussion above deals exclusively with
tice potential cannot be canceled. The existence of magigolated molecular clusters. A more challenging but ex-
cluster sizes with oda (for example,n = 11 for CCl;)  perimentally relevant issue is the evolution of pores con-
can be understood with similar arguments. taining many clusters. For $Fand CC} clusters it is
While activation energies allow a great deal of insightalways energetically favorable for two clusters to coalesce
into cluster diffusion mechanisms, additional informationinto a single, larger cluster. Cluster coalescence in these
systems is an activated process (due to the corrugation of
the substrate potential) with energy barriers similar to the
barriers for cluster diffusion. Thus, coalescence will be
an important effect for pores containing multiple clusters.
This phenomenon is entirely analogous to the coalescence
and growth of clusters on crystal surfaces via cluster dif-
fusion [16,22].
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FIG. 2. The activation energy,, for concerted diffusion of 0.00 0.02 0 ra ™% 0.10

SK, and CC} clusters (open and filled symbols, respectively)

containingn molecules. The vertical axis for $RCCly) is FIG. 3. The diffusion coefficients of SFelusters withn = 1,
shown on the right (left). The data with odd (evem)are 2, 3, 4, 5, 7, and 9 predicted by harmonic TST. For each
connected with dashed (solid) curves to guide the eye. cluster, data is shown fdf = 0.75E, K.
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In addition to coalescing with other clusters, adsorbed 5.18 & 5.18 A
clusters can dissociate. We have calculated MEPs for
the separation of Sfclusters into cluster pairs. As with () Q Q Q
diffusion, concerted motions play an extremely important
role in cluster dissociation. Events that involve the motion 727K

of multimolecule fragments proceed by quasirigid body FiG. 4. The minimum-energy state of a Cguadramer.
motions very similar to those seen for concerted diffusion.

In general, the multiple MEPs for dissociation have very . o _

similar energy barriers. For example, a cluster with 6 measured for single-file d!ffusmn in recent NMR studies

can fragment into clusters with = 5 and 1, 4 and 2, or [4] and that future theoretical efforts should focus on ac-

3 and 3 with activation energies of 217, 213, and 228 K curately describing this phenomenon.
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