MD Siudy of Zeolite A

permits the combined RI library search-AR comparison to
be implemented in routine organic analysis for the positive
peak identification without resorting to GC-MS.
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Molecular dynamics (MD) calculations were carried out in order to investigate the effect of MD cell size to predict
the melting phenomena of A-type zeolite. We studied two model systems: a pseudocell of (T;0.Na), (L=12264
A, N=84) and a true-cell of (SIAIONa), (L=24.528 A, N=672), where T is Si or AL The radial and bond angle
distribution functions of T(Si, AD-O-T(Si, Al) and diffusion coefficients of T and O were reported at various tempera-
tures. For the true-cell model, the melting temperature is below 1500 K and probably around 1000 K, which is
about 600-700 K lower than the pseudocell model. Although it took more time (about 30 times longer) to obtain
the molecular trajectories of the true-cell model than those of the pseudocell model, the true-cell model gave more

realistic structural transition for the A-type zeolite, which agrees with experiment.

Introduction

In molecular dynamics (MD) simulations, the Newtonian
equations of motion are solved numerically for a set of N
particles in volume V.! Usually, as in Monte Carlo simula-
tions,® periodic boundary conditions are used to approximate
an infinite system. The advantage of the MD approach is
that one can study time dependednt single particle properties
such as self-diffusion coefficients and the correlation func-
tions. Recently, the extension of MD methods to treate en-
sembles other than the traditional microcanonical ensemble
has attracted considerable attention.*® And the use of La-

grangian which allows the variation of the MD cell shape
has demonstrated its usefulness in applications to structural
changes in solid state’®

The melting phenomena of A-type zeolite with temperature
changes were studied.'®! But the temperature of the struc-
tural transition (2100 K) was higher than the experimental
result (1100 K). In this study, the effect of the MD cell size
on the prediction of the melting phenomena of A-type zeolite
is investigated. Using the (N, V, E) ensemble the radial dis-
tribution functions and the related properties were calculated
for a true-cell model of (SIAIONa), (L=24528 &, N=672)
at 298, 900, 1500 and 2100 K. And a comparative discussion
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is made for the results of the model calculations of the true-
cell and pseudecell.

Method of Calculations

Model Compounds and Calculational Details. To
investigate the effect of MD cell size on the prediction of
the melting phenomena of A-type zeolite, the true-cell model
(51Al04Na), which has the cell length of L=24.528 & with
the number of particles of N=672 has been studied. MD
calculations of the pseudocell model (T,O;Na),, which has
L=12264 A and N=84, were previously studied.'® The
numbers of atoms of T, O, and Na are 24, 48, and 12 for
the pseudocell model and are 192, 384, and 94 for the true-
cell model respectively. The charge of each atom was de-
scribed previously.'? At the beginning of each simulation,
used X-ray positions™ for the coordinates of the framework
we atoms (T, O) and Na ions and let the velocities of the
atoms have Boltzmann distributions at the simulation tem-
peratures of 298, 900, 1500, and 2100 K. We used the effec-
tive pairwise interatomic potentials and the periodic boun-
dary conditions. The classical equations of motions were in-
tegrated with Verlet's finite difference algorithm."* A very
short time step {(A¢t=1.0X10"") was used in order to ef-
fectively integrate the equations of motion. About 2000 time
steps were used to equilibrate the systems. Further, another
500 time step trajectory was discarded in the averaging pro-
cedure. Approximately 3s CPU time was required for one
step run of the true-cell model (N=672) on a CRAY-2S su-
percomputer, which took about thirty times longer than the
for the pseudocell model (N=284). During the constant en-
ergy runs {(for 10000 time steps, namely, 10 ps), the tempera-
ture of the atoms fluctuated around each simulation temper-
ature, and their fluctuations increased as the temperature
increased.

In experiment, all types of zeolites decompose when they
stay a long time in air. To test that property, 50000 time
step (50 ps} of MD calculations were performed at 900 and
1500 K. but there was no difference tn rdf shape and peak
height for 10000 and 50000 time step calculations. Therefore,
we think the Brownian dynamics'®'® is useful to study that
phenomena. This will be our future study.

Interatomic Potential Functions. The pairwise effec-
tive interatomic potentials used here are the same with those
in the previous calculation.'® The potentials include the elect-
rostatic, polarization, dispersion, repulsion, and Morse poten-
tials.

V=Vd+VM+ Vd.,+Vm (1)

Details of the potential functions were described in refer-
ence 10.

Results and Piscussion

Structural transition with temperature change may be pre-
dicted from the calculations of the structural factors such
as radial distribution function (rdf) and T-O-T bond angle
distribution functions.

Figure 1 shows the calculated rdf of T-O, T-T, 0-O, Na-
O, and Na-T pairs for the true-cell model at four different
temperatures. The peak height becomes lower as the tem-
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Figure 1. Radial distribution functions of (a) T-O, (b) T-T, ()
0-0, (@) Na-O, and (e} Na-T pairs in A-type zeolite (for true-
cell model; L=24528 &, N=672) with temperatures of 298 (H),
900 (A), 1500(@), and 2100 (%) K, r is in &.

perature increases, and finally the shift of the peak positions
are observed at 1500 K. With increasing tmeperature, the
decrease in the height of the peak maxima and width of
the rdf indicates the disorder of the structure due to in-
creased thermal motions. For T-O pair, the second-nearest-
neighbor distance diminished, while for T-T and 0-O pairs
the first-nearest-neighbor distance decreased. This indicates
a large distortion of the tetrahedron structure along with
the change of the symmetry of A-type zeolite. The rdf cha-
nges are prominent at 2100 K. Namely, as the temperature
increases, the zeolite structure becomes unstabie, then the
structural transition occurs. For Na-Q pair, the nearest-nei-
ghbor distance changed little, but the first Na-T peak be-
comes large at 2100 K due to van der Waals repulsion.
Figure 2 shows the calculated T-O-T bond angle distribu-
tion functions for the true-cell model with respect to tem-
perature. As the temperature increases, the peaks are broa-
dened, reducing the probability of finding the bond angles.
Broad distribution of bond angles appeared around 150°. At
1500 K the peak around 150° becomes much lowered, and
a new peak around 75° appears with the same probability
of finding the bond angles. This new peak around 75° is
found with higher probability at 2100 K than at 1500 K
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Figure 2, Distributions of (Si, AT-O-T(Si, Al) bond angles for
A-type zeolite at (a) 298 (b) 900 (c) 1500 and (d) 2100 K. The
y-axis gives the probability per degree of finding the indicated
bond angles. The inset provides the same feature except the
range of the x-axis, namely, from ¢ to 180°.

It means that the original geometry of A-type zeolite disap-
peared and many portions of zeolite framework are destroy-
ed. From the MD results of rdf and bond angle distribution
functions of the true-cell model we identify that the transi-
tion temperature is around 900-1500 K region. It was 1500-
2100 K region when the pseudocell model™ was used. Ex-
perimently, the structural transition of A-type zeolite into
a cristobalite-type structure occurs at 1073 K. This agrees
well with the true-cell model, ie, when L=24528 A and
N=672. Using the true-cell model, the structural transition
of A-type zeolite is in reasonable agreement with the experi-
mental result.

The diffusion coefficient of the framework atoms and Na
ions at each temperature was determined from the plot of
a mean-square displacement versus time using Einstein rela-
tion (D=1/6 8<[|r(¢) —r(0)|*>/80). In order to obtain the
more reproducible figures during each run, the positions and
velocities of all atoms were written every eight time step
on a disk file and averaged over all possible starting configu-
rations, Figure 3 is another representation of phase transion
of A-type zeolite. It is the plot of logD versus 1/T(K). The
phase transion occurs when the slope change exists. There
are slope differences in this figure at around 1.0 1/T(K)
for the true-cell and 0.6 1/T(K) for the pseudocell model
for the framework T and O atoms. The temperatures are
1000 K and 1700 K, respectively. They are the framework
T and O atoms which constitute the zeolite structure. As
the Na ions only occupy the interstitial sites of zeolite, it
may be ruled out in determining the phase transition of zeo-
lite using the plot of log D versus 1/T(K). Now, this can
be a clear evidence of phase transition of zeolite A. Namely,
the phase transition occurs at around 1000 K and 1700 K
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Figure 3. Diffusion coefficients of framework T and O atoms
for true-cell (—~—-) and pseudocell (----- ) models at each tem-

perature. The plot is log D versus 1/T(X).

for true-cell and pseudocell model, respectively.

In conclusion, the structural transition of A-type zeolite
based on the true-cell model shows more realistic result.
Though the calculations for the true-cell model require more
time in obtaining the molecular trajectories, the predicted
structural transition of A-type zeolite is in reasonable agree-
ment with the experiment.
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Two single crystals of fully dehydrated Rb*-exchanged zeolite A have been prepared by the reduction of all Ca®*
ions in dehydrated Cas-A by rubidium vapor. Their structures were determined by single crystal X-ray diffraction
methods in the cubic space group Pm3m (a=12.160(2) A and 12.166(2) &) at 220D In these structures, 12.4(2)
to 13.3(2) Rb species are found per unit cell, more than 12 Rb* ions needed to balance the anionic charge of the
zeolite framework, indicating that the sorption Rb® has occurred. In each structure, three Rb* ions per unit cell
are located at the centers of the 8-rings. Six to eight Rb* ions are found opposite the 6-rings on threefold axes,
and three Rb- ions are found in a sodalite unit, About 0.5 Rb* ion lies opposite a 4-ring, The structural analysis
indicates the presence of a triangular rubidium cluster in the sodalite cavities. The triangular rubidium clusters
may be stabilized by the coordination to two and/or three rubidium ions in the large cavity. Therefore, this cluster

may be viewed as (Rbs)*" and/or (Rbe)**.

Introduction

During the past decade, a series of attempts had failed
to achieve the fully Rb*-exchanged zeolite A.? Seff ¢t al.
reported that large monovalent Rb™ ions exchanged incom-
pletely into zeolite A by flow methods.? In dehydrated ele-
ven-twelfths Rb*-exchanged zeolite A, three equivalent Rb*
ions lie at the center of the oxygen 8-rings, and five equiva-
lent Rb* ions lie on threefold axes opposite the 6-rings in
the large cavity. The remaining three Rb* ions are non-equi-
valent and lie on each different threefold axis of unit cell.
One Na' ion lies almost at the center of a 6-ring.!

Recently, fully Cs*-exchanged zeolite A has been synthe-
sized by the reduction of all of the Na* ions in Naj-A by
cesium vapor?* The redox reaction goes to completion at
250C with 0.1 torr of Cs° to give Csp-A*1/2Cs. In this struc-
ture, each extra Cs atom associates with two or three Cs*
jons to form linear (Csy)** or (Cs,)** clusters, These clusters
lie on threefold axes and extend through the centers of so-
dalite units.

This work was initiated with the hope that the intrazeolitic
redox potential for the reaction

Cas'A+ 12RK — Rblg-A+6 Ca°

would be positive at the conditions employed to result in
complete exchange. The E values, not involving the zeolite,
are easily calculated.®

2 Rb(s)+Ca** — 2Rb* +Ca%s) E=006 eV

The resulting material may be of interest because the vol-
ume of the exchangeable cations would be large and some
extra Rb® atoms may be present, forming Rb clusters as were
Cs® atoms in the structure of the dehydrated Na,»-A reacted
with cesium. These extra Rb atoms are likely to complex
to Rb* cations to form rubidium clusters.

Experimental

Single crystals of zeolite 4A were prepared by Charnell's
methods® using seed crystals from a previous synthesis. A
single crystal about 0.085 mm on an edge was lodged in
a fine glass capillary, To prepare Cas-A, an exchange solution
of 0.04325 M Ca(NO,), (Aldrich, 99.997%) and 0.00675 M
CaO (Aldrich, 99.995%) with a total concentration of 0.05
M was allowed to flow past each crystal at a velocity of
approximately 1.0 cm/sec for 3 days at 21(1)C 7 The crystals
remained colorless.

The hydrated fully Ca’*-exchanged zeolite A was dehydr-
ated at 360C and 2X107° Torr for 2 days. Rubidium vapor
was introduced by distillation from a side-arm break-seal
ampoule to the glass-tube extension of the crystal-containing
capillary. This glass reaction vessel was then sealed off un-
der vacuum placed within a pair of cylindrical horizontal
oven, axis colinear, attached. The oven about crystal was



