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Single-File Diffusion Observation
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Molecular diffusion in zeolites of unidimensional channel structure is studied by pulsed field gradient
NMR. In contrast to ordinary diffusion, the mean square displacement increases in proportion with the
square root of the observation time. This behavior is explained by assuming that the molecules are
unable to pass each other (“single-file” diffusion). The diffusivity of an isolated molecule estimated
from the mobility in the single-file system is 2 orders of magnitude larger than the largest intracrystalline
diffusivities in zeolites so far observed. The finding is supported by both the observed concentration
dependence and molecular dynamics simulations.

PACS numbers: 66.30.—-h, 02.70.Ns, 76.60.—k, 81.05.Rm

Particle diffusion in systems of reduced dimensionalityolite sample was contained in glass tubes with an outer
exhibits a number of peculiarities in comparison with diameter of 8 mm at a filling height of about 12 mm. The
the unconfined three-dimensional space [1-4]. Even fomolecular mean square displaceménb along the chan-
such an apparently simple system as a set of particlasels during the observation timehas been determined
moving in one dimension in a confining box, molecularfrom the best fit of the theoretical expression for the PFG
simulations lead to transport patterns which are in ndNMR signal attenuatiott" due to diffusion in straight
way predictable on the basis of classical, macroscopichannels with statistical orientation [8,13]
conceptions [5]. Interestingly enough, the large amount 1 1
of profound theoretical work is in striking contrast with a Y= — ] dxexd —y?8%g%(*())x*/2] (1)
rather limited number of experimental studies. 2 J-

Molecules in zeolite molecular sieves [6] may serveto the experimental data, wher&, g, and ¢ denote,
as a suitable model system for an experimental study afespectively, the width, amplitude, and separation of the
molecular diffusion under structural confinement. Zeo-field gradient pulses:y stands for the magnetogyric ratio.
lites with long unconnected parallel channels should be& was varied between 0.3 and 0.8 ms. Equation (1),
a quite good realization of the theoretically investigatedwhich has been derived originally for the case of normal
one-dimensional systems. On the other hand, zeolites adkffusion, is easily shown to also follow under the more
of crucial importance as key materials for important tech-general assumption that the probability of molecular
nical processes such as heterogeneous catalysis, moledisplacement is governed by a Gaussian distribution
lar separation, and cation exchange, and offer excellerf8,13]. The signal attenuation was generally followed
prospects for an application as host systems for the fabrover 1 order of magnitude. In this range, within the
cation of novel photonic or optical materials [7]. uncertainty of the measurements, virtually no deviation

Being able to determine the probability distribution of from Eq. (1) could be observed. A slightly steeper decay
molecular displacement, pulsed field gradient (PFG) NMRas predicted by Eq. (1) was observed only in the very first
spectroscopy is a sensitive method for the study of mopart of the attenuation plot . This decay may be attributed
lecular diffusion in heterogeneous media [8,9]. We haveo a small fraction of molecules exchanging between the
applied this method for diffusion studies with tetraflu- zeolite crystallites.
oromethane in zeolite AIPG5. AIPQO,-5 is traversed Figure 1 shows the resulting mean square displacement
by parallel channels. The channel diameter as resulting:) for CF, in AIPO4-5 at 180 K as a function of the ob-
from a structure analysis by x-ray diffraction is of the or- servation time for four different occupancies of the chan-
der of 0.73 nm [6,10], whereas the diameter of the, CF nel system. The observed time dependence is in striking
molecules is 0.47 nm [11]. With these diameters, a mu€ontrast to the case of normal diffusion, where the mean
tual passage of the molecules should be excluded. Theguare displacement increases in proportion wjtland
PFG NMR measurements have been carried out by meamghich has been found in all so far investigated zeolitic
of the home-built spectrometer FEGRIS 400 [12] operatadsorbate-adsorbent systems [9]. In zeolites with a unidi-
ing at a'°F resonance frequency of 376 MHz, with field mensional channel network, normal diffusion should only
gradient amplitudes up to 24/Mm. The measuring tem- occur if the molecules are able to pass each other during
perature of 180 K was chosen as a compromise betweehe observation time. If this is not the case, molecular
the requirement of small gas phase concentration (whicHisplacements in one direction will be followed by a dis-
decreases with decreasing temperature) and the finite suplacement in the opposite direction with a higher proba-
ply of liquid nitrogen within the cooling system. The ze- bility than by a displacement in the same direction. The
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T T T T Molecular transport in single-file systems may be
1E-11 __0_,0‘ . understood as the combined effect of the motion of the
3 individual molecules and their mutual confinement. On
O--" 1 the basis of this consideration, the long time behavior
.-O° 1 of the molecular mean square displacement in a single-
/-»@’ ] file system may be related to the displacement which
el LK a molecule would undergo if any interaction with other
molecules is excluded, by the simple expression [17]

(20 = Kls@, )

AT 1 where (|s(¢)|) denotes the mean value of molecular
1E-13 A D — displacement if there were only one molecule in the
1 10 t (ms) 100 system, and stands for the mean free distance (clearance)
) _ between adjacent molecules. Long time behavior is
Pl Nelsouar, mesn sauare, dsmiacement of . OF qundersiood as the behavior alter the onset of single-fie
sorbate concentration of 0.048), 0.05(O), 0.2 (0J), and 0.4 behavior, which is approximately attained after the time
(A) molecule per unit cell. that a particle needs to move over the mean free distance.
Equation (2) holds true for any type of motion for an
isolated molecule, for instance, for a deterministic motion,
experimental evidence reflected by Fig. 1 may be exwhere (|s(s)|) = ¢, or for a diffusive behavior, where
plained, therefore, by assuming that for the investigatedls(:)|) = +/z. Furthermore, no assumptions on the shape
system during the observation time a mutual passage &f the propagator of the free particle must be made for the
the diffusants in the interior of the individual channels isderivation of Eq. (2).
excluded. Systems of this type have been termed single- In & zeolite channel, the movement of an isolated parti-
file systems [14,15]. Molecular transport in single-file cle will—after a short ballistic period—generally be de-
systems has been the subject of numerous theoretical itfermined by the stochastic interaction with the channel
vestigations [1-3,16,17]. walls yielding diffusional behavior. In this case the prop-
By assuming a simple random walk model, the molecu@gator is a Gaussian and the mean square displacement is
lar mean square displacement in single-file systems hagiven by the Einstein relatios*(z)) = 2Dz, where
been shown to be proportional to the square root of the 4D
observation time [1,3,16]. Moreover, the displacements (s()) = 4| — /t. 3
are found to be governed by a Gaussian distribution ™
[16,17]. This justifies the application of Eq. (1) for data Introducing the single-file mobility factorF by the
analysis, which is additionally supported by the factrelation [15]
that experimental data are in complete agreement with (2(t)) = 2P
the theoretical approach [18]. The time dependence of '
single-file diffusion is astonishingly well reflected by the and inserting Egs. (3) and (4) into Eq. (2) yields
experimental data shown in Fig. 1. F2
For displacements up to the orderdjum the propor- D=m—. ©)

tionality is nearly ideally fulfilled. This fact may be inter-
Y y y Y Table | presents the results of Fig. 1 in terms of the re-

preted as a hint that imperfections in the channel structur : i . -
do not disturb the expected diffusional behavior. The exSPective single-file mobility factors and the correspond-

istence of imperfections could lead either to the possibilityNd diffusivities calculated on the basis of Eg. (5). The
that particles can change their relative order thus effecting'€arance! between adjacent molecules has been calcu-

a breakdown of the single-file condition or to a blocking'ated from the relative pore occupandyand the esti-
mated value for the mean diametersof the adsorbate

of certain positions in the channel and thus to a confine- lecul ; b . ;
ment of the maximum displacements. Because there is ngolecules (0.47 nm for GH11]) by assuming a perfect

deviation from the expected behavior, the concentration ofnidimensional arrangement of the molecules within the
both types of imperfections seems to be very small. Ifhannels:

this way, PFG NMR is able to provide direct information 1—46

about the permeability of the zeolite structure. Since the i= g 7 6)
concentration of the lattice imperfections leading to a re-

duced permeability may be far below the range accessible The diffusivities estimated on the basis of Eq. (5) should
by x-ray diffraction, this information is unique and can- result if it were possible to measure at infinitely low sor-
not be provided by conventional techniques of structurdate concentrations. It is interesting to note that the data

analysis. given in Table | are about 2 orders of magnitude larger
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TABLE I. Results of the PFG NMR self-diffusion studies  While molecular dynamics (MD) simulations of molecu-
with CF, adsorbed in AIPQ5 at 180 K, represented in terms [ar diffusion in zeolites with higher-dimensional networks
of the single-file mobility factor” [cf. Eq. (4)] and the limiting  5r6 5 well-established topic of current research [22], lit-
diffusivity [cf. Eg. (5)]. The mean free distances calculated t id | f | f MD simul t"

according to Eq. (6). The errors of the experimental values aréraiure proviges only a rew examples o simulations
about 50%. in single-file systems [23,24]. Since in these studies real

adsorbate-adsorbent systems were considered, the applied

l F D : . . )
(mOl./uCnit cell (nm) (M2 s172) (M s potentials were too complicated to allow the simulation
over observation times, which were long enough to trace
0.4 1.63 0.7 X 10712 0.6 X 107° indicati ; ; ; ; ;
0.2 373 15 % 10-12 0.5 % 10-5 indications of single-file diffusion. In order to confirm
0.05 16.3 45 % 10-12 03 X 10-5 both the time dependence of the mean square displacement

0.005 167 1.0 X 10-10 11 x 10-¢  andthe order of magnitude of the mobility factor to be ex-
pected for systems similar to those considered in this study,
we have carried out MD simulations in a model single-file
than the largest zeolitic diffusivities for GFso far mea- system, characterized by the following parameters.
sured under comparable conditions [19,20]. All these dif- The sorbate-sorbate interaction assuming tetrafluo-
fusion measurements have clearly been carried out at finitomethane as an adsorbate was simulated by the usual
sorbate concentrations. It turned out, however, that foLennard-Jones potential [25] with a particle diameter of
sufficiently small sorbate concentrations the diffusivitiesocg, = 0.47 nm. The interaction between the adsorbate
tended to approach a limiting value. This may be easilymolecules and the zeolite lattice was simulated by a
attributed to the fact that in all these studies zeolites with asteep-wall potential
higher-dimensional pore network were considered, where 12 6
the mutual confinement of the diffusants as observed for Vy(p.2) = {452[(0%) - ((TLZ) } for p > p.,
single-file systems does not occur. ’

For molecular propagation in the straight channels of
AIPO,-5, however, the situation is completely different. @)

According to Eg. (2), one should expect an increase invhere p denotes the distance between the axis of the

the translational molecular mobilit§ in proportion with  channel and the center of the tetrafluoromethane molecule.
the clearance which is equivalent with the postulate that The cutoff is atp = p. = o//2, where the potential

the diffusion coefficienD for infinite dilution as resulting  has its minimum. The parameter, is related to the

from Eq. (5) should be the same starting from any concenchannel diameted by

tration. We have checked this prediction by PFG NMR

measurements with GRn AIPO,-5 at 180 K over a wide d =20z + ocF,, (8)

range of sorbate concentrations(cf. Table I). For the and, withd = 0.73 nm [6,10], becomesr; = 0.13 nm.

concentrations 0.4, 0.2, and 0.05 molecule per unit celllo reflect the periodic structure of the zeolite lattiog,

the prediction is clearly fulfilled, whereas the diffusion is assumed to vary periodically:

coefficient obtained for a concentration of 0.005 molecule 27z

per unit cell seems to be too large. This deviation should o7 = 0z0 + Aoy cos<—>. 9

be attributed to experimental uncertainties. As a conse- A

quence of the extremely low loading, the uncertainty inBecause of the fact that there are two 12 rings in a unit

these measurements is of the order of a factor of 2 witlcell of length ¢ = 0.84 nm, the periodicity was set to

respect to both the sorbate concentration and the mobilithn = ¢/2 = 0.42 nm. The calculations were carried out

factor. The obtained agreement between theoretical prewith three different values for the amplitud&o; =

diction and experimental findings is a further confirmation0.010, 0.015, and0.025 nm). Figure 2 shows the results

of the fact that the diffusion of CFin AIPO,-5 follows  of the MD simulation carried out at 180 K for a relative

the rules of single-file diffusion, as well as of the high occupancyd = 0.11 corresponding to a concentratien

translational mobility of noninteracting molecules in the of 0.2 molecule per unit cell.

straight channels of AIP5. After the initial ballistic phase witlz2) « ¢ there is a
The large molecular mobility in AIP@5 may be broad transition region to the final dependefc® =« /z.

rationalized as the effect of molecular guidance by theThe transition to the long time behavior is controlled

channels. PFG NMR measurements with zeolites oby two processes: the transition from deterministic to

different structure type but with parallel channels of diffusional behavior of a particle which does not interact

comparable size (theta-1, mordenite [6]) are in qualitativewith other particles and the onset of the single-file

agreement with the present finding [21], so that thebehavior. If the onset of these processes occurs at

enhancement of molecular mobility in one-dimensionaldifferent time scales, one would expect an extended region

channels in comparison with higher-dimensional porewith (z?) « ¢ [26]. However, in the considered case, the

networks appears to be a quite general effect. transition times for both processes are of the same order

for p < p.,
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