
VOLUME 76, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 8 APRIL 1996

rmany

ient
the

s are
ted
line
tion

2762
Single-File Diffusion Observation
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Molecular diffusion in zeolites of unidimensional channel structure is studied by pulsed field grad
NMR. In contrast to ordinary diffusion, the mean square displacement increases in proportion with
square root of the observation time. This behavior is explained by assuming that the molecule
unable to pass each other (“single-file” diffusion). The diffusivity of an isolated molecule estima
from the mobility in the single-file system is 2 orders of magnitude larger than the largest intracrystal
diffusivities in zeolites so far observed. The finding is supported by both the observed concentra
dependence and molecular dynamics simulations.

PACS numbers: 66.30.–h, 02.70.Ns, 76.60.–k, 81.05.Rm
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Particle diffusion in systems of reduced dimensional
exhibits a number of peculiarities in comparison wi
the unconfined three-dimensional space [1–4]. Even
such an apparently simple system as a set of parti
moving in one dimension in a confining box, molecul
simulations lead to transport patterns which are in
way predictable on the basis of classical, macrosco
conceptions [5]. Interestingly enough, the large amo
of profound theoretical work is in striking contrast with
rather limited number of experimental studies.

Molecules in zeolite molecular sieves [6] may ser
as a suitable model system for an experimental study
molecular diffusion under structural confinement. Ze
lites with long unconnected parallel channels should
a quite good realization of the theoretically investigat
one-dimensional systems. On the other hand, zeolites
of crucial importance as key materials for important tec
nical processes such as heterogeneous catalysis, mo
lar separation, and cation exchange, and offer excel
prospects for an application as host systems for the fa
cation of novel photonic or optical materials [7].

Being able to determine the probability distribution
molecular displacement, pulsed field gradient (PFG) NM
spectroscopy is a sensitive method for the study of m
lecular diffusion in heterogeneous media [8,9]. We ha
applied this method for diffusion studies with tetraflu
oromethane in zeolite AlPO4-5. AlPO4-5 is traversed
by parallel channels. The channel diameter as resul
from a structure analysis by x-ray diffraction is of the o
der of 0.73 nm [6,10], whereas the diameter of the C4

molecules is 0.47 nm [11]. With these diameters, a m
tual passage of the molecules should be excluded.
PFG NMR measurements have been carried out by me
of the home-built spectrometer FEGRIS 400 [12] oper
ing at a19F resonance frequency of 376 MHz, with fie
gradient amplitudes up to 24 Tym. The measuring tem
perature of 180 K was chosen as a compromise betw
the requirement of small gas phase concentration (wh
decreases with decreasing temperature) and the finite
ply of liquid nitrogen within the cooling system. The ze
0031-9007y96y76(15)y2762(4)$10.00
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olite sample was contained in glass tubes with an ou
diameter of 8 mm at a filling height of about 12 mm. Th
molecular mean square displacementkz2l along the chan-
nels during the observation timet has been determined
from the best fit of the theoretical expression for the PF
NMR signal attenuationC due to diffusion in straight
channels with statistical orientation [8,13]

C 
1
2

Z 1

21
dx expf2g2d2g2kz2stdlx2y2g (1)

to the experimental data, whered, g, and t denote,
respectively, the width, amplitude, and separation of t
field gradient pulses.g stands for the magnetogyric ratio
d was varied between 0.3 and 0.8 ms. Equation (
which has been derived originally for the case of norm
diffusion, is easily shown to also follow under the mo
general assumption that the probability of molecu
displacement is governed by a Gaussian distribut
[8,13]. The signal attenuation was generally followe
over 1 order of magnitude. In this range, within th
uncertainty of the measurements, virtually no deviati
from Eq. (1) could be observed. A slightly steeper dec
as predicted by Eq. (1) was observed only in the very fi
part of the attenuation plot . This decay may be attribut
to a small fraction of molecules exchanging between
zeolite crystallites.

Figure 1 shows the resulting mean square displacem
kz2l for CF4 in AlPO4-5 at 180 K as a function of the ob
servation timet for four different occupancies of the chan
nel system. The observed time dependence is in strik
contrast to the case of normal diffusion, where the me
square displacement increases in proportion witht, and
which has been found in all so far investigated zeoli
adsorbate-adsorbent systems [9]. In zeolites with a un
mensional channel network, normal diffusion should on
occur if the molecules are able to pass each other du
the observation time. If this is not the case, molecu
displacements in one direction will be followed by a di
placement in the opposite direction with a higher prob
bility than by a displacement in the same direction. T
© 1996 The American Physical Society
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FIG. 1. Molecular mean square displacement of CF4 in
AlPO4-5 at 180 K as a function of the observation time at
sorbate concentration of 0.005sed, 0.05 ssd, 0.2 shd, and 0.4
snd molecule per unit cell.

experimental evidence reflected by Fig. 1 may be
plained, therefore, by assuming that for the investiga
system during the observation time a mutual passage
the diffusants in the interior of the individual channels
excluded. Systems of this type have been termed sin
file systems [14,15]. Molecular transport in single-fi
systems has been the subject of numerous theoretica
vestigations [1–3,16,17].

By assuming a simple random walk model, the molec
lar mean square displacement in single-file systems
been shown to be proportional to the square root of
observation time [1,3,16]. Moreover, the displaceme
are found to be governed by a Gaussian distribut
[16,17]. This justifies the application of Eq. (1) for da
analysis, which is additionally supported by the fa
that experimental data are in complete agreement w
the theoretical approach [18]. The time dependence
single-file diffusion is astonishingly well reflected by th
experimental data shown in Fig. 1.

For displacements up to the order of2 mm the propor-
tionality is nearly ideally fulfilled. This fact may be inter
preted as a hint that imperfections in the channel struct
do not disturb the expected diffusional behavior. The e
istence of imperfections could lead either to the possibi
that particles can change their relative order thus effect
a breakdown of the single-file condition or to a blockin
of certain positions in the channel and thus to a confi
ment of the maximum displacements. Because there is
deviation from the expected behavior, the concentration
both types of imperfections seems to be very small.
this way, PFG NMR is able to provide direct informatio
about the permeability of the zeolite structure. Since
concentration of the lattice imperfections leading to a
duced permeability may be far below the range access
by x-ray diffraction, this information is unique and can
not be provided by conventional techniques of structu
analysis.
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Molecular transport in single-file systems may
understood as the combined effect of the motion of
individual molecules and their mutual confinement. O
the basis of this consideration, the long time behav
of the molecular mean square displacement in a sin
file system may be related to the displacement wh
a molecule would undergo if any interaction with oth
molecules is excluded, by the simple expression [17]

kz2stdl  lkjsstdjl , (2)

where kjsstdjl denotes the mean value of molecul
displacement if there were only one molecule in t
system, andl stands for the mean free distance (clearan
between adjacent molecules. Long time behavior
understood as the behavior after the onset of single
behavior, which is approximately attained after the tim
that a particle needs to move over the mean free dista
Equation (2) holds true for any type of motion for a
isolated molecule, for instance, for a deterministic moti
where kjsstdjl ~ t, or for a diffusive behavior, where
kjsstdjl ~

p
t. Furthermore, no assumptions on the sha

of the propagator of the free particle must be made for
derivation of Eq. (2).

In a zeolite channel, the movement of an isolated pa
cle will—after a short ballistic period—generally be d
termined by the stochastic interaction with the chan
walls yielding diffusional behavior. In this case the pro
agator is a Gaussian and the mean square displacem
given by the Einstein relationks2stdl  2Dt, where

kjsstdjl 

s
4D
p

p
t . (3)

Introducing the single-file mobility factorF by the
relation [15]

kz2stdl  2F
p

t (4)

and inserting Eqs. (3) and (4) into Eq. (2) yields

D  p
F2

l2
. (5)

Table I presents the results of Fig. 1 in terms of the
spective single-file mobility factors and the correspon
ing diffusivities calculated on the basis of Eq. (5). T
clearancel between adjacent molecules has been ca
lated from the relative pore occupancyu and the esti-
mated value for the mean diameterss of the adsorbate
molecules (0.47 nm for CF4 [11]) by assuming a perfec
unidimensional arrangement of the molecules within
channels:

l 
1 2 u

u
s . (6)

The diffusivities estimated on the basis of Eq. (5) sho
result if it were possible to measure at infinitely low so
bate concentrations. It is interesting to note that the d
given in Table I are about 2 orders of magnitude larg
2763
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TABLE I. Results of the PFG NMR self-diffusion studies
with CF4 adsorbed in AlPO4-5 at 180 K, represented in terms
of the single-file mobility factorF [cf. Eq. (4)] and the limiting
diffusivity [cf. Eq. (5)]. The mean free distancel is calculated
according to Eq. (6). The errors of the experimental values
about 50%.

c l F D
smol.yunit celld (nm) sm2 s21y2d sm2 s21d

0.4 1.63 0.7 3 10212 0.6 3 1026

0.2 3.73 1.5 3 10212 0.5 3 1026

0.05 16.3 4.5 3 10212 0.3 3 1026

0.005 167 1.0 3 10210 1.1 3 1026

than the largest zeolitic diffusivities for CF4 so far mea-
sured under comparable conditions [19,20]. All these d
fusion measurements have clearly been carried out at fi
sorbate concentrations. It turned out, however, that
sufficiently small sorbate concentrations the diffusivitie
tended to approach a limiting value. This may be eas
attributed to the fact that in all these studies zeolites with
higher-dimensional pore network were considered, whe
the mutual confinement of the diffusants as observed
single-file systems does not occur.

For molecular propagation in the straight channels
AlPO4-5, however, the situation is completely differen
According to Eq. (2), one should expect an increase
the translational molecular mobilityF in proportion with
the clearancel which is equivalent with the postulate tha
the diffusion coefficientD for infinite dilution as resulting
from Eq. (5) should be the same starting from any conce
tration. We have checked this prediction by PFG NM
measurements with CF4 in AlPO4-5 at 180 K over a wide
range of sorbate concentrationsc (cf. Table I). For the
concentrations 0.4, 0.2, and 0.05 molecule per unit c
the prediction is clearly fulfilled, whereas the diffusio
coefficient obtained for a concentration of 0.005 molecu
per unit cell seems to be too large. This deviation shou
be attributed to experimental uncertainties. As a con
quence of the extremely low loading, the uncertainty
these measurements is of the order of a factor of 2 w
respect to both the sorbate concentration and the mob
factor. The obtained agreement between theoretical p
diction and experimental findings is a further confirmatio
of the fact that the diffusion of CF4 in AlPO4-5 follows
the rules of single-file diffusion, as well as of the hig
translational mobility of noninteracting molecules in th
straight channels of AlPO4-5.

The large molecular mobility in AlPO4-5 may be
rationalized as the effect of molecular guidance by t
channels. PFG NMR measurements with zeolites
different structure type but with parallel channels o
comparable size (theta-1, mordenite [6]) are in qualitati
agreement with the present finding [21], so that th
enhancement of molecular mobility in one-dimension
channels in comparison with higher-dimensional po
networks appears to be a quite general effect.
2764
e

-
ite
r

y
a
e
r

f

n

-

ll

e
d
-

h
ty
e-

e
f

e

l
e

While molecular dynamics (MD) simulations of molecu
lar diffusion in zeolites with higher-dimensional network
are a well-established topic of current research [22],
erature provides only a few examples of MD simulatio
in single-file systems [23,24]. Since in these studies r
adsorbate-adsorbent systems were considered, the ap
potentials were too complicated to allow the simulatio
over observation times, which were long enough to tra
indications of single-file diffusion. In order to confirm
both the time dependence of the mean square displacem
and the order of magnitude of the mobility factor to be e
pected for systems similar to those considered in this stu
we have carried out MD simulations in a model single-fi
system, characterized by the following parameters.

The sorbate-sorbate interaction assuming tetrafl
romethane as an adsorbate was simulated by the u
Lennard-Jones potential [25] with a particle diameter
sCF4  0.47 nm. The interaction between the adsorba
molecules and the zeolite lattice was simulated by
steep-wall potential

VZsr, zd 

8<: 4eZ

∑µ
r

sZ

∂12

2

µ
r

sZ

∂6∏
for r . rc ,

0 for r , rc ,

(7)
where r denotes the distance between the axis of t
channel and the center of the tetrafluoromethane molec
The cutoff is atr  rc ; sZy 6

p
2, where the potential

has its minimum. The parametersZ is related to the
channel diameterd by

d  2sZ 1 sCF4 , (8)

and, with d  0.73 nm [6,10], becomessZ  0.13 nm.
To reflect the periodic structure of the zeolite lattice,sZ

is assumed to vary periodically:

sZ  sZ,0 1 DsZ cos

µ
2pz

l

∂
. (9)

Because of the fact that there are two 12 rings in a u
cell of length c  0.84 nm, the periodicity was set to
l  cy2  0.42 nm. The calculations were carried ou
with three different values for the amplitudesDsZ 
0.010, 0.015, and0.025 nmd. Figure 2 shows the results
of the MD simulation carried out at 180 K for a relativ
occupancyu  0.11 corresponding to a concentrationc
of 0.2 molecule per unit cell.

After the initial ballistic phase withkz2l ~ t2 there is a
broad transition region to the final dependencekz2l ~

p
t.

The transition to the long time behavior is controlle
by two processes: the transition from deterministic
diffusional behavior of a particle which does not intera
with other particles and the onset of the single-fi
behavior. If the onset of these processes occurs
different time scales, one would expect an extended reg
with kz2l ~ t [26]. However, in the considered case, th
transition times for both processes are of the same or
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FIG. 2. Mean square displacement of CF4 in a model single-
file system with three different amplitudesDsZ at 180 K as
a function of the observation time at a relative occupan
u  0.11 (corresponding to 0.2 molecule per unit cell) obtain
by MD simulation.

of magnitude, and there is a continuous transition in
time behavior to the final dependence.

It is noteworthy that already this simple appro
imation for the zeolite potential yields not only th
predicted time dependence but also a mobility fac
F of the same order of magnitude as found in t
experiments. The mobility factors obtained in the sim
lation are F  3.5 3 10212, 1.6 3 10212, and0.7 3

10212 m2 s21y2 (with decreasing mobility factorF for
increasing amplitudeDsZ), and the free-particle diffusion
coefficients D calculated from them via Eq. (5) ar
2.8 3 1026, 0.6 3 1026, and0.1 3 1026 m2 s21. The
obtained results compare well with the measured va
of F  1.5 3 10212 m2 s21y2 presented in Table I, and
even the smallest simulated value for the mobilityF
yields a diffusivityD for infinite dilution which is much
larger than the experimental values found in zeolites w
three-dimensional channel structure. The high tran
tional mobility of noninteracting molecules in AlPO4-5 as
resulting from an analysis of the PFG NMR data on t
basis of Eq. (5) is thus completely confirmed by the M
simulations.
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