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Effect of correlated flights on particle mobilities during single-file diffusion
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When large adsorbates diffuse in the pores of zeolites and molecular sieves, they can undergo single-file
diffusion. The mean-square displacement of particles during single-file diffuéid(t)), is proportional to
tY2. By contrast, in the absence of other particles, an isolated adsorbate will perform normal diffusion with a
tracer diffusion coefficienD,. An important goal of theoretical treatments of single-file diffusion is to relate
D, and the single-file mobilityE = (x?(t))/2tY2 One physical feature that is ubiquitous in activated diffusion
in periodic potentials, such as the diffusion of adsorbates in zeolites, is the appearance at sufficiently high
temperatures of correlated flights that pass through multiple binding sites. We show that when isolated particles
can perform multisite flights, the expression usually used to r&@gtandF is not exact, and we investigate
methods that can lead to more accurate expressions. We discuss how the existence of long flights affects
equilibrium adsorbate structures and comment on the implications of our results for the interpretation of
experimental measurements of single-file diffusid1063-651X97)01206-3

PACS numbg(s): 05.60:+w, 66.30—h, 81.05.Rm

The mechanisms and rates of molecular transport througbnits withv=a=1, soDy=1/2. When multiple particles are
the pores of zeolites and molecular sieves are critical factorpresent in a pore, it is assumed that only one particle can
in determining the effectiveness of the wide range of techoccupy any particular binding site and that any attempted
nologies that utilize these microporous materjd]. One  hop that would move a particle into an occupied site fails.
important scenario for molecular transport in zeolites occurdhe particles then undergo single-file diffusion. At times
when molecular adsorbates are sufficiently large that thelonger than the typical interparticle collision time, the dis-
cannot pass one another inside a pore. Diffusion in thiglacement of each particle satisfies
strongly hindered regime is known as single-file diffusion.

The best known feature of single-file diffusion is that the <x2(t)>=2F \ﬁ (D
mean-square displacement of individual particles during

single-file diffusion is proportional to the square root of time \yhereF is known as the single-file mobility. For this model,

[3,4], in contrast to the linear dependence on time duringpe single-file mobilityF and the isolated particle diffusion
diffusion when particles can pass one anofl#gr Although coefficientD,, are related by3]

theoretical aspects of single-file diffusion were first de- (1-6) /D
scribed many years agi®], experimental observations of F= A /_0, )
this phenomenon have only been reported recdBt§. o ™
The main quantitative model that has been applied to inwhere 6 is the fractional occupancy of the lattice. Thus, if
terpret experimental measurements of single-file diffusion ighis model is valid,D, can be deduced from experimental
a hard-sphere mod¢B]. This model provides a direct con- measurements df(6) [3]. Note that whileF diverges as
nection between the diffusion of an isolated molecule and th&— 0, the time scale on which E{l) is valid also diverges
mobility of particles during single-file diffusiof8]. One use- in this limit because the typical collision time becomes infi-
ful realization of this model is a lattice-g&G) description  nite.
in which a one-dimensional zeolite pore is modeled as a The aim of this paper is to discuss the accuracy of(Ej.
series of discrete binding sites. The particles which representhen a more realistic description of the motion of individual
adsorbed molecules are assumed to bind only in these diparticles is used. The application of E@) to NMR mea-
crete binding sites and particles are allowed to move by hopsurements ofF(6) [3] has yielded molecular diffusivities
ping between adjacent sites. This model has been used inthat are very large compared to previous measurements of
number of studies that seek to understand the interplay beéatercrystalline diffusion in zeolite}8]. Because these results
tween single-file diffusion and the effectiveness of catalyticare somewhat surprising and the model from which@}jis
reactiong7,8]. If only a single particle is present in a pore, derived is at best a highly simplified description of the mo-
its motion is unhindered and the usual Einstein relation detion of molecular adsorbates in a zeolite pore, it is useful to
scribes the particle's mean-squared displacemeninvestigate the accuracy of E€R) when more accurate de-
(x3(t))=2D,t. HereD o= va?/2, wherev is the hopping fre-  scriptions of the particle dynamics are used. In this paper, we
quency anda is the lattice spacing. For convenience, we usefocus on understanding the effects of multisite flights on the
loading dependence of single-file mobilities. Our main result
is that Eq.(2) is not exact when single-particle transport
*Permanent address: Department of Chemistry, Yale Universityincludes multisite flights, indicating that E¢2) is not as
P.O. Box 208107, New Haven, CT 06520-8017. general as had previously been assuifgdd
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FIG. 1. Loading dependence & .gicted Do Measured from
MC simulations of the extended LG model. “Ballistic” flight dis-
tributions withA = 5 and 10 were used.

FIG. 2. Loading dependence &%, /0 measured from the same
MC simulations as in Fig. 1.

The LG model defined above assumes that particle trand/e have verified thad preqices™ 1/2 if only nearest-neighbor
port only occurs by particles hopping between adjacent bindhops are allowed. We can assess the general validity of Eq.
ing sites. While this is certainly an accurate description of(2) by comparing the results obtained using E@.and(5).
molecular diffusion in zeolite pores at sufficiently low tem- ~ Some measured values B egicted Do for versions of the
peratured4,9], at temperatures where thermal energies ar@&xtended LG model that included long flights are shown in
comparable to or larger than the energy barrier to hoppingFig- 1. In this figure, the flight distribution was taken to be
particles can frequently traverse multiple binding sites in athe “ballistic” distribution [13] f,=Aexp(=n/\), whereA is
correlated fashion before they become localized in a binding normalization constant defined by truncating the distribu-
site. This type of behavior has been observed in a wide valion atn=50 and\ is a mean free path. It is clear from Fig.
riety of physical systems, including diffusion in zeolites 1 that Eq.(2) is not exact. At all nonzero loadings, the pre-
[9,10] and atomic and molecular diffusion on crystal surfacesdicted diffusion coefficient based on E@) is less than the
[11-13. To examine the implications of multisite flights for actual isolated particle diffusion coefficient. These results
single-file diffusion in a general manner, we consider an exsuggest that the task of accurately inferribg from mea-
tended LG model in which in each unit of time each particlesurements of(¢) may be more complicated than was pre-
attempts a flight covering sites where the flight length is Vviously assumed3]. Figure 1 shows thaD ,egiceadoes ap-
chosen randomly from a normalized flight distributibp. ~ proach the correct value f@, as#— 0. However, this limit
We assume that a flight terminates if the moving particleis very difficult to examine experimentall3] becausd is a
encounters an occupied site. This extended model reduces ¥ery rapidly varying function ofé in this regime, so small
the original LG model iff;=1 andf;=0 fori>1. For the errors in the measurement 6fcan lead to significant errors
extended model, the single-particle diffusion coefficient forin the estimation oD,
an isolated particle if13] Heuristically, the inexactness of E() for the extended

LG model arises because flights of differing lengths are not

1 5 equally affected by particle collisions. To quantitatively un-
DO_E; n*fy. 3 derstand the loading-dependent mobilities observed in the
extended LG model, it is important to describe what types of

We have measured the loading-dependent, single-file mdlights actually take place. The distribution of successful
bilities of the extended LG model by performing Monte flights is determined by the equilibrium distribution of par-
Carlo (MC) simulations of the model and defining

100 T

Fuc= |im<xz(t)> (4) i \‘n A Fy(A=10)

N 80\ == F,, (A=10)

FoL ® F,(A=5)

The results presented below are typically calculated by aver- o \ )

aging over 300 independent runs, each containing 300 par- ™

ticles with periodic boundary conditions. In each case, we
began the simulations with random distributions of particles
and equilibrated the system for 125 units of time before be-
ginning the measurement ¢k%(t)). We have verified that
our results are insensitive to these numerical details. If Eq.
(2) is exact, we can rearrange it to predict the single-particle
diffusion coefficient from our measurementskf:

FIG. 3. Single-file mobilities measured from the same MC
(5) simulations as in Fig. Ifilled symbolg and the single-file mobili-
ties calculated from Eq8) (curves.

0°F 3
D predicted™ 7™ a-o?
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ticle spacings on the lattice. If only nearest-neighbor hops (1-6) [Deg

are allowed, there are no spatial correlations between par- Fef= 7 - (8
ticles when the system is at equilibriufh4]. For example,

the conditional probability that a site adjacent to an occupied’he results of this expression are compared with our direct
site is also occupied?;, is simply 6. However, if multisite  measurements d¥,c(6) in Fig. 3. It can be seen from Fig.
hops can take place, the equilibrium configuration is more3 that while Eq.(8) is not exact, it yields an accurate esti-
complicated. This fact is illustrated in Fig. 2, which showsmate of the single-file mobility at all loadings. In the ex-
the measured values 8%, /6 from the simulations described amples we have examined, E®) typically underestimates
above. As indicated by Fig. 2, the presence of multisite hop§& by 5-10 %. By contrast, i is predicted by using Eq$2)
increases the probability of finding particles close to oneand(3), the mobility is overestimated by as much as a factor
another relative to uncorrelated systems. These correlatior 3 at the highest coverages shown in Fig. 3. This type of
appear because all flights that terminate due to the presen@¥erestimation has also been observed in MD simulations of
of another particle result in the creation of a pair of particlesSingle-file diffusion in AIPQ-5 at temperatures where long
on adjacent sites and they are particularly marked at lowlights are likely to occuf4]. Unfortunately, Eq(8) can only

loadings. More generally, multisite hops increase the probEe used prrﬁdipti.vely if t?]ef observed ﬂi?htldis"f]icb‘;tigﬁ‘ is
ability of observing clusters of particles. This type of phe-Known. While it is straightforward to calculag;, if the par-

nomenon has also been observed in simple models of hardicles are randomly distributed, the nonrandom distribution
disk gases in which particles are allowed to Collioleof particles in the presence of multisite hops causes the true

inelastically [15—17. The equilibrium distribution of par- gn to deviate significantly from that expected for a random

ticles in LG models is i | the steadv-stat luti ?dsorbate distribution.
icles in L& MOCEIS IS In general tné stéady-staté Solulion OF - e aytended LG model we have examined includes only
an infinite hierarchy of rate equatiofid4,18, which can

: : . . a very simplistic description of the role of multisite hops in
only be found analytically in exceptional circumstancesgingie-file diffusion. For example, it ignores any effects due
(such as a LG model with only nearest-neighbor hidp8). o momentum transfer between particles as flights are termi-
It appears that the equilibrium state of the LG model withpated. Nevertheless, the model clearly demonstrates that the
multisite hops can only be found from simulations such ag;syal expression that has been used to reig® and D,
those we have described above. [3] is not exact. Our results indicate two possible methods
Despite the complicated equilibrium structures that arehat could be used to exclude the effects of multisite flights
caused by multisite flights, if the actual flight distribution and allow a direct quantitative connection to be made be-
that occurs at a given loading is known, it is possible totween experimental measurements=¢9) [3,6] and the dif-
predict the single-file mobility quite accurately using a gen-fusivity of an isolated adsorbaté) measurd- in the regime
eralization of Eq.(2). We defineg, to be the normalized where §—0 or (i) measureF at temperatures where the
flight-length distribution of hops that move particles at leastexistence of multisite hops can be ruled out. Unfortunately,
one site. It is important to realize that, is a complicated both of these suggestions lead to other significant difficulties.
function of the loading-dependent equilibrium structure andAs mentioned above, the sensitivity 6fto 6 at low loadings
the free-particle flight distributiori,. For example, ifP,, is ~ Makes accurate measurements very difficuf-ag0, so sug-
the probability that the closest occupied site to a particle irpestion(i) seems impractical. The difficulty associated with

its direction of motion isn sites away, suggestior(ii) is perhaps even more important: at low tem-
peratures the effect of attractive interactions between adsor-

bates, which is entirely ignored in the LG models discussed

P, above, must be accounted for. We have recently studied the

g;=f1+ 1-p >t (6) diffusion mechanisms of clusters of adsorbates in several
1 n>1 systems exhibiting single-file diffusion and have found that

in many cases attractive adsorbate interactions play a domi-

nant role at low temperatur¢$9]. Until quantitative theories

that account for the roles of adsorbate interactions and mul-

tisite hops are developed, the task of accurately extracting
the diffusivity of isolated particles from experimental mea-
1 surements of single-file mobilities should be approached

De=5 > n?g,, (7)  with caution.

n

This work was supported by the NSF through Grant No.
and use this quantity in an expression analogous to&g. CTS-9058013 and equipment Grant No. CTS-9112468.

We can directly measurg,, from our MC simulations. We
now define an effective diffusion coefficiebty;, which is
the single-particle diffusion coefficient of an isolated particle
with flight distributiong,, [cf. Eq. (3)],
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