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Diffusion of a Mixture of Methane and Xenon in Silicalite: A Molecular Dynamics Study
and Pulsed Field Gradient Nuclear Magnetic Resonance Experiments
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The diffusion of a mixture of methane and xenon in the zeolite silicalite is studied by use of molecular
dynamics (MD) simulations and pulsed field gradient (PFG) nuclear magnetic resonance (NMR). For a fixed
total number of guest molecules, the ratio of xenon to methane is varied in order to examine the special
properties of diffusion in a mixture. High xenon concentrations were found to slow the methane diffusivity
in the mixture, while the diffusion of xenon is nearly unaffected by high methane concentrations. The reason
for the dominance of xenon is the larger local heat of adsorption of xenon and the larger mass of xenon
compared to methane in combination with channel size and topology in silicalite. Simulated and experimental
data are in very good agreement with each other. Diffusion anisotropy as resulting from the MD simulations
is discussed in terms of the correlation rule for diffusion in the interconnected pore system of ZSk§jér(Ka

J.J. Phys. Cheml1991, 98, 5558).

1. Introduction Y

Zeolites have become an attractive model system for molec- : [/
ular diffusivities in porous media. The numerous technical 2T
applications in chemical industries as, e.g., molecular sieves,
catalysts, or ion exchangémre of practical interest, while from s|
the theoretical point of view their well-defined crystal structure R U BN
makes them very interestirig. bzl A

MD simulations have proven to be a helpful tool in d
understanding diffusion phenomeha.The MD simulations are Z
able to monitor the local process of molecular migration, being Figure 1. Schematic view of the channel system within one unit cell
unaccessible by any experimental technique, and allow param-of silicalite.
eter variation over wide ranges with very little costs. This makes

MD simulations a useful supplement to experiments. because previous studies in silicalite with rigid/flexible frame-
work led to similar results with regard to the diffusion
2. Lattice of Silicalite coefficient®11

Silicalite is the aluminum-free and therefore cation-free
variant of the zeolite ZSM-5. The symmetry group of silicalite

is anawith6 cell parameters. = 20.07 A-b, =19.92 A, and All interactions are modeled by % Lennard-Jones (LJ)
c=13.42 A._ In S|I|c§1I|te there is athr_ee-dlmensmnal chgnnel pair potentials using the form

network, which consists of only two kinds of channels (Figure

direction with its main component but has an oscillating i F

component parallel to the direction. These two kinds of

1). One type, called straight channel, is parallel to the
channels are connected to each other at intersections whichwherei,j indicate the interacting particles with the distamge

3. MD Simulations

direction. The other one, called zigzag channel, followsxhe U = 4e

1)

enable displacements indirection to follow the pattzl, s, 22 € is the minimum of the potential, and(o) = 0. As in silicalite
in Figure 1. The two channels have a similiar size, the straight there are no cations, no electrical charges occur, and we neglect
channels with a slightly elliptical cross section of 535.6 any electrostatic interactions. Methane is approximated by a

A2 and the zigzag channels, 5<15.5 A2, As the diffusants one-center LJ potential, because this spherical potential has been
considered in this study are smaller than the channel diametersshown to be a good approximation to a five-center LJ potéatial
anomal diffusion, which was observed for channel sizes and it makes the simulation less time-consuming. The LJ
aproximately equal to the size of the diffusahtshould not parameters used are given in Table 1. The LJ parameters for
occur. Contrary to A zeolites the system is therefore not very silicon—guest lead to a substantially weaker interaction than
sensitive to small changes either in the structure or in the those for oxygerguest. Furthermore, this interaction is
interaction parameters. Accordingly we used a rigid framework screened by the oxygen atoms, so we neglected the influence
of the silicon atoms, as is usually done in MD simulations of
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TABLE 1: Lennard-Jones Interaction Parameters 20
CH,~O CH;—CH; CH;—Xe Xe—Xe Xe-O e

i (A) 3.214 3.730 3.897 4.064  3.296
e (kd/mol)  1.108 1.230 1.517 1.870  1.679 151

4 0O ©O
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N« x

The LJ parameters are taken from the literature wherever
possible. For Xe-Xe and Xe-O they are taken from ref 13.
For CH,—CH4 and CH—O there is a wide variety of parameters
in the literature® Since there is no convincing argument for
one special set of parameters, we choose an intermediate set 5t °
introduced by Goodbody et dP,which was also used by
Maginn et al*> In contrast to the case of the cation-free LTA ¢
zeolite}* the diffusion of the considered guest molecules in 0 . . v T
silicalite should not be very sensitive to the choice of the 0 4 8 12 16 20
parameter set because there are no narrow sites in the lattice
like the windows between different cages in the LTA zeolite.
To get consistent values for parameters of the interaction Figure 2. Mean elements of the diffusion tensor and the mean
between xenon and GHwe calculated them using the rule of ~ diffusivity for pure methane for different loadings.
Lorentz—Bertheloti®
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3.1. Technical Details. The simulations were done using
the velocity Verlet algorithiiY with a time step of 10 fs. Each
run contained a thermalization part of 10 000 steps (100 ps) 1
and an evaluation part of 500 000 steps (5 ns). The size of the
MD box was varied in such a way that it accommodated 128 v o
guest molecules for a loading of 4, 8, and 16 molecules per ) M v M
unit cell and 144 guest molecules for a loading of 12 molecules 0 4 8 12 16 20
per unit cell. The simulations were carried out for temperatures ) ) )
of 300 and 150 K. The constance of temperature was ensured Concentration / particles per unit cell
by a weak coupling to an external bath according to ref 18. In Figure 3. Mean elements of the diffusion tensor and the mean
that work, this algorithm was shown to leave the velocity diffusivity for pure xenon for different loadings.
autocorrelation function unchanged even for much stronger
couplings than implemented in this work. As the diffusion
coefficient can be calculated by integrating the velocity auto-
correlation function, it is not influenced by this algorithm. The
MD program (Fortran) runs on a Cray M94 and on a Cray J90
of the HLRZ at the Forschungszentrurilidh. We calculated
the diffusion coefficients for the three main directiony, and
zand a mean diffusion coefficieBt = ¥/3(Dy + Dy + D;) using
the first four moments of displacement according to ref 19.

3.2. Results of the Simulations. The simulations were

N
4 o o
O 0 oo
N

D /10 m%/s
0

fastest diffusion takes place in tlyairection, about one-third
smaller is the diffusivity in thex direction, and much slower is
the diffusion inz direction (more details are given in section
3.4). These results are in good agreement with literature data
of computer simulatiod812 and are presented here to verify
the computational model.

3.2.2. Diffusion in the Mixture The results of the simulation
of the binary mixture are shown in Figures-&. In all cases
carried out at two temperatures. Fbe= 300 K, we calculated under study the methane diffusion is s_Iowed dramatica_llly o_lue
the whole range of loadings mentioned in section 3.1.T At to the presence of xenon atoms, while the xenon diffusion
150 K, we calculated runs for a loading of 8 molecules per unit d€Pends mainly on the total number of guest molecules and
cell to be able to compare the simulations with the experiments. ShoWs only a slight dependence on the composition of the
These results are given in section 4.2. Unless otherwise quotedMixture. In the mixture, xenon diffusion shows a clear decrease
in this section we refer to the simulations at room temperature. With increasing xenon concentration at constant overall con-
Some of the results a = 300 K were previously published in ~ centration only at the highest loading.
ref 20. At all loadings, the methane diffusion slows down with

3.2.1. Pure AdsorbentsFigures 2 and 3 show the depen- increasing xenon content; at first more or less linear up to at a
dence of the diffusion coefficient of pure methane and pure xenon loading between 8 and 10 atoms per unit cell, the methane
xenon on the loading. In both cases there is the same qualitativediffusion is not significantly faster than the xenon diffusion.
behavior. The diffusion coefficient decreases with increasing For the rest of the plot, the diffusion coefficient of methane
loading. This behavior may be easily referred to more frequent follows that of xenon. In fact, by blocking the channel system,
changes in the direction of molecular motion because of more the xenon atoms may be considered to terminate the movement
frequent collisions. As to be expected, in all cases the time of the methane. This behavior is qualitatively identical for all
dependence of the investigated moments follows normal dif- loadings and all directions. The occurring differences in the
fusion. Due to the anisotropy of the channel system, the shape of the plot are mainly of a quantitative nature due to the
different directions show different diffusion coefficients. The dependence of the diffusion coefficient on the total loading.
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Figure 4. The single-component diffusion coefficientsTat= 293 K Figure 7. Single-component diffusion coefficients at= 293 K for

for different mixtures of xenon and methane with a constant overall different mixtures of xenon and methane with a constant overall loading
loading of 4 particles per unit cell (arithmetic mean of the diffusivities of 16 particles per unit cell (arithmetic mean of the diffusivitiesxjn

in X, y andz directions). y, andz directions).

60+ o
o o}

Methane
o Xenon

presence of methane, while methane is very strongly influenced
by xenon. This result is in contrast to the behavior of the quite
similar system of methane/tetrafluoromethane in silicafite
that system both components exhibit similar behavior. Although
CF,is less mobile than Ckithe diffusivities of both components
are found to depend on each other in a similar manner.
3.3. Variation of the Computational Parametershe slower
o diffusion of xenon in comparison to methane has two reasons.
On one hand xenon atoms are heavier than methane molecules
(mass ratio 131:16), which leads to a lower mean velocity at
the same temperature. On the other hand the interaction with
oxygen is much stronger. The parameter of the XeO
interaction is about 50% larger than that of the £1®
interaction, while ther parameters are nearly identical (Table
1). This leads to a larger local heat of adsorption and therefore
Figure 5. Single-component diffusion coefficients at= 293 K for to less frequent crossings of the local energy barriers. To
different mixtures of xenon and methane with a constant overall loading giscriminate the relative importance of these two possible
g;gfgirrt'ecclﬁz rf’se)r unit cell (arithmetic mean of the diffusivitiesdry, reasons, we took advantage of the possibility of MD simulations,
' to vary either of these influences separately from the other. We
5 T . carried out simulations with binary mixtures of methane and
two artificial species, which we called pseudo-xenonl and 2.
Pseudo-xenonl has the same mass as xenon but the LJ
parameters of methane, while pseudo-xenon2 has the LJ
parameters of xenon but the mass of methane. If one of the
af ° ] reasons is dominating, both simulation series should show
different habits. Both reasons turned out to be of similar
importance. Figures 9 and 10 show that in both cases the plots
° are qualitatively similar to that in Figure 13; only the diffusion
of the two pseudo-xenons is faster than the diffusion of real
° ] xenon, because one of the two reasons slowing down diffusion
g is eliminated.
3.4. Anisotropy of Diffusion. Due to the special channel
0 2 . 12 system, the diffusion in silicalite is anisotropic. The ratio of
the different diffusion coefficient,, Dy, and D, is not
independent of the physical situatiody is always bigger than
Figure 6. Single-component diffusion coefficients t= 293 K for Dx and the mean value of the ratio B3/Dy ~ 0.66 for most
different mixtures of xenon and methane with a constant overall loading physical situations. Only for the highest loading (16 guest
of 12 particles per unit cell (arithmetic mean of the diffusivitiesxjn molecules per unit cell) did we find a significantly lower value
y, andz directions). of DDy ~ 0.22 for xenon at all compositions of the mixture
and for methane in the mixtures with high xenon content, i.e.,
Altogether the behavior of the two components in the mixture in the xenon-dominated mixtures. As diffusion in thdirection
is not of the same kind. The binary diffusion is clearly is composed of diffusion steps in the other two directions, the
dominated by xenon, because xenon is nearly unaffected by themain elements of the diffusion tensor cannot be independent
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Figure 8. Mean elements of the single-component diffusion tensor at
T = 293 K for different mixtures of xenon and methane with a constant
overall loading of 16 particles per unit cell.
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Figure 10. Mean diffusion coefficients of methane and pseudo-xenon2
for a total concentration of 8 particles per unit cellTa= 150 K.

For a quantification of deviations from the correlation rule,
we use the parameter

¢/,

p= (a°/D,) + (b°/D,)

(%)

as introduced in ref 22.6 = 1 would mean that the basic
assumption of the correlation rule is fulfilled, i.e., that molecules
passing an intersection continue their diffusion path independent
of how they got to this intersection3 > 1 has to be interpreted

as a preferential continuation of the diffusion path in one and
the same channel type, whijfe< 1 indicates that the molecules
prefer to switch from one channel type to the other.

We calculategh separately for the components of the mixture
for all the simulation runs (Figure 11). We plotted the values
for different physical situations in one histogram, since there
was no perceptible trend in tifevalues with either temperature

from each other. Under the assumption that the propagationor |oading, so we have accumulated the results in order to
of the particles from channel intersection to channel intersection improve the statistics. Only for the highest loading (16 guest

is independent of their previous diffusion path (Markovian
process), one obtains the correlation tule

4

D

+

LI

a2
D, (4)

z

wherea,b,c are the unit cell lengths.

particles per unit cell) are there some hints that the distribution
of 8 gets closer to 1, but this is difficult to isolate because each
value for § represents a different model situation so that
fluctuations ing are not surprising. Figure 11 shows that the
values forf are spread over a relatively wide range of values
with the mean value situated gt= 1.2 for xenon and gt =

1.3 for methane. This indicates that there is a slightly enhanced
probability that the molecules continue their diffusion path
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was insufficient even with such efforts. The necessary adjust-
ment and the stability of the PFG NMR signal have been
guaranteed by the home-built PFG NMR spectrometer FEGRIS
4003° This spectrometer is working at a proton resonance
frequency of 400 MHz with a maximum field gradient amplitude
of 24 T/m. In our experiments we applied the Hahn echo
sequence with observation timAsbetweemA i, =0.8 ms and
Amax = 1.2 ms and signal widths betweég,, = 0.1 ms and
Omax = 0.46 ms. Equation 6 implies isotropy of the system
with respect to the direction of the applied magnetic field
gradient and homogeneity; i.e., the mobility of all molecules
within the sample is equal. In powder samples of crystallites
with anisotropic structure, such as silicalite, the molecular
mobility in the direction of the field gradient will be different

in different crystallites, caused by the different orientation with

through the same channel type, though eq 5) may still be respect to the magnetic field gradient. Thus, the NMR signal

considered to provide a good order-of-magnitude estimate.

4. Experimental Section

4.1. Methods. Pulsed field gradient (PFG) NMR® has
proven to be an effective tool to study intracrystalline zeolitic
diffusion32425 PFG NMR directly monitors molecular dis-
placements within adsorbatadsorbent systems. The most
favorable conditions for this method are provided'BlyNMR.

attenuation may be understood as a superposition of the
diffusivities in all possible directiori$

W(6,p) = %[ LG fllexp[ —y%0°g°A[D,, cos 6 +
D,, sir? 6 cog ¢ + D, sir 0 sir? ¢]} dg d(cos6) (8)

wherex, y, andz have been assumed to be the main tensor axes,

In the past few years PFG NMR has also been performed usingWhiCh are identical with the common crystallographic axes in

19F NMR 26 whose sensitivity is similar to that 8H NMR, as

well as13C NMR,27 13 NMR?28 and12°Xe NMR.2°
Measurement of molecular diffusion by use of PFG NMR is

based on the observation of the NMR signal attenuaiaafter

case of ZSM-5. Quantitative analysis shows that a deviation
from the simple exponential curve of isotropic diffusion can
only be measured if the spirecho attenuation is followed over

at least 1 order of magnitude. Therefore, a zeolite specimen

an appropriate sequence of radiofrequency pulses and inhomoWith'large crystallites'is required to make th(.)s.e deviations from
geneous magnetic field (field gradient) pulses. In an isotropic the ideal shape of signal attenuation negligibly small, which

system the echo attenuation obeys the reldfién

W= exp{—yzézgzD (A - g)] (6)
whered, g, andA denote the width, intensity, and separation
of the field gradient pulses andis the gyromagnetic ratio of
the nuclei. D is the self-diffusivity of the molecules under study,
which may easily be determined from the slope of the semi-
logarithmic plot of the spirecho attenuatiol versus §g)2.
From the self-diffusivityD the mean square displaceméif]

of the diffusing molecules can be obtained by the Einstein
equation:

[1°C= 6Dt (7)

An unambiguous observation of intracrystalline diffusion by
PFG NMR is only possible if the mean molecular displacement

during the observation time is much smaller than the mean

crystallite radius.

PFG NMR diffusion studies witf?°Xe NMR are complicated
by the small gyromagnetic ratio/[***Xe] = 7.4 x 10" T1
s1) with respect to that of hydrogery[tH] = 2.675 x 10°
T-1s1). This results in a signal reduction by a factor of 2.12
x 1072 compared to hydrogen. The natural abundance&%f
Xe is only 26.44%, which leads to a further proportional
reduction of the signal intensity. Altogether there is a reduction
in sensitivity of the NMR signal by a factor of 5.6 1073 in

are due to interference effects at the crystallite boundaries or
due to the intercrystalline space, i.e., due to notable contributions
from restricted and long-range diffusion to the signal decay.
Only if these conditions are fulfilled with a very high degree
of accuracy can all three main diffusion tensor elements be
calculated by eq 8. The silicalite crystallites in this study have
typical dimensions of more than 2@n in the smallest direction,
which is in fact parallel to the straight channels and therefore
the decisive length. The mean absolute displacement during
one scan can be calculated from the one-dimensional propagator.
We assume that the propagator is Gaussian

1 _eupt
P(xt) =—— (9
A 4rDt
so the mean absolute displacement
OC= " IXIP(xt) dx (10)
(x| = %\/ﬁ (11)
T

The maximum measured diffusion coefficient her®js.yx= 5

x 1072 m?/s and a typical duration of the measuremenk is-

1 ms. By the use of eq 11 we obtain an upper limit of the
mean absolute displacement of

comparison to hydrogen. To compensate this disadvantage it

is inevitable to accumulate the signal for a large number of single
measurements. In the present study, for one single point of

the spin-echo signal attenuation plot, usit&fXe NMR, up to

Ox/0< 2.5x 10 ®*m

These displacements are small enough to allow the determination

1000 scans were necessary to achieve a sufficient signal-to-of the mean valu&s(Dy + Dy + D,) of intracrystalline diffusion.

noise ratio aff = 152 K, while atT = 293 K the xenon signal

Furthermore, we extracted some information on anisotropic
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Figure 12. Experimental and simulated data for the mean diffusion
coefficient of methane and xenon in different compositionb &t293
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Figure 13. Experimental and simulated data for the mean diffusion
coefficients of methane and xenon in different composition¥ at
152 K (experiments) andl = 150 K (simulations) for a total loading
of 8 particles per unit cell.

diffusion, but we were not able to determine all the three tensor

elements with sufficient accuracy(see below).

Jost et al.

xenon diffusion. The measured absolute values of the xenon
diffusivities are higher than the ones from simulation (up to
twice the value), but the habit of the plot corresponds to the
results of the simulations. The xenon diffusivity is nearly
unaffected by the composition of the mixture.

As mentioned above, both the limited range of the observable
spin—echo attenuation and the finite contribution of long-range
and/or restricted diffusion prohibited a determination of the three
principal values of the diffusion tensor. The message on
anisotropy contained in the experimental data may, however,
be deduced by including simplifying assumptions on the relative
magnitudes of the principal elements. It is well-known from
the MD simulations and previous PFG NMR measurements of
diffusion anisotropy in silicalite/ZSM-3 that the diffusivity in
thez direction is much smaller than in thxg plane. The shape
of the NMR spir-echo attenuation is therefore mainly deter-
mined by the diffusivity in thez direction O, and the mean
value of the diffusivity in thexy plane, while differences between
Dy and Dy are of minor influence only. In fact, simulations
with magnitudes oDy and Dy varying in the range predicted
by the MD simulations have led to perceptable changes in the
spin—echo attenuation only beyond the experimentally acces-
sible range between 1 and 0.1. For the sake of simplicity, we
have therefore analyzed the spiecho attenuation by fitting
eq 8) to the experimental data with the secondary condiBipn
= Dy. In this way, from the PFG NMR measurements the
diffusivity in the z direction results to be 20%t5%) of the
mean value of the diffusivity in thgy plane. This result is in
perfect agreement with the prediction of the correlation rule (eq
4) as well as with the MD simulations.

Acknowledgment. We thank Professors H. Pfeifer (Leipzig),
M. Wolfsberg (Irvine, CA), A. Bell (Berkeley, CA) and M.
Schoen (Wuppertal) for many stimulating discussions. This
research is supported by the Deutsche Forschungsgemeinschaft
(SFB 294), the Fonds der Chemischen Industrie, the Max-
Buchner-Foundation, and the Efestleistungsrechenzentrum at
the Forschungszentruniliih by a grant of computer time.

References and Notes

(1) Karger, J.J. Phys. Chem1991, 98, 5558.
(2) Weitkamp, J.; Karge, H. G.; Pfeifer, H.; Hivich, W., EdsZeolites
and Related Microporous Materials: State of the Art 1984oceedings

The samples for the PFG NMR experiments were prepared of the 10th International Zeolite Conference Part B, Garmisch-Partenkirchen,
by heating 12 mm high layers of zeolites in a contracted sample July 1994; Elsevier Science B. V.. Amsterdam, 1995.

tube®? to ensure mechanical stability. The temperature was
increased at a rate of 10 K/h under vacuum. After maintenance

(3) Kéarger, J.; Ruthven, D. MUDiffusion in Zeolites and Other
Microporous SolidsWiley: New York, 1992.
(4) Allen, M. P.; Tildesley, T. SComputer Simulation of Liquigs

the samples at 673 K and a pressure lower than 0.01 Pa for 24Clarendon: Oxford, England, 1989.

h, the samples were loaded with a known amount of the

adsorbant and sealed off.
4.2. Results and Comparison with Simulations. The

results of the experiments are in very good agreement with the

results of the simulations. At room temperatufes 293 K
for the experimentsl = 300 K for the simulations; Figure 12)

the diffusion coefficients for methane are a bit lower than the 45,
simulated values, but they are already within the error bars (not

(5) Haberlandt, R.; Fritzsche, S.; Peinel, G.; HeinzingerMéleku-
lardynamik Vieweg: Braunschweig, Germany, 1995.

(6) Olson, D. H.; Kokotailo, G. T.; Lawton, S. L.; Meier, W. M.
Phys. Chem1981, 85, 2238.

(7) Chitra, R.; Yashonath, £hem. Phys. Lettl995 234, 16.

(8) June, R. L.; Bell, A. T.; Theodorou, D. N. Phys. Chem199Q
94, 8232.
(9) Demontis, P.; Fois, E. S.; Suffritti, G. B. Phys. Cheni99Q 94,
9

(10) Goodbody, S. J.; Watanabe, K.; MacGowan, D.; Walton, J. P. R.

shown), which are about 20% in experiment and 10% in the B.; Quirke, N.J. Chem. Soc., Faraday Trans991 87, 1951.

simulations. As mentioned above, xenon diffusion was not
measurable at room temperature. More important than the
agreement of the total values is the similarity of the shape of

(11) Fritzsche, S.; Wolfsberg, M.; Haberlandt, R.; Demontis, P.; Suffritti,
G. B. Manuscript in preparation.

(12) Schoen, M.; Hoheisel, @lol. Phys.1986 58, 669.

(13) Pickett, S. D.; Nowak, A. K.; Thomas, J. M.; Peterson, B. K.; Swift,

the plots. Methane shows the predicted behavior; the diffusion J. F. P.; Cheetham, A. K.; den Ouden, C. J. J.; Smit, B.; Post, M. B. M.

in the mixture slows down with increasing xenon content.
At low temperaturesT= 152 K for the experiment§,=150

K for the simulations; Figure 13) methane shows the same

Phys. Chenl99Q 94, 1233.

(14) Fritzsche, S.; Haberlandt, R.; igr, J.; Pfeifer, H.; Waldherr-
Teschner, MStud. Surf. Scil994 84, 2139.

(15) Maginn, E. J.; Bell, A. T.; Theodorou, D. N. Phys. Chemi993

behavior, but at this temperature it was also possible to measures7, 4173.



Diffusion of Methane/Xenon Mixture in Silicalite

(16) Hirschfelder, J. O.; Curtiss, C. F.; Bird, R.Bolecular Theory of
Gases and LiquidsJohn Wiley and Sons: New York, 1954.

(17) Verlet, L.Phys. Re. 1968 165, 201.

(18) Berendsen, H. J. C.; Postma, J. P. M.; Gunsteren, W. F. van; DiNola,
A.; Haak, J. RJ. Chem. Physl984 81, 3684.

(19) Fritzsche, S,; Haberlandt, R.; igr, J.; Pfeifer, H.; Wolfsberg,

M.; Heinzinger, K.Chem. Phys. Lettl992 198 283.

(20) Jost, S.; Fritzsche, S.; HaberlandtGhem. Phys. Letl997 279
385.

(21) Snurr, R. Q.; Keger, J.J. Phys. Chem. B997, 101, 6469.

(22) Maginn, E. J.; Bell, A. T.; Theodorou, D. N. Phys. Chenml996
100, 7155.

(23) Callaghan, P. TPrinciples of Nuclear Magnetic Resonance
Microscopy Clarendon: Oxford, England, 1991.

(24) Rees, L. V. C. InZeolites and Related Microporous Materials:
State of the Art 1994Proceedings of the 10th International Zeolite
Conference Part B, Garmisch-Partenkirchen, July 1994; Elsevier: Amster-
dam, 1995; p 1133.

J. Phys. Chem. B, Vol. 102, No. 33, 1998381

(25) Ruthven, D. M. IrZeolites: A Refined Tool for Designing Catalytic
Sites Proceedings of the International Zeolite Symposium, Quebec, 1995;
Bonneviot, L., Kaliaguine, S., Eds.; Elsevier: Amsterdam, 1995; p 223.

(26) Kager, J.; Pfeifer, H.; Heink, W.; Rudtsch, S.; GrossJUrluorine
Chem.1988 39, 349.

(27) Schwarz, H. B.; Ernst, S.;'Kger, J.; Knorr, B.; Seiffert, G.; Snurr,
R. Q.; Staudte, B.; Weitkamp, J. Catal. 1997 167, 248.

(28) Ba, N.-K.; McDaniel, P. L.; Coe, C. G.; Seiffert, G.; ¥ger, J.
Zeolites1997, 18, 71.

(29) Kager, J.; Pfeifer, H.; Stallmach, F.; Feoktistova, N. N.; Zhdanov,
S. P.Zeolites1993 13, 50.

(30) Kager, J.; Ba N.-K.; Heink, W.; Pfeifer, H.; Seiffert, GZ.
Naturforsch. A1995 50, 186.

(31) Kager, J.; Pfeifer, H.; Heink, WAdv. Magn. Res1988 12, 1.

(32) Ba, N.-K.; Karger, J.; Krause, C.; Seiffert, @. Magn. Reson. A
1995 113 278.

(33) Hong, U.; Kager, J.; Pfeifer, H.; Mleer, U.; Unger, K. K.Z. Phys.
Chem.1991, 173 225.



