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Molecular dynamics simulation of129Xe adsorbed in the AlPO4-11 molecular sieve has been carried
out in the constantNVT ensemble atT5300 K. The host material was modeled as a fully dynamic
framework. Single-particle and pair distribution functions of the adsorbed gas in the unidirectional
channels of the material with different adsorbate loadings are presented. Self-diffusion coefficients,
DXe , have been calculated for the dynamics of the adsorbates between the adsorption cells in
AlPO4-11. The dynamic framework is shown to decrease the effective potential barrier for
intercellular jumps. An estimate is given for the jump frequency. The NMR chemical shifts of129Xe
were evaluated using parametrizations based on first principles calculations of Xe–Xe and Xe-OH2

model systems. No adjustable parameters were used to improve agreement with experimental
results. The results of a phenomenological three-site dynamic averaging model proposed earlier by
others were reproduced with a good accuracy using chemical shift parameters from gradient
corrected density-functional theory. Finally, the approximations inherent to the present
computational approach are discussed. ©1997 American Institute of Physics.
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I. INTRODUCTION

Microporous solids contain networks of interconnect
channels and cavities of different shapes and sizes, and
thus capable of adsorbing guest atoms and molecules.1 These
materials are used in a variety of industrial applications s
as molecular sieves, adsorbents, catalysts, and ion exch
ers. Aluminophosphate molecular sieves consist of link
TO4 tetrahedra, where aluminium and phosphorus altern
as T atoms.2

Noble gas atoms probe the local properties of their
vironment by showing a response in their nuclear magn
resonance~NMR! parameters.3 129Xe ~spin 1

2! has become the
most popular nucleus, mainly due to the sensitivity of t
chemical shift,dXe5s ref2sXe ,of the shielding constants to
the properties of the surroundings.4–6 The shift referenced to
the free Xe atom is a sum of the medium-induced contri
tions from dynamical collisions and interactions with loc
electromagnetic fields, which cause deformations in the o
electronic shells. The application of129Xe NMR in the study
of microporous solids, pioneered by Fraissard and Ito7 and
Ripmeester,8 has lately been reviewed by Barrie an
Klinowski.9

The pore space of the AlPO4-11molecular sieve consist
of unidirectional, elliptically shaped channels. The ba
structural units are stacked rings with ten oxygen and te
atoms in each.10 These rings are rotated by 180° around t
channel axis from one layer to the next. Two adjacent
rings enclose an adsorption cell of the size that allows
accommodation of only one Xe atom at a time. The129Xe
chemical shift as a function of the adsorbate loading

a!Author to whom correspondence should be addressed. Electronic
Tapio.Rantala@oulu.fi
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AlPO4-11 has been measured by Springuel-Huet a
Fraissard11 and Ripmeester and Ratcliffe.12 In these measure
ments a strong, loading-dependent anisotropy of the shi
ing tensor was found. The loading dependence has bee
terpreted by using a three-site dynamic averaging mode12

The Xe exchange rate between the sites, i.e., cells with
ferent occupation of the neighboring cells, is assumed to
fast at room temperature.

Detailed atomic level information of the structural an
dynamic properties of adsorbates confined in micropor
solids is available from computer simulations.13 Many simu-
lations have been performed for different adsorbates in
variants of zeolite A~see Refs. 14 and 15 and referenc
therein!. On the contrary, we are not aware of any simulati
studies of AlPO4-11. Usually a rigid zeolite framework16 has
been used, which very effectively reduces the simulat
time necessary to obtain adequate sampling of the ph
space available to the system.

Jamesonet al.14 found a very good agreement ofdXe in
the NaA zeolite between their experiments and grand can
cal Monte Carlo simulations. In the latter the medium
induceddXe was calculated using a parametrization based
pairwise additive shift contributions from interactions b
tween the probe Xe atom and the other atoms in the sys
The intermolecular binary chemical shift functions,dXe

a (r )
5sXe(`)2sXe(r Xe2a), i.e., the probe shift caused by an
other atom or moleculea at the distancer ,were obtained
from ab initio calculations17,18 for the Ar atom in the pres-
ence of either another Ar atom, sodium ion, or water m
ecule~with the direction of approach of the rare gas towa
the oxygen atom in OH2). The curves were scaled for th
larger Xe atom based on the Drude model for intermolecu
shielding effects19 and the observed empirical scaling tren
il:
7/107(16)/6470/9/$10.00 © 1997 American Institute of Physics
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6471Kantola et al.: 129Xe adsorbed in AlPO4-11
of chemical shifts across the periodic table.17

Despite that pairwise additivity is known not to hold
high density media,4,5,20 it has often been applied for chem
cal shifts of adsorbed rare gas atoms in micropor
solids14,17,21,22 and liquids.23 This is justified, e.g., by the
comparison ofab initio nuclear shielding calculations for th
Ar2 and Ar3 systems17 and the results of the three-site mod
for dXe in AlPO4-11.12

The effect of the rigid framework approximation on th
simulation results is still a partially open question. There
an increasing amount of evidence indicating that the fram
work dynamics is a significant factor in determining the a
sorption properties.15,16,24–26The effects of the dynamic cag
on the NMR chemical shift of an adsorbate is, likewise, e
pected to be sizable, in particular for such tightly confin
systems as Xe in AlPO4-11.

We have performed a molecular dynamics27 ~MD! simu-
lation of Xe atoms in the AlPO4-11 molecular sieve. Differ-
ent adsorbate loadings were studied by investigating ch
nels with differing filling ratio. We employ a fully dynamic
cage: The dynamics of the framework atoms and adsorb
are treated on an equal footing. The structures were si
lated in the canonical ensemble~constantNVT) at T5300
K. We report data both on the structural and dynamical pr
erties of the adsorbates. The single-particle distribution
pair distribution functions, self-diffusion coefficients (DXe)
and cell-to-cell jump rates, along with the potential barr
for the cell-to-cell jump are examined.

The host-guest and guest–guest interactions are s
tively reflected bydXe , which has been calculated here wi
no adjustable parameters, following the procedure of Ja
son et al.14 To produce the binary shift curves, we carrie
out first principles electronic structure calculations for t
129Xe chemical shift in Xe–Xe and Xe-OH2 systems. By
calculating the shifts directly for the target atoms~Xe! we
avoid the need for the empirical scaling procedure,17,18 and
consequently are able to test it. Parametrizations resu
from the Hartree–Fock~HF! and two exchange-correlatio
functionals of the density-functional theory~DFT!28 are
compared.

II. SIMULATION MODEL

The (AlPO4)20 unit cell is body-centered orthorhomb
~space groupIcmm) with a513.5348 Å,b518.4807 Å, and
c58.3721Å. The simulation model consists of four (231
32) unit cells and periodic boundary conditions. The p
mary simulation box contains four channels and four adso
tion cells per channel. It is illustrated in Fig. 1. Initial atom
coordinates were obtained from Bennettet al.10 The adsor-
bate loading was chosen to be 0, 1, 2, and 3 Xe per chan
to simulate low, medium, and high loading situations. W
adopt the notationnXe/+, n50, 1, 2, and 3 corresponding t
the channel filling ratios of 0, 1/4, 1/2, and 3/4, respective
For 3Xe/+,only one cell in the channel direction is free at
given instant. The Xe atoms are not able to pass each oth
the channels. The centers of the channels are 11–12 Å a
a distance at which the guest–guest interaction is negligi
J. Chem. Phys., Vol. 107, N
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The parameters for the interatomic potential were o
tained from two sources. The framework~Al/P!-O parameter
are due to Burchart29 as implemented in the Cerius2

software.30 Bond, torsion, inversion, Urey–Bradley, electr
static, and van der Waals interaction terms are included.

It has been customary to use an effective potential
tween the guest and the oxygen atoms of the host materi
represent the guest-host interaction.14–16 Forces from other
adsorbates are calculated separately, however. The inte
tions were taken to be the same used by Jamesonet al.14

Their fitted form of the Xe–Xe potential~originally due to
Aziz and Slaman31! was further fitted using Boltzmannia
weighting to the exponential-6 form

V~r !5D0H F S 6

g26Deg S 12
r
r 0

D G2F S g

g26D S r 0

r D 6G J ~1!

available in the software. In Eq.~1!, D0 and r 0 are the well
depth and distance parameters of the interaction. The pa
eter g is a scaling factor that makes the exp-6 form mo
flexible than the Lennard-Jones potential. We have c
firmed that our fit describes very well the original potential31

For the Xe-O interaction we used potentials of the Lenna
Jones 12-6 form

V~r !5D0H S r 0

r D 12

22S r 0

r D 6J , ~2!

with parameters giving the same potential as that used
Jamesonet al.14 The final potential parameters are listed
Table I.

We used the Ewald summation method27 for electrostatic
and dispersion interactions. The integration time stepDt was
chosen by requiring conservation of the total energy in

FIG. 1. The four unit cell simulation model of AlPO4-11. ~a! A view almost
along the direction of the channel, and~b! perpendicular to the channel. On
of the adsorption cells is emphasized with thick bonds. The depicted ad
bates identify some of the potential energy minima inside the adsorp
cells.
o. 16, 22 October 1997
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6472 Kantola et al.: 129Xe adsorbed in AlPO4-11
microcanonical (NVE) reference trajectory. The Nose´–
Hoover heat-bath32 variable ~called relaxation time in the
software! tT was chosen by comparing the temperature fl
tuations of aNVE trajectory and severalNVT trajectories
with varying values fortT . Relaxation time is a paramete
that controls the strength of the coupling between the sys
and the thermal bath. We chose the valuesDt51 fs and
tT530 fs. The summed Verlet algorithm30,33,34was used for
numerical integration. The potential cutoff radius of 12.2
was utilized, and snapshots of the trajectory were save
intervals of 25 fs. The trajectory was first thermalized f
100 ps, followed by 390 ps of production run.

The Cerius2 simulation software by Molecular Simula
tions, Inc.,30 was used. The program was run on SGI Pow
Challenge and Indy platforms.

III. 129Xe NMR CHEMICAL SHIFT

The nuclear shielding of a probe atom in a medium w
densityr is often expressed as a virial expansion17,35

s~r,T!5s01s1~T!r1s2~T!r21•••. ~3!

The assumption of pairwise additivity corresponds to
glecting terms after the one linear in the density.36,37 The
parameters0 is the shielding constant of the atomin vacuo
and the term involvings1 ,the second virial coefficient o
shielding17,35

s1~T!524pE
0

`

drr 2d~r !exp@2V~r !/kT#, ~4!

arises from pair interactions~with the potentialV) between
the probe and a species in its surroundings. The form of
~4! assumes interaction between two atoms as it specifies
chemical shift surface in terms ofr only. For molecules, in
general, both the interaction potential and the binary s
function are functions of more than one variable. In a mu
component system the generalization of Eq.~3! is straight-
forward: There will be a term linear inra for each speciesa
present, multiplied by the correspondings1

a(T).
Effective interaction from the oxygen lattice sites a

other adsorbate atoms only is adopted here for the129Xe
NMR chemical shift. The present first principle
calculations38 of dXe

a (r Xe2a)5sXe(`)2sXe(r Xe2a) (a5Xe
and OH2) were performed usingGAUSSIAN 94 software39,40

with GIAO ~gauge-including atomic orbital!41–43 HF and
GIAO DFT methods~the use of DFT was already suggest
in Ref. 36!. In the latter, both local density~SVWN44! and
the gradient corrected BPW91 functional~exchange by
Becke45 and correlation by Perdew and Wang46! were uti-

TABLE I. Potential parameters used in the simulation.

Interaction Potential form D0 (10221 J! r 0 ~Å! g

Xe–Xe exp-6 3.893 4.3563 14.730
Xe-O LJ 12-6 2.995 3.7826
J. Chem. Phys., Vol. 107, N
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lized. The total of 11–12 distance values were used at
relevant separation range for each pair. The data were le
squares fitted to the functional form

d~r !5A/r p~r !,
~5!

p~r !5c01c1r 1c2r 21c3r 31c4r 41c5r 5.

No physical interpretation of this form is being implied; it
rather used as an accurate and stable means of reprod
the calculated data numerically.

The average chemical shift of the129Xe probe species
was determined from the MD trajectory as

dXe5(
a,i

^dXe
a ~r Xe2ai

!&, ~6!

where the summation runs over all neighborsai of the probe:
We usei as the index of the atom of elementa. The angular
brackets denote time and ensemble averaging. The bi
chemical shift curves were cut and shifted27 at the distance of
8.3 Å. The method of group averages was used for estim
ing the errors of the chemical shifts. The analyzed traject
was divided intok groups ofm data. The standard deviation
of the k group averages yield the standard errors of me
~SEM! of the groups, from which the SEM of the whol
analyzed data can be calculated. Several values fork were
tested and the valuek520 giving the largest error was se
lected.

In a preliminary report of the present work22 we used
chemical shift curves calculated using SVWN to obtain t
Xe–Xe and Xe-OH2 interaction contributions in a shorte
and slightly different MD simulation.47

IV. RESULTS AND DISCUSSION

A. Structure

Single-particle distribution functions~SDF! were ob-
tained for Xe in a three-dimensional grid cast over the sim
lation cell. SDFs give the probability of finding the targ
atom in the volume~0.33 Å)3 enclosed by each of the gri
cells. They can be used to identify the Xe adsorpti
maxima. Contour plots of the Xe SDFs projected to the pla
of the channels with different loadings are shown in Fig.
The free opening of the channel is shown by the width of
contours. The contours clearly show that Xe spends its t
in the adsorption cells between the connecting 10-ring ne
Contrary to the case of solids with larger cavities, whe
adsorbates prefer to remain in the vicinity of the chan
walls and leave the center of the cavity empty, the small c
of AlPO4-11 represent a situation where the Xe occupation
maximal at the center of the cell.21,48

Pair distribution functions~PDF! were calculated for the
pairs Xe-O and Xe–Xe. They are shown in Fig. 3 for cha
nels with different loadings. The well-defined pattern of t
Xe-O PDF reflects the periodicity of the 10-ring network. A
expected, Xe loading does not have an effect on the ove
shape of the pair distribution function. Each Xe occupies
own cell regardless of channel loading. The three maxima
the PDFs in Fig. 3, as well as the shoulder between
o. 16, 22 October 1997
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6473Kantola et al.: 129Xe adsorbed in AlPO4-11
second and the third one, can be attributed to oxygen at
in different configurations with respect to a Xe atom lying
the potential energy minimum of an adsorption cell. The fi
PDF maximum is mainly due to the nearest oxygens in
two 10-rings forming the particular adsorption cell, where
the rest of the oxygens in these rings~on the other side of the
cell! contribute to separations between the first minimum a
the second maximum. The atoms bridging the 10-rings
form the cell in question lie either at the area of the steep
ascent of the first maximum, and, across the cell, near
second minimum. The second maximum is caused by
bridge oxygens between adjacent channels, arranged d
nally and horizontally in Fig. 1. The main contribution to th
shoulder comes from the next 10-ring layers along the ch
nel. Finally, the third maximum is due to the oxygens in t
10-rings of the neighboring channel that is closest to
potential minimum in question, as well as ones that bridge
the next channel across the cell.

The Xe–Xe PDFs for the 2Xe/+ and 3Xe/+ channels
appear very similar. However, the initial increase of t
function towards its first maximum occurs slightly earlier
the more dense 3Xe/+ channel. The beginning of the secon
maximum is, expectedly, more pronounced for 3Xe/+ than
2Xe/+.

B. Adsorbate dynamics

The motion of Xe between the adsorption cells can
characterized as jumps followed by longer periods of re
dence in the cell.12 The activation energy,Ea , for the inter-
cellular event, calculated as the potential experienced by
adsorbate, is ca. 1500 K estimated by keeping the framew
atoms fixed in the experimental structure10 and moving the

FIG. 2. Single particle distribution maps of129Xe in the channels of
AlPO4-11 at 300 K with different loadings, projected to the plane of t
channels. The horizontal notches on the right denote the location of
10-rings. Two zigzag paths between potential energy minima are visua
on top of the 1Xe/+ distribution. An actual Xe trajectory during an interce
lular jump in the 2Xe/+ channel is also shown. The contour with the lowe
density connects the grid cells that are visited once in the production tra
tory, corresponding to the average density of 0.002 atoms/Å3. The next four
lines correspond ton30.028 atoms/Å3, n51, 2, 3, and 4, and the subse
quent lines aren30.14 atoms/Å3, n52, 3, . . . , 7. Distances are measure
in Å.
J. Chem. Phys., Vol. 107, N

Downloaded 25 May 2009 to 130.230.131.169. Redistribution subject to A
s

t
e
s

d
at
st
e
e

go-

n-

e
o

e
i-

he
rk

adsorbate along either of the two zigzag routes depicte
Fig. 2. For comparison, the energy barrier between the
potential minima within one adsorption cell is of the order
500 K. TheEa estimated from the potential experienced
the Xe adsorbates in the actual simulation of the dyna
cage model is, taking an average over all occurrences in
trajectories, 490 K for the 1Xe/+ loading, and ca. 620 K for
2Xe/+ and 3Xe/+ loadings. Thus a clear reduction in th
barrier height appears to result from the use of the dynam
framework. The effective barrier increases with the chan
filling ratio. An example of the Xe trajectory during an in
tercellular jump in the 2Xe/+ channel is shown in Fig. 2.

The z-coordinates~along the channel! of the Xe atoms
occupying the 2Xe/+ channel are shown in Fig. 4 as func
tions of time.

The libration movement along the channel has a hig
frequency as the Xe loading increases. A rough estimate
the frequency of cell-to-cell jumps can be obtained by cou
ing the number of such events during the course of the
jectory. In our simulations, this frequency,n jump, is roughly
33 GHz for 1Xe/+, 29 GHz for 2Xe/+, and 13 GHz for
3Xe/+, i.e., there is a decreasing trend as the Xe load
increases. There are only 3–13 jumps per atom per tra

e
ed

c-

FIG. 3. ~a! Xe-O and~b! Xe–Xe pair distribution functions in AlPO4-11 at
300 K for Xe atoms occupying channels with different loadings,nXe/+(n
51,2,3). The curves have been shifted vertically for clarity. Panel~b! in
arbitrary units.
o. 16, 22 October 1997

IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



th
s
th
n

st

e
n

00
.
io
-
-
th

t
c-
bo
s

th

d

p
o
o

o
ne
oo
em
d
re
n
o
ba
a

al
ith

on
ely
as-

k
r,

n

ns
in

e
ow-
he
sity
on

he
at

ziz-

ch
is-
aled
ed

es a
ion
pa-
ent

-
re

od
te

6474 Kantola et al.: 129Xe adsorbed in AlPO4-11
tory, thus no reliable averages are available, however. In
case of 1Xe/+, the duration of the intercellular jumps i
2.5–5 ps, whereas for channels with higher Xe loading
shortest duration decreases to 1.5 ps. The cell-to-cell tra
tion rate is, of course, high compared to the intercrystallite
exchange, the rate of which was eliminated by Ripmee
and Ratcliffe at 23 kHz.12

The frequency data above offer another, independ
way to estimateEa from the dynamics. The average libratio
frequenciesn0 are approximately 410, 480, and 500–6
GHz for the loadings ofnXe/+, n51, 2, and 3, respectively
With the observed cell-to-cell jump frequencies, the relat
n jump5n0 exp(2Ea /T) at T5300 K yields the activation en
ergies of 760, 840 and 1100 K forn51, 2, and 3, respec
tively. These dynamical estimates are somewhat higher
those based on the channel structure, given above. In
2Xe/+ and 3Xe/+ cases one likely reason for the lower stru
tural estimates is the fact that jumps to occupied neigh
cells are hindered by the Xe–Xe interaction. Neverthele
concerning the whole simulation we are able to conclude
the rigid host framework with its considerably higherEa ~by
a factor 2–3! would definitely lead to qualitatively altere
simulation data as compared with the present results.

The trajectories in Fig. 4 indicate that a cell-to-cell jum
of one Xe may induce a jump of the neighboring Xe to
regardless of whether Xe moves toward the neighbor
away from it. By comparing similar plots of the 1Xe/+ and
3Xe/+ channels~not shown!, it appears that this is true als
for the neighboring channels: An intercellular event in o
channel may induce a cell jump in the next channel, t
With the large distance between channel centers, it se
very unlikely that this phenomenon would be caused by
rect interactions, i.e., the Xe–Xe potential. Hence, we p
sume that the vibrating lattice transfers indirect interactio
between channels, and is most likely responsible for the
served effect. We have placed animations of the adsor
dynamics and the effective potential barrier along the ch

FIG. 4. The z-coordinates~along the channel in units ofc) of the Xe
adsorbates in the half-filled~two Xe atoms! channel of AlPO4-11 as func-
tions of time. The thinner curves represent the trajectories of the peri
images of the adsorbants. An arrow indicates the cell-to-cell jump illustra
in Fig. 2. The gridlines mark the approximate locations of the 10-rings.
J. Chem. Phys., Vol. 107, N
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nel direction for the 1Xe/+ and 2Xe/+ loadings available to a
web page.49

The self-diffusion coefficients,DXe , have been calcu-
lated from the mean square displacement~MSD! curve

2DXet5^uz~ t !2z~0!u2& ~7!

appropriate for the unidimensional diffusion50 of Xe in
AlPO4-11. TheDXe along the channel direction fornXe/+
(n51,2,3)are listed in Table II. TheDXe are obtained by
fitting the slopes of the MSD curves for the time interv
t55–20 ps. They show expectedly a decreasing trend w
loading.51 From purely structural considerations and also
the basis of our simulations, the Xe adsorbates are not lik
to be able to pass each other, and the diffusion can be
sumed to be of the single-file type.50 The relative shortness
of our trajectory~dictated by using the flexible framewor
model! precludes the identification of single-file behavio
however.50 Single-file diffusion would require a modificatio
of the left-hand side of Eq.~7! to 2FXet

1/2,where the factor
FXe is termed the single-file mobility.

C. 129Xe NMR chemical shift

The calculated parameters of the binary shift functio
are available on request. The shift functions are illustrated
Fig. 5. Both the Xe–Xe and Xe-O curves@panels~a! and~b!,
respectively# display remarkably similar behavior among th
different methods. The HF results are in both cases the l
est ones, while SVWN produces the largest shifts. T
BPW91 results are located between the HF and local den
ones. The empirically scaled curve for Xe–Xe by James
and de Dios17 resembles our HF results very much at t
larger separations, while deviating slightly upwards only
the low end.

A further proof of the validity of the empirical scaling
concept comes from the temperature dependence ofs1

Xe@Eq.
~3!#, for which accurate experimental data is available.5 Fig-
ure 6 displays this dependence calculated using the A
Slaman interatomic potential.31 Our fitted form of the Xe–Xe
potential function results in numerical differences whi
would be unnoticeable in the scale of the figure—this d
plays of the accuracy of our potential parameters. The sc
curve17 and our HF curve are almost exactly superimpos
over the full temperature range. At the highest temperatur
slight deviation is noted, however. This reflects the deviat
of the corresponding binary shielding curves at the low se
ration limit. These two curves are in excellent agreem
with the experiment from about 275 K up, while at low tem
peratures DFT, particularly the BPW91 functional, is mo

TABLE II. Simulated self-diffusion coefficients,DXe(1029 m2 s21), in the
AlPO4-11 molecular sieve at 300 K with different channel loadings.

Xe/+ Channel filling ratio DXe

1
1
4 6.5

2
1
2 2.6

3
3
4 0.9

ic
d

o. 16, 22 October 1997
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6475Kantola et al.: 129Xe adsorbed in AlPO4-11
successful. As only the deepest well region of the Xe–
interatomic potential is sampled at low temperatures, the
sult may be interpreted so that BPW91 provides a be
account for Xe shielding at the relevant pair separat
range. Increasing the temperature causes sampling of a w

FIG. 5. The binary129Xe NMR chemical shift functions for the differen
interaction pairs:~a! Xe–Xe and~b! Xe–O. The empirically scaled Ar–Ar
curve by Jameson and de Dios~Ref. 17! is also shown in~a!. The curves in
~b! have been obtained from calculations of the Xe–OH2 system.

FIG. 6. The temperature dependence of the second virial coefficient of129Xe
NMR shielding for the Xe–Xe interaction. The experimental~Ref. 5! and
empirically scaled~Ref. 17! theoretical Ar–Ar curves by Jameson and c
workers are also shown.
J. Chem. Phys., Vol. 107, N
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distance range, both toward smaller distances where la
shielding changes occur, and to larger ones where the ch
cal shift function has values close to zero. HF appears to
capable of better handling the shielding effects at the rep
sive region of the pair potential.

We now turn to the analysis of the present molecu
dynamics simulation trajectory in terms of Eq.~6! and the
calculated binary shielding curves. We emphasize that th
are no adjustable parameters in our approach.

The simulated trajectory can be partitioned in configu
tions of the adsorbates according to the number of neares
neighbors of each of the Xe atoms. There are th
possibilities.12 A Xe atom adsorbed in one of the cells o
AlPO4-11 may have neither, one, or both two of the neig
boring cells occupied by other Xe atoms. The distance
tween the adjacent channels is large enough to suppress
direct Xe–Xe interactions from affecting the chemical sh
Similarly, occupancy in the same channel but further than
the adjacent cells has very little influence. However, indir
interactions from distant adsorbates, mediated by the flex
cage, can be present in the data, as discussed already i
context of adsorbate dynamics.

We refer to the three configurations in the same man
as Ripmeester and Ratcliffe~RR!,12 thus sXes denotes a
configuration where Xe has no near neighbors~no Xe atoms
in adjacent cells!, sXeXe denotes a situation with on
neighbor and XeXeXe refers to those occasions when Xe
in between two Xe atoms. The simulated chemical shifts
each of these configurations are listed in Table III and sho
in Fig. 7. For comparison, the average chemical shifts of
Xe atoms residing in the three channels with different loa
ings (nXe/+, n51,2,3)are shown in Table III, too.52 The
sXes ‘‘site’’ occurs in both the 1Xe/+ and 2Xe/+ channels:
Although the former case is the dominating one, our simu
tion model with four successive cells along the channel
rection allows the existence of a configuration where t
sXes configurations arise in a channel with two adsorbat
Likewise, the 3Xe/+ channel contributes to thesXeXe con-
figurations~the more common character of the 2Xe/+ chan-
nel! twice in each simulation snapshot; there are two
stances of a Xe atom with one Xe neighbor for ea
configuration of three atoms occupying four sites under
riodic boundary conditions.

The Xe-O shift contributions can be assessed from
chemical shifts of thesXes instances. Among the presen
sets, the BPW91 seems to be the best suited one,dsXes

overestimating by 6% the result of the RR model for t
experimental data, 114.4 ppm.12 In contrast, the HF param
etrization underestimatesdsXes by 18% and SVWN exag-
gerates it by no less than 28%. Looking at the trend wh
increasing the number of occupied neighbor sites, the ab
lute deviation from the RR model of the latter two param
etrizations increases, while that of BPW91 remains alm
constant. As expected from the similarity of the Xe-O PD
with different channel filling ratios@Fig. 3~a!#, the wall
~Xe-O! contribution todXe remains constant as a function o
the number of occupied neighbor sites. This implies lit
deformation of the lattice as a result of the additional ads
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TABLE III. 129Xe NMR chemical shifts~ppm! in AlPO4-11 at 300 K simulated by different parametrizations of the binary shift functions. 3 SEM error li
are included. The relative contribution of the Xe–Xe interactions to the shifts is also shown for all methods~in %, the remaining contribution comes from th
Xe-O interaction!.

Site/loadinga RRb HF Xe–Xe SVWN Xe–Xe BPW91 Xe–Xe

sXes 114.4 93.962.5 0.0 146.863.6 0.0 121.363.0 0.0
sXeXe 149.1 121.661.7 21.5 186.562.5 19.9 155.762.1 20.7
XeXeXe 183.5 147.663.3 35.6 223.364.7 33.4 187.863.9 34.6
1Xe/+ 93.762.9 0.0 146.664.2 0.0 121.163.5 0.0
2Xe/+ 114.266.3 17.2 176.069.2 15.9 146.567.8 16.6
3Xe/+ 130.861.4 26.7 199.462.0 24.8 166.961.7 25.9

aThe sXes, sXeXe, and XeXeXe refer to the three-site model~Ref. 12! in which adsorbate configurations are classified according to the numbe
occupied next neighbor adsorption cells.nXe/+ (n51,2,3)refer to average chemical shifts for different channel filling ratios~see Table II!.

bResults from the three-site dynamic averaging model proposed in Ref. 12.
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bate~s!. These findings further indicate that the Xe–Xe co
tributions are well described by BPW91; the error in th
parametrization can be ascribed to the wall interactions.
BPW91 increments indXe from sXes to sXeXe and fur-
ther to XeXeXe are 32.3 and 32.6 ppm, respectively, wh
the increments in the RR model are ca. 2 ppm higher.

Equations~3! and ~4! apply for homogeneous medi
only, and not to atoms confined in cavities where the ra
of distance sampling is limited.36 This is reflected in the fac
that the BPW91 parametrization~and not the HF one! is the
most successful in reproducing the contribution of t
Xe–Xe interaction todXe in our simulation. HF should be
more accurate at the simulation temperature if judged on
basis of s1

Xe ~Fig. 6!, but the cellular structure of the
AlPO4-11 channels causes a Xe–Xe separation range di
ent from that in the gas phase to be sampled. In contrast
may work better in a solid with large cavities~e.g., NaA!
capable of accommodating multiple adsorbates simu
neously.

The almost quantitative agreement with the RR mo
reached by the simulation with the BPW91 parametrizat
is encouraging, particularly in view of the many approxim
tions that have been made. The approximations of pairw
additivity of chemical shifts and the transferability of th

FIG. 7. Calculated and experimental~Ref. 12! 129Xe NMR chemical shift in
AlPO4-11 at 300 K as a function of the number of occupied nearest ne
bor adsorption cells. The 3 SEM error bars are shown.
J. Chem. Phys., Vol. 107, N
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binary shift functions~calculatedin vacuofor model systems
and used for interactions in the condensed phase! are ex-
pected to work best for the interaction between the rare
adsorbates. In the present chemical shift calculations,
Xe–OH2 case is modeled as a function ofr Xe–O only, despite
the fact that there is more than one degree of freedom in
system. As the calculated curve is for the direct in-pla
approach of Xe toward the oxygen atoms of the water m
ecule, we neglect the angular dependence ofdXe completely.
This dependence is not only due to the hydrogens on
other side of the molecule~a situation not valid in the targe
solid material!, but also due to the two oxygen lone pa
orbitals which are present also in the material of inter
here. We thus neglect of the immediate chemical neighb
hood of the oxygen atom. The fact that the oxygen ato
usually stick inwards to the cavities in their–T–O–T–
bonds makes them the principal sites of contact between
pore walls and the confined species. Consequently, defi
the adsorbate potential energy and chemical shift surface
terms of oxygen only should be a reasonable approximat

These approximations should be tested by first princip
calculations of larger model systems, preferably with
atoms of the cavity housing the guest being explicitly qua
tum mechanically treated. Such an approach would also
vide information about the transferability of the shift param
eters for one material to another. Steps in this direction w
taken in Ref. 53, which reportedab initio cluster calculations
of dAr in systems consisting of Ar and different ring frag
ments of type A zeolites.

V. CONCLUSIONS

We have carried out a canonical ensemble molecular
namics simulation of129Xe adsorbants in the AlPO4-11 mo-
lecular sieve atT5300 K using a fully dynamic model for
the framework. The Xe single-particle distribution functio
clearly show the cellular structure of the channels, with ea
cell capable of housing one guest Xe atom. The Xe–O p
distribution functions were given an interpretation in term
of the structure of the host material. The functions are fou
to be independent of the channel filling ratio.

The effective activation energy of jumps between su
cessive cells is estimated at significantly lower value th
what is calculated for a rigid system with atoms fixed to th
experimental positions obtained from neutron scatteri

-
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This implies that it is necessary to treat the cage as a dyn
cal framework in microporous solids with cavities of simil
size with the adsorbants. Increasing the loading cause
slight increase in the energy barrier. Accordingly, the f
quency of the intercellular jumps of the adsorbants and t
self-diffusion coefficients are found to decrease with incre
ing channel loading.

129Xe NMR chemical shifts were calculated with no a
justable parameters using the approximation of pairwise
ditive interactions from the oxygen atoms of the host ma
rial and other adsorbates. The necessary binary chem
shift curves were obtained from first principles electron
structure calculations~using gauge-including atomic orbitals!
carried out for the Xe–Xe and Xe-OH2 model systems. The
present chemical shift parametrizations based on Hartr
Fock and local density functional calculations result
under- and overestimation, respectively, of the129Xe chemi-
cal shifts as compared to experimental results in thesXes,
sXeXe, and XeXeXe classification of adsorbate configur
tions ~according to the number of occupied nearest neigh
cells of the Xe atom in question! proposed earlier. A
gradient-corrected density functional method results in
good accuracy, however. Particularly, the Xe–Xe interact
contribution to the Xe chemical shift turns out to be be
reproduced by this last method, despite that Hartree–F
calculations perform best in comparison with the experim
tal second virial coefficient of Xe nuclear shielding at th
temperature. This arises due to the limitations imposed
the Xe–Xe distance sampling by the confining framework
the host material. The nature of the many approximation
the present method of estimating the chemical shift of
adsorbate were given a brief discussion.
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a grant. The Center for Scientific Computing~Espoo, Fin-
land! provided with the computational resources and as
tance with the simulation software.

1H. van Bekkum, E. M. Flanigen, and C. J. Jansen,Introduction to Zeolite
Science and Practice~Elsevier, Amsterdam, 1991!.

2S. T. Wilson, B. M. Lok, C. A. Messina, T. R. Cannan, and E. M. Fla
gan, J. Am. Chem. Soc.104, 1146~1982!.

3J. Jokisaari, Progr. NMR Spectrosc.26, 1 ~1994!.
4A. K. Jameson, C. J. Jameson, and H. S. Gutowsky, J. Chem. Phys53,
2310 ~1970!.

5C. J. Jameson, A. K. Jameson, and S. M. Cohen, J. Chem. Phys.59, 4540
~1973!.

6D. Raftery and B. F. Chmelka, inNMR Basic Principles and Progress,
Vol. 30, edited by P. Diehl, E. Fluck, H. Gu¨nther, R. Kosfeld, and J.
Seelig~Springer, Heidelberg, 1994!, p. 111.

7J. Fraissard and T. Ito, Zeolites8, 350 ~1988!.
8J. A. Ripmeester, J. Am. Chem. Soc.104, 289 ~1982!.
9P. J. Barrie and J. Klinowski, Progr. NMR Spectrosc.24, 91 ~1992!.

10J. M. Bennett, J. W. Richardson, J. J. Pluth, and J. V. Smith, Zeolite7,
160 ~1987!.

11M. A. Springuel-Huet and J. Fraissard, Chem. Phys. Lett.154, 299~1989!.
12J. A. Ripmeester and C. I. Ratcliffe, J. Phys. Chem.99, 619 ~1995!.
J. Chem. Phys., Vol. 107, N

Downloaded 25 May 2009 to 130.230.131.169. Redistribution subject to A
i-

a
-
ir

s-

d-
-
al

–

r

a
n
t
ck
-

n
f
in
e

d
or

s-

13Modelling of Structure and Reactivity in Zeolites, edited by C. R. A.
Catlow and R. Vetrivel~Academic, London, 1992!.

14C. J. Jameson, A. K. Jameson, B. I. Baello, and H.-M. Lim, J. Che
Phys.100, 5965~1994!. C. J. Jameson, A. K. Jameson, H.-M. Lim, and
I. Baello, J. Chem. Phys.100, 5977~1994!.

15P. Demontis and G. B. Suffritti, Chem. Phys. Lett.223, 355 ~1994!.
16P. Demontis and G. B. Suffritti, in Ref. 13.
17C. J. Jameson and A. C. de Dios, J. Chem. Phys.97, 417 ~1992!.
18C. J. Jameson and A. C. de Dios, J. Chem. Phys.98, 2208~1993!.
19W. T. Raynes, A. D. Buckingham, and H. J. Bernstein, J. Chem. Phys36,

3481 ~1962!.
20E. Kanegsberg, B. Pass, and H. Y. Carr, Phys. Rev. Lett.23, 572 ~1969!.
21T. T. P. Cheung, J. Phys. Chem.99, 7089~1995!.
22J.-H. Kantola, J. Vaara, T. T. Rantala, and J. Jokisaari, Mat. Res.

Symp. Proc.408, 599 ~1996!.
23E. Y. Lau and J. T. Gerig, J. Chem. Phys.103, 3341~1995!.
24P. Demontis, G. B. Suffritti, E. S. Foir, and S. Quartieri, J. Phys. Che

94, 4329~1990!; 96, 1482~1992!.
25K. S. Smirnov and D. Bougeard, Zeolites14, 203 ~1994!.
26K. D. Hammonds, H. Deng, V. Heine, and M. T. Dove~submitted for

publication!; K. D. Hammonds, V. Heine, and M. T. Dove, Phase Tra
sitions ~in press!.

27M. P. Allen and D. J. Tildesley,Computer Simulation of Liquids~Claren-
don, Oxford, 1987!.

28R. G. Parr and W. Yang,Density-Functional Theory of Atoms and Mo
ecules~Oxford University Press, New York, 1989!.

29E. De Vos Burchart, Ph.D. Thesis~Technische Universiteit Delft, 1992!.
30Cerius2 Simulation Tools User’s Reference~MSI Inc., Burlington, MA,

1994!.
31R. A. Aziz and M. J. Slaman, Mol. Phys.57, 825 ~1986!.
32S. Nose´, J. Chem. Phys.81, 511 ~1984!; W. H. Hoover, Phys. Rev. A31,

1695 ~1985!.
33L. Verlet, Phys. Rev.159, 98 ~1967!.
34W. C. Swope, H. C. Andersen, P. H. Berens, and K. R. Wilson, J. Ch

Phys.76, 637 ~1982!.
35A. D. Buckingham and J. A. Pople, Faraday Soc. Discuss.22, 17 ~1956!.
36C. J. Jameson, A. K. Jameson, R. Gerald II, and A. C. de Dios, J. Ch

Phys.96, 1676~1992!.
37Equation~3! predicts the samed for environments that are equally dens

but have different order or phase. The expansion in powers ofr is in
principle incorrect. Instead, the series should be expanded in term
n-body correlation functions. The term linear in density in Eq.~3! retains
its form in the more accurate formulation, however.

38TZ level Xe (18s15p9d) basis set~obtained from the samef tp distribu-
tion as the sets presented in Ref. 54! was used in a fully decontracted
form. Two d-polarization exponents were taken from Ref. 55. O
f -polarization primitive with the exponent 0.358, ands-, p-, andd-type
diffuse functions~exponents 0.0394, 0.0315, and 0.0330, respective!
were added to the basis, giving the total of (19s16p12d1 f ). TZ2P bases
~Ref. 54! were used in completely decontracted form for H and O@the
exponents of the polarization functions wereap1(H)51.30, ap2(H)
50.33, ad1(O)52.704, andad2(O)50.535].They were supplemente
with diffuse s-@as(H)50.0344,as(O)50.0798] and p5type@ap(O)
50.0584# primitives, giving the total sets of (6s2p)for hydrogen and
(11s7p2d) for oxygen. The counterpoise correction~Ref. 56! of the basis
set superposition error was applied for each point.

39M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnso
M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Petersson, J. A. Montg
ery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski, J. V. Ortiz,
B. Foresman, J. Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Cha
combe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L. Andres,
S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D.
Defrees, J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, and
Pople,GAUSSIAN 94, Revision B.1~Gaussian, Inc., Pittsburgh, PA, 1995!.

40J. R. Cheeseman, G. W. Trucks, T. A. Keith, and M. J. Frisch, J. Ch
Phys.104, 5497~1996!.

41F. London, J. Phys. Radium8, 397 ~1937!.
42R. Ditchfield, J. Chem. Phys.56, 5688~1972!.
43K. Wolinski, J. F. Hinton, and P. Pulay, J. Am. Chem. Soc.112, 8251

~1990!.
44S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys.58, 1200~1980!.
o. 16, 22 October 1997

IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



so

tai
he
Na
ca
e

ad
ro

hifts
/unit
nfor-
.

ki,
s

6478 Kantola et al.: 129Xe adsorbed in AlPO4-11
45A. D. Becke, Phys. Rev. A38, 3098~1988!.
46J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Peder

D. J. Singh, and C. Fiolhais, Phys. Rev. B46, 6671~1992!. J. P. Perdew
and Y. Wang,ibid. 45, 13 244~1992!.

47The basis sets used were simpler than the present ones, but the ob
binary shielding functions behaved qualitatively very similarly to t
present ones. The main reason for the deviation of the results of the
simulation reported in Ref. 22 from the experiment could, after publi
tion, be traced back to a defective Xe-Na interaction potential file us
and not to the chemical shift functions.

48J. A. Ripmeester and C. I. Ratcliffe, J. Phys. Chem.94, 7652~1990!.
49Please refer to the web page http://www.student.oulu.fi/;jkantola/

alpo.html. Except animations of the effective potential barrier, some
ditional figures can be downloaded as high-resolution PostScript files f
this address.
J. Chem. Phys., Vol. 107, N

Downloaded 25 May 2009 to 130.230.131.169. Redistribution subject to A
n,

ned

A
-
d,

-
m

50D. Keffer, A. V. McCormick, and H. T. Davis, Mol. Phys.87, 367~1996!.
51J. Kärger and D. M. Ruthven,Diffusion in Zeolites and Other Mi-

croporous Solids~Wiley, New York, 1992!.
52While the situation denoted bynXe/+ is well defined for our simulated

system, it is not feasible to directly compare the calculated chemical s
with experimental data, expressed as a function of average loading
cell. The present canonical simulation cannot provide the necessary i
mation of the distribution of the adsorbates among different channels

53C. J. Jameson and H.-M. Lim, J. Chem. Phys.103, 3885~1995!.
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