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Concerted Diffusion of Molecular Clusters in a Molecular Sieve

David S. Sholl* and Kristen A. Fichthorn
Departments of Chemical Engineering and Physics, The Fenske Laboratory, The Pennsylvania State Uni

University Park, Pennsylvania 16802
(Received 21 January 1997)

We show that attractive interactions between molecules adsorbed in molecular sieves play a vit
role in the mechanisms and rates of intracrystalline diffusion. Over a wide temperature range, th
single-file diffusion of CF4, SF6, and CCl4 in AlPO4-5 is dominated by the diffusion of molecular
clusters. SF6 and CCl4 clusters diffuse by concerted mechanisms involving all of the cluster’s molecules
simultaneously. The activation energies,Ea, for these mechanisms are strongly size dependent and are
lower thanEa for monomer diffusion. [S0031-9007(97)04486-4]

PACS numbers: 36.40.Sx, 66.30.–h, 81.05.Rm
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Molecular sieves are microporous, crystalline materi
used in many applications involving separations, cata
sis, and shape-selective chemistry. In these applicati
the mechanisms and rates of intracrystalline adsorbate
fusion are of fundamental importance [1,2]. One regim
that has received considerable recent attention occurs w
adsorbed molecules are sufficiently large that, althou
they can diffuse along a pore, they cannot pass other
sorbed molecules in a pore [3–7]. This type of diffusio
is known as single-file diffusion [3–6]. One striking fea
ture of single-file diffusion is that the mean-squared d
placement of a tracer particle is proportional tot1y2 at long
times [3–6,8]. The existence of single-file diffusion wa
first predicted over twenty years ago [8], but has only
cently been experimentally demonstrated [3–5].

A number of models are available that predict tran
port rates and other relevant features of adsorbates
ing single-file diffusion [4,6,8–10]. The most importan
simplifying assumptions in these models are that the o
interactions between adsorbed molecules are short-ran
hard-core repulsions and that the motions of adsorba
at any loading can be described in terms of the motio
executed by an isolated adsorbate. In this Letter,
examine the diffusion mechanisms of three species
undergo single-file diffusion in the molecular sieve AlPO4-
5: CF4, SF6, and CCl4. The nonintersecting quasicylin
drical pores of AlPO4-5 have made this material a usefu
prototype for understanding the role of adsorbate size
intracrystalline diffusion [3–7,11]. We show below tha
the attractive van der Waals interactions that exist betw
molecules of these three species can have an enormou
pact on their diffusion. In particular, the concerted diff
sion of molecular clusters can be the dominant diffusi
mechanism for molecular transport in these systems. O
significant implication of this result is that single-partic
models of single-file diffusion [4,8–10] cannot accurate
describe particle mobilities during single-file diffusion, s
new theoretical descriptions must be sought.

To examine adsorbed CF4, SF6, and CCl4 in AlPO4-
5, we have derived Kiselev-type potentials for these s
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tems [6,7,12]. These potentials represent the adsorb
by Lennard-Jones particles [13], hold the AlPO4-5 lattice
rigid, and represent the adsorbate-lattice interactions
Lennard-Jones interactions between adsorbates and la
O atoms with appropriately chosen parameters [6,7,1
Potentials of this type have been used in a range of s
ies of adsorbate motion in molecular sieves (see, e
Refs. [6,14]). CF4, SF6, and CCl4 all perform single-file
diffusion in AlPO4-5 [7]. For each of these species, th
potential energy surface of an isolated adsorbed mo
cule consists of energetic minima (binding sites) spac
a ­ 4.24 Å, apart along the pore [6]. Potential energ
barriers exist between binding sites so, at sufficiently l
temperatures, isolated molecules diffuse by activated h
ping between binding sites.

To assess the role of adsorbate-adsorbate interact
during single-file diffusion, we have examined the diff
sion and dissociation mechanisms of clusters of adsor
molecules. The typical displacements of large molecu
perpendicular to the pore direction in AlPO4-5 are small
relative to typical molecular spacings along the pore [
Hence, we use a one-dimensional (1D) model in wh
lateral displacements are neglected and the position of
ith molecule is defined to bexi . The corrugated poten
tial due to the lattice is assumed to be sinusoidal [4], a
we only include adsorbate-adsorbate interactions betw
neighboring molecules. Hence, the potential energy o
cluster ofn molecules withx ­ sx1, . . . , xnd is

Usxd ­
nX

i­1

Ea

2
sin

µ
2pxi

a

∂
1

n21X
i­1

ULJsjxi11 2 xijd .

(1)
Ea is the diffusion activation energy of an isolated mol
cule (from the full potential) andULJ is the Lennard-Jones
potential for the adsorbed species (with hard-sphere ra
s) [13]. All of the results presented below use Eq. (1
although the generality of our results for the full pote
tial is discussed. IfULJ in Eq. (1) is replaced with a har
monic potential, Eq. (1) becomes the Frenkel-Kontoro
(FK) model [15,16], which has been widely used to mod
© 1997 The American Physical Society 3569
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dislocations in solids. Equation (1), unlike the FK mode
can be used to describe cluster dissociation (see below

The minima of Eq. (1) can be found with standar
numerical optimization methods. Cluster motion can
accurately described by minimum-energy paths (MEP
between local minima, at least at low temperatures.
find MEPs, we use an extension of a method developed
Elber and co-workers [17,18]. A discretized path betwe
two local minima,fxkgk­1,...,M is said to be a MEP if

M21X
k­2

fj=Usxkd 2 sss=Usxkd ? ŝkdddŝkj 1

ajxk21 1 xk11 2 2xkjg ­ 0 . (2)

Here,xk ­ sxk
1 , . . . , xk

nd is a cluster configuration and̂sk is
a unit vector along the local path [17,18]. The first grou
of terms ensures that the path is a steepest descent pa
thenD potential energy surface [17,18]. The second gro
of terms ensures that points on the path are equally spa
Using appropriate values ofa . 0 prevents the bunching
of points on trial paths that can occur whena ­ 0. To find
a MEP, a trial path is chosen connecting two local minim
and a gradient flow algorithm is used that converges to
path satisfying Eq. (2).

We first consider the properties of a pair of SF6

molecules adsorbed in AlPO4-5. In this case, our MEP
results can be verified by a direct examination of the 2
potential. The adsorbate interaction is minimized wh
jx2 2 x1j ­ 21y6s ­ 6.185 Å [13], a distance 45.9%
larger than the distance between single-particle bind
sites. When Eq. (1) is minimized, the molecules of
SF6 dimer are 6.049 Å apart with energy 127.5 K lowe
than two isolated adsorbed molecules. The diffusion a
dissociation mechanisms available to this dimer are m
complex than would be suspected from typical lattice g
(LG) descriptions [9,10] because of the strong mismat
between the lattice and intermolecular spacings. A d
fusion mechanism that can be described by LG mod
[9,10] is a stepwise mechanism, where one molecule h
and is subsequently joined by the other. The MEP f
the SF6 dimer diffusion mechanism analogous to ste
wise motion is illustrated in Fig. 1(a). The incommen
surate minimum-energy state of the dimer can be se
at the beginning and end of the path. The total, stat
energy barrier for this path (that is, the energy diffe
ence between the minimum-energy state and the high
of the local energy maxima along the MEP) is 202.1 K
It is interesting to note that there is a distinct but ene
getically equivalent MEP that shifts the dimer twice a
far along the pore. The MEP for dimer dissociation co
sists of the first three frames of Fig. 1(a) followed by on
of the molecules hopping away from the other along t
pore. The total energy barrier to dissociation is 217.6
much higher than in models without attractive interactio
[9,10]. This process cannot be described by the FK mo
[15,16]. These results suggest that over a wide tempe
ture range, stepwise diffusion of SF6 dimers occurs at a
3570
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FIG. 1. Illustrations of SF6 dimer diffusion by (a) stepwise
motion and (b) concerted diffusion. Vertical lines show th
transition states between binding sites of isolated molecules.

similar or faster rate than dimer dissociation and is mu
slower than the hopping of isolated SF6 molecules, which
has an energy barrier of 90.1 K.

Any model of dimer motion that only included stepwis
diffusion and dissociation would give a completely inac
curate description of the true dimer motion. SF6 dimer
motion is dominated by a concerted diffusion mechanis
that cannot be approximated by stepwise motions of sin
molecules. This mechanism is shown in Fig. 1(b); th
two molecules move together along the pore with on
small deviations in their spacing. The energy barrier f
this mechanism is only 21.5 K (cf., 90.1 K for monome
diffusion and 202.1 K for stepwise dimer diffusion). Thi
low barrier arises from the mismatch between the molec
lar and lattice spacings; as one molecule moves throu
a region where the lattice potential is increasing, the la
tice potential of the other molecule decreases. We ha
verified that this mechanism also exists if the 6D dim
potential discussed above is used. It can be seen from
energy barriers alone that the concerted diffusion of S6

dimers will be significantly faster than monomer diffu
sion, stepwise dimer diffusion, or dimer dissociation ov
a wide temperature range. This observation is the first e
ample of the central result of this Letter:The single-file
diffusion of molecules in molecular sieves can be dom
nated by concerted motions of molecular clusters. Adsor-
bate diffusion by concerted motions is well known in th
diffusion of atomic adsorbates and clusters on crystal s
faces [16,19,20] and is strongly analogous to the moti
of dislocations in solids [15]. Our results are the first in
dication that this phenomenon occurs during diffusion
molecular sieves.

The existence of concerted diffusion mechanisms w
low activation energies is not restricted to SF6 dimers in
AlPO4-5. We have examined the motion of SF6 and CCl4
clusters containing up to 24 molecules. In every case,
lowest energy barrier for cluster motion is when cluste
move in a concerted fashion. These motions are w
approximated by rigid body translations of clusters wit
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adsorbates uniformly separated by21y6s. The activation
energies for these concerted motions are shown in Fig.
One striking feature of Fig. 2 is that, for both SF6

and CCl4, the highest cluster diffusion activation energy
occurs for monomerssn ­ 1d. Thus, at every temperature
where isolated molecules are mobile in these system
clusters ofall sizes are also mobile.

The curves in Fig. 2 can be understood in terms of th
mismatch between the molecular and lattice spacings. F
example, a number of “magic” cluster sizes [16] with ver
low activation energies appear in Fig. 2. Approximat
ing clusters by the rigid body mentioned above, mag
clusters with evenn should appear when every mole-
cule in the cluster can be paired with another molecu
that is completely out of phase with respect to the per
odic lattice potential. This occurs when cluster pairs a
k 1 1y2 lattice spacings apart for some integerk. In this
case, the paired contributions of the lattice potential
the total potential make no net contribution to the dif
fusion activation energy. Hence, magic clusters shou
appear whenn . s2k 1 1dyM, wheren is an even in-
teger, k is an integer, andM ­ 21y6sya is the dimen-
sionless mismatch. For SF6 sCCl4d, M ­ 1.459 (1.557).
This criterion predicts magic clusters with evenn when
n ­ 2, 24, 50, 72, . . . s2, 16, 34, 52, 70, . . .d for SF6 sCCl4d,
in good agreement with Fig. 2. Furthermore, clusters wi
one more or fewer molecules than these magic sizes ha
activation energies comparable to a monomer, becau
there is one molecule in the cluster whose oscillatory la
tice potential cannot be canceled. The existence of mag
cluster sizes with oddn (for example,n ­ 11 for CCl4)
can be understood with similar arguments.

While activation energies allow a great deal of insigh
into cluster diffusion mechanisms, additional informatio

FIG. 2. The activation energy,Ea, for concerted diffusion of
SF6 and CCl4 clusters (open and filled symbols, respectively
containingn molecules. The vertical axis for SF6 sCCl4d is
shown on the right (left). The data with odd (even)n are
connected with dashed (solid) curves to guide the eye.
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is necessary to determine the rate of cluster motion. O
useful approximation to cluster diffusion rates is bas
on harmonic transition-state theory (TST) [21]. Wit
this approximation, the tracer diffusivity of a cluster i
D ­ nTSTa2 exps2EaykT dy2, whereEa is the activation
energy andnTST is the ratio of the real normal mode
frequencies at the minimum energy state and transit
state [21]. Harmonic TST is valid forT ø Ea. The TST
predictions for the tracer diffusivities of SF6 clusters are
shown in Fig. 3. The results for CCl4 are qualitatively
similar. In general,nTST decreases as the cluster ma
is increased (with some exceptions, for example,n

n­3
TST ,

n
n­4
TST ). This behavior combines with the highly size

dependent cluster activation energies to make the s
dependence ofD a complicated function of temperature
The most significant feature of Fig. 3 is that, whe
harmonic TST is valid, clusters withn ­ 2 or 4 diffuse
faster than monomers. At very low temperatures, t
monomer diffusion rate is slower than or comparable
the diffusivity of all the clusters shown in Fig. 3.

One implication of our findings for experimental studie
is that the diffusion rates of molecules in pores with fini
concentrations may be faster than those of isolated, in
vidual molecules. Indeed, in recent experimental stud
[4], anomalously high diffusion rates were inferred from
single-file mobilities at finite concentrations. Our resul
indicate that the concerted diffusion of molecular cluste
could contribute to these trends. It is important to no
however, that our discussion above deals exclusively w
isolated molecular clusters. A more challenging but e
perimentally relevant issue is the evolution of pores co
taining many clusters. For SF6 and CCl4 clusters it is
always energetically favorable for two clusters to coales
into a single, larger cluster. Cluster coalescence in th
systems is an activated process (due to the corrugation
the substrate potential) with energy barriers similar to t
barriers for cluster diffusion. Thus, coalescence will b
an important effect for pores containing multiple cluster
This phenomenon is entirely analogous to the coalesce
and growth of clusters on crystal surfaces via cluster d
fusion [16,22].

FIG. 3. The diffusion coefficients of SF6 clusters withn ­ 1,
2, 3, 4, 5, 7, and 9 predicted by harmonic TST. For each
cluster, data is shown forT # 0.75Ea K.
3571



VOLUME 79, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 10 NOVEMBER 1997

s
c-

nt
S-

.

g,
.

h,

.

s.

n,
In addition to coalescing with other clusters, adsorbe
clusters can dissociate. We have calculated MEPs
the separation of SF6 clusters into cluster pairs. As with
diffusion, concerted motions play an extremely importa
role in cluster dissociation. Events that involve the motio
of multimolecule fragments proceed by quasirigid bod
motions very similar to those seen for concerted diffusio
In general, the multiple MEPs for dissociation have ver
similar energy barriers. For example, a cluster withn ­ 6
can fragment into clusters withn ­ 5 and 1, 4 and 2, or
3 and 3 with activation energies of 217, 213, and 228 K
respectively. All of the SF6 clusters we have examined
have cluster dissociation barriers of 200–230 K.

The discussion above allows a qualitative description
pores containing many clusters to be given. In the mo
practically relevant temperature regime, which occurs
temperatures high enough that cluster dissociation occu
the cluster size distribution results from a dynamic equ
librium between coalescence and dissociation. The tra
port rates of individual molecules will be determined b
the distribution of cluster sizes. An important future cha
lenge will be to predict cluster diffusion rates accurate
in this temperature regime (the TST method used above
not valid) and to develop methods that allow the predi
tion of equilibrium cluster properties.

The single-file diffusion of CF4 is more complex than
SF6 or CCl4. CF4 tetramer provide an interesting ex-
ample of the rich features of this system. AlthoughM ­
1.244, CF4 tetramer are not magic clusters; the simpl
criterion above cannot describe these clusters becaus
assumes that the minimum-energy state has molecu
spaced uniformly21y6s apart. In fact, the minimum-
energy state consists of two CF4 pairs separated by a
vacant site (see Fig. 4). The energetically preferred clu
ter diffusion mechanism involves the vacancy hoppin
through the cluster. The energy barrier for this proce
(71.8 K) is much less than the monomer diffusion barrie
(134 K [7]). CF4 dimers (trimers) also perform stepwise
diffusion with Ea ­ 170.6 s125.3d K. As for SF6 and
CCl4, CF4 clusters diffuse with activation energies con
siderably lower than the barriers to cluster fragmentatio

In conclusion, interadsorbate attractions are an e
tremely important feature in the mobility of particles dur
ing single-file diffusion in molecular sieves. In all of
the cases we examined, the energy barriers for fragm
tation of molecular clusters are considerably higher tha
the monomer diffusion barrier. Thus, molecular cluste
are stable or metastable over a wide temperature ran
where isolated monomers are mobile. The barriers f
cluster diffusion are often much lower than the monom
diffusion barrier, so cluster diffusion will occur when-
ever monomer diffusion occurs. Our findings indicate th
cluster diffusion could underlie the unusually high rate
3572
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FIG. 4. The minimum-energy state of a CF4 quadramer.

measured for single-file diffusion in recent NMR studie
[4] and that future theoretical efforts should focus on a
curately describing this phenomenon.
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