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In the present paper, we report a molecular dynamics (MD) simulation study for the structure and dynamics of 
H+ ions in non-rigid dehydrated H12-A zeolite framework at 298.15 K, using the same method we used in our 
previous studies of rigid and non-rigid zeolite-A frameworks. It is found that two different structures appear, de
pending on the choice of the Lennard-Jones parameter (o) for the H+ ion, as is also observed in the study of rigid 
dehydrated H12-A zeolite framework, but the ranges of o are different for the two stuctuies. It is also found that 
some of the H+ ions exchanged their sites without changing the number of H+ ions at each site. The agreement 
between experimental and calculated structural parameters for non-rigid dehydrated H12-A zeolite is generally 
quite good. The calculated IR spectrum by Fourier transform of the total dipole moment auto-correlation func
tion shows two major peaks, one around 2700 cm-1 and the other around 7000 cm-1. The former appears in the 
calculated IR spectra of non-rigid zeolite-A framework only system and the latter remains unexplained except, 
perhaps, as an indication of a new formation of a vibrational mode of the framework due to the adsorption of the 
H+ ions.

Introduction

In a previous paper,1 we reported a molecular dynam- 
ics(MD) simulation study of non-rigid zeolite-A framework 
only as the base case for a consistent study of the role of 
intraframework interaction on several zeolite-A systems, 
using the same method we used in our previous studies of 
rigid zeolite-A frameworks.2-6 Usual bond stretching, bond 
angle bending, torsional rotational, and non-bonded Len- 
nard-Jones and electrostatic interactions were considered as 
intraframework interaction potentials. The reproduced posi
tions of the zeolite-A framework atoms by our MD simula
tion were in good agreement with those of the experiment.7 
The radial distribution functions and mean square displace
ments of the non-rigid zeolite-A framework atoms were 
characterized by the vibrational motion of the framework 
atoms. The up-and-down motion of the framework atoms 
from the center of -cage and the back-and-forth motion on 
each ring window from the center of each window were well 
described by the displacement auto-correlation and neigh
bor-correlation functions. IR spectrum was calculated by 
Fourier transform of the total dipole moment auto-correla
tion function of zeolite-A framework from our MD simula
tion and it showed that the simple harmonic oscillation of 
the correlation function results in a large peak at 2700 cm-1, 
which reflects a monotonous dynamical feature of the 
framework.

The structure of H+ ions in a rigid dehydrate zeolite-A 
framework was studied by our MD simulation method.6 Two 
kinds of structures appeared, with each type determined the 
choice of the Lennard-Jones parameter, o, for the H+ ion. 
For the smaller values of o, the 12th H+ ion was located on 
one of the 8-ring window sites, which was already occupied 

by another H+ ion; for the larger values of o, it was located at 
one of the opposite-4-ring sites with the remaining 11 H+ 
ions almost fixed near their initial position.

The inclusion of the intraframework interaction of zeolite 
systems is essential in taking account of energy exchange 
between the adsorbed molecules and the framework atoms, 
dynamical couplings of the sorbate with framework vibra
tions, and the flexibility of the host lattice. In a previous 
study,8 an accurate valence force field for zeolite was pre
sented by Nicholas et al. The force field contained terms for 
bond stretching, bond angle bending, torsional rotational, 
and non-bonded Lennard-Jones and electrostatic interac
tions. They found that the force field accurately reproduced 
the structure and dynamics of silica sodalite by the compari
son of experimental data with theoretical infrared (IR) spec
tra, radial distribution functions, and mean-square displace
ments.

Recently Faux et al.9 reported MD simulations of fully 
hydrated and dehydrated Na+ -zeolite 4A with a mobile zeolite 
framework at 298 K and a steepest descent energy minimiza
tion simulation on the dehydrated zeolite. They found that the 
optimized structure yielded bond lengths, bond angles, and 
positions of sodium ions, which were in very good agreement 
with the published X-ray data.7,10 In fact, after our present 
work was begun, they published their report, but our work 
differs in the interaction potentials for the framework atoms.

In our MD simulation studies of zeolite-A systems with 
rigid zeolite-A frameworks2-6 and with non-rigid zeolite-A 
framework only,1 we present MD simulation of H12-A using 
non-rigid dehydrated zeolite-A framework. The primary 
purpose of this work is to provide the basic non-rigid zeolite- 
A framework, to test several intraframework interactions of 
H12-A zeolite framework, and to investigate the local struc
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ture and dynamics of H+ ions in the non-rigid zeolite-A 
framework.

In Section II we present the molecular models and MD 
simulation method. We discuss our simulation results in Sec
tion III and present the concluding remarks in Section IV.

Molecular Models and 
Molecular Dynamics Simulations

The structure of zeolite-A framework is modeled by the 
pseudo cell, (SiAlO4)12, using the space group Pm3m 
(a= 12.2775 A). The Si and Al atoms are assumed to be 
identical (denoted as T) because the Ewald summation11 is 
valid with this assumption. Since the zeolite-A framework is 
not assumed to be rigid, the framework atoms (T and O) are 
subject to move according to the equation of motion. The 
initial positions of the framework atoms and H+ ions are 
those determined by the X-ray diffraction experiment of 
Pluth and Smith7 for the dehydrated zeolite-A system are 
used.

The interaction potential for the framework atoms is given 
by the sum of bond stretching, bond angle bending, torsional 
rotational, and non-bonded Lennard-Jones (LJ) and electro
static interactions. The usual LJ parameters and the electro
static charges for the Coulomb potential are used in our 
previous studies1-6 with the Ewald summation,11 and they are 
given in Table 1. In the pseudo cell, (TO2)24, 24 T atoms, 
give a total of 96 T-O bonds. The T-O bond lengths of the 
TO4 tetrahedra differ according to the O atoms: T-O 
⑴= 0.16591, T-O(2) = 0.16531, and T-O(3 or 3') = 
0.16688 nm. The T-O bond stretching potential is given by a 
simple harmonic potential

k TV(r )= k (rT-O-req )2 (1)

where kr = 250,000 kJ/mol-nm2 and req is used for each T-O 
bond length.

Since each TO4 tetrahedron gives 6 O-T-O angles, a total 
of 144 O-T-O angles exists in the pseudo cell, (TO4)24. The 
O-T-O angles are O(1)-T-O(2) = 108.13, O(1)-T-O(3 or 3') 
= 111.70, O(2)-T-O(3 or 3') = 107.12, and O(3)-T-O(3') = 
110.83 degrees. The O-T-O bond angle bending potential is 
also given by a simple harmonic potental8

kV(0)= 흐(0- Qq)2 (2)

Table 1. Lennard-Jones parameters and electrostatic charges used 
in this study

atom 。(A) £ (kJ/mol) charge (e)
H+ 0.6 and 1.4 0.0657 0.55

Al(二Si) 4.009 0.5336 0.6081

O(1) 2.890 0.6487 -0.4431
O(2) 2.890 0.6487 -0.4473
O(3) 2.890 0.6487 -0.4380
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where ko = 0.17605 kJ/moldeg2 and 編 is used for each O- 
T-O bond angle.

Each O atom gives a T-O-T angle and a total of 48 T-O-T 
angles exists in the pseudo cell, (TO2)24. The T-O-T angles 
are T-O(1)-T= 142.08, T-O(2)-T=164.18, and T-O(3 or 
3')-T = 145.55 degrees. According to Nicholas et al.,8 the T- 
O-T bond angle bending potential is given by an anharmonic 
potential

V(0)= k으 (0 — o )2 + — (0 — 0q )3 + k으 (0-o )4 (3)
2 eq 2 eq 2 eq

where ko = 0.013829 kJ/moldeg2, ko2 = 0.00050542 kJ/mol 
•deg3, ko3 = 0.000005148 kJ/mol-deg4 and 0eq is used for 
each T-O-T bond angle.

In silicates, the Si-O bond is known to lengthen as the Si- 
O-Si bond angle becomes smaller.12 The exact relationship 
between the bond length and bond angle depends on the 
compound and also varies with the amount of Al in the lat
tice. In order to reproduce the correct dynamic behavior of 
the lattice, it is found that the Urey-Bradley term is needed, 
based on the T-T non-bonded distance for each T-O-T angle

k 2V(r) = k (rT-T- E)2 (4)

where kr = 22,845 kJ/mol-nm2 and req is used for each T-T 
distance -0.31381, 0.32747, and 0.31878 nm.

In a dihedral angle, which is associated to four consecutive 
atoms (O-T*-O*-T), a torsional rotational potential on the T*- 
O* bond is possible since the three O atoms connected to T*, 
except the O* atom, are restricted by the O-T*-O angle bend
ing potentials. In the pseudo cell, (TO2)24, there are 48 T-O- 
T angles. Since we can pick up one among three O atoms 
connected to each T atom to make a dihedral angle, there can 
be a total of 96 dihedral angles. The torsional rotational 
potential for the O-T-O-T dihedral angle is a periodic func
tion with a 3-fold barrier:

V(们=甲 1 + cos (30)] (5)

where k^ = -2.9289 kJ/mol. The corresponding forces due to 
the potentials of Eqs. (1)-(5) are obtained by differentiation 
with respect to the position vector of each site.13

A canonical ensemble of fixed N (number of particles), V 
(volume of fixed zeolite framework), and T (temperature) is 
chosen for the simulation ensemble. Gauss's principle of 
least constraint14 is used to maintain the system at a constant 
temperature. The ordinary periodic boundary condition in 
the x-, y-, and z-direction and minimum image convention 
are applied for the Lennard-Jones potential with a spherical 
cut-off of radius equal to half of each simulation box length. 
Gear's fifth order predictor-corrector method15 is used to 
solve the equations of translational motion of the framework 
atoms with a time step of 2.00X10-16 second. The equilib
rium properties are averaged over five blocks of 100,000 
time steps, for a total of 500,000 time steps after 500,000 
time steps to reach an equilibrium state. The configuration of 
each ion is stored every 5 time steps for further analyses.
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Results and Discussion

The preliminary molecular dynamics (MD) simulations 
for several values for the Lennard-Jones parameter, o, for 
the H+ ion varying from 0.6 A to 1.8 A were carried out in 
order to examine the structural change of the H+ ions in the 
non-rigid dehydrated zeolite-A framework. As a result, two 
distinctly different structures in the arrangement of the 12 H+ 

ions were found : for the larger values of o (1.3-1.8 A), the 
12th H+ ion is at one of the opposite-4-ring sites, which indi
cates that all the H+ ions are near their initial positions during 
the MD simulations, and, on the other hand, for the smaller 
values of o (1.0-1.2 A), the 12th H+ ion moves from one of 
the opposite-4-ring sites to one of the 8-ring window sites, 
which is already occupied by one of 3 H+ ions (the 9th, 10th, 
and 11th) with the remaining 11 H+ ions kept near their ini
tial positions.

It is worth noting, however, that as the value of o 
decreased, some H+ ions exchanged their sites without 
changing the number of H+ ions at each site. In the case of 
o = 1.0 A which is in the smaller o value category, there are 
two H+ ions located at one of the three 8-ring window sites - 
one is the 11th H+ ion, which was initially located at the 8- 
ring window site, and the other is the 12th H+ ion, which 
came from one of the opposite-4-ring sites. Upon decreasing 
the value of o to 0.6 A, the 12th H+ ion moved from the 8- 
ring window site to one(+, -, - : occupied by the 8th H+ ion) 
of the 6-ring window sites, then the 8th H+ ion moved to 
another site (+, +, - : occupied by the 5 th H+ ion) of the 6- 
ring window sites through the p-cage, and finally the 5 th H+ 
ion moved to the 8-ring window site (see Figure 1). In a 
sense, this behavior of the H+ ions is similar to the "con
certed transport process" at 600.0 K16 in which upon increas
ing the temperature, NaIII type ion, initially bound to site III 
(opposite-4-ring), moved to one of the three neighboring 8- 
rings, and at the same time the NaII type ion, initially bound 
to site II(8-ring), moved to another neighboring site III, with 
all the NaI type ions remaining near their starting positions 
(6-ring).

In the case of rigid dehydrated H12-A zeolite,6 when the 
value of o was reduced to 0.2 A, a peculiar arrangement of 
12 H+ ions was observed - two H+ ions occupy one of the 6- 
ring window sites, one inward the -cage and the other out
ward the 6-ring window. Two H+ ions on the same 6-ring 
window site are not observed, probably due to the non-rigid-

Figure 1. Stereoplot of 12 H+ ions in the a-cage of dehydrated H12- 
A zeolite framework at 298.15 K.

ity of dehydrated zeolite-A framework. For example, neither 
the 12th and the 8th H+ ions nor the 8th and the 5th H+ ions 
are occupied on the same 6-ring window due to the continu
ous back-and-forth and up-and-down motions of the zeolite- 
A framework atoms as observed in the non-rigid zeolite-A 
framework only system.1

The main reason for the structural differences according to 
the values of o is the repulsion between H+ ions, which 
determines the possibility of co-occupancy of two H+ ions 
on the same site. For example, in the case of rigid dehy
drated H12-A zeolite,6 two H+ ions are not on the same site 
for o = 0.8-2.0 A, but are on the same 8-ring window site for 
o = 0.4-0.7 A and on the same 6-ring window site for 
o = 0.2 A. The size of the 6-ring window site is relatively 
smaller than the size of the 8-ring window site. The second 
reason is the non-rigidity of the zeolite-A framework as dis
cussed above.

We classified the 12 H+ ions according to their locations as 
HI for the 6-ring window sites, HII for the 8-ring window 
sites, and HIII for the opposite-4-ring sites. Hence, for the 
larger values of o (1.3-1.8 A), there are 8 Hi type ions, 3 Hn 
type ions, and an Hiii type ion, but for the smaller values of o 
(0.6-1.2 A), 8 Hi type ions and 4 Hn type ions without an Hra 
type ion. This result is very similar to that of rigid dehy
drated H12-A zeolite except the ranges of o: the larger values 
of o (0.8-2.0 A) and the smaller values of o (0.4-0.7 A). We 
have selected two values of o for the H+ ion, 0.6 A and 1.4 
A, for our analysis of the energetic, structural, and dynamics 
properties of H+ ions in the non-rigid dehydrated H12-A zeo
lite system.

Several potential energies are averaged for 500,000 time 
steps (100 ps) and are compared with those for the non-rigid 
zeolite-A framework only system1 in Table 2. The adsorp
tion of H+ ions into the non-rigid zeolite-A framework has 
affected mostly T-O bond stretching and T-O-T bond angle 
bending energies. The structural difference of the H+ ions for 
o = 0.6 A and 1.4 A appears primarily in O-T-O bond angle 
bending, in T-O bond stretching, and in H+-frame Coulomb 
energies.

In Table 3, the results of the experimental7 and calculated 
structural parameters of non-rigid dehydrated zeolite A are 
compared. The mean crystallographic positions and the 
mean-square displacement matrices B are obtained by refer
ring the values of the individual atoms back to the asymmet
ric unit by symmetry operations.17 The elements of the 
symmetric 3x3 matrix B are computed as u = <uuj> = 
<rirj>-<ri><rj>. The agreement between the experimental 
and calculated coordinates for the zeolite-A framework 
atoms is generally quite good, but for the adsorbed cations 
the agreement is somewhat poor because of the difference 
between H+ and Na+ ions. In the comparison of the calcu
lated coordinates for H+ ions between the rigid and non-rigid 
dehydrated zeolite-A frameworks, the results for H+ ions in 
the rigid dehydrated zeolite A are somewhat closer to those 
for H+ ions than in the non-rigid dehydrated zeolite A. The 
same trend is seen in calculated bond lengths of the rigid and 
non-rigid dehydrated zeolite-A frameworks in Table 4. The
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Table 2. Average potential energies for 500,000 time steps 
(100 ps)

interaction potential
potential energy (kJ/mol)

0 = 0.6A 0 =1.4A framework 
onlya

H+-H+ LJ potential 0.0 0.0 -
H+-H+ Coulomb 327.3±0.2 324.1±0.2 -
H+-frame LJ potential 44.5±0.2 40.1±0.2 -
H+-frame Coulomb -1310.61±0.7 -1126.6±1.7 -

frame-frame LJ potential -188.2±0.1 -187.9±0.1 -187.9±2.1
frame-frame Coulomb 2358.1±0.2 2353.9±0.4 2502.1±4.8
T-O bond stretching 236.1±5.5 258.9±2.0 133.3±8.2
T-T non-bonded stretching 55.2±0.3 52.6±0.2 55.3±3.7
T-O-T bond angle bending 22.7±0.1 21.9±0.2 37.3±2.2
O-T-O bond angle bending 276.8±3.9 186.0±0.5 265.9±9.7
O-T-O-T torsional -220.9±0.3 -216.6±0.2 -218.4±1.1

a Reference [1]

anisotropy thermal parameters % can be used to visualize 
the extent of the thermal motions and their anisotropy by the 
ORTEP computer code.18

In Table 4, we have compared experimental and calculated 
bond lengths of non-rigid dehydrated zeolite A. The calcu
lated bond lengths are generally shorter than the experimen
tal lengths except for Hi-O(3) due to the difference of Na+ 

and H+. The results for rigid dehydrated zeolite A is much 
better than those of the non-rigid.

Figure 2 shows mean square displacements (MSD) of Hi, 
Hii, and Hm type ions in the non-rigid dehydrated zeolite-A 
framework atoms. The behavior of the MSD's is common: 
short, rapid increase and then very slow, flat movement, 
which indicates very small random motion in closed sites, 
but of different kinds. This is very similar to what has been 
found for Na+ ions in rigid dehydrated zeolite A,2 but the 
fluctuation after rapid increase is much smaller. MSD's of 
non-rigid dehydrated zeolite framework atoms (not shown)- 
T, O(1), O(2), and 0(3) - show behavior very similar to that 
of H+ ions with different magnitudes of MSD but much dif-

Table 3. Experimental and calculated structural parameters of non-rigid dehydrated zeolite A (a = 12.2775 A)

atom x/a y/a z/a P11 p22 P33 P12 P13 p23

T exp.a 0 0.1836 0.3722 38 35 26 0 0 5
cal.(0=0.6 A) 0.0134 0.1836 0.3731 24.9 23.0 5.5 -4.4 -4.4 19.8
cal.(0=1.4) 0.0134 0.1845 0.3737 35.2 23.4 4.1 -3.7 -4.1 35.3

cal.b 0.0123 0.1792 0.3662 13.2 20.8 19.2 -3.4 -3.3 18.4
O(1) exp.a 0 0.2275 0.5 65 76 28 0 0 0

cal.(0=0.6) 0.0073 0.2303 0.4817 3.0 5.5 -11.0 0.1 -0.1 -3.9
cal.(0=1.4) 0.0062 0.2325 0.4807 2.1 4.8 -17.3 0.0 0.0 -2.9

cal.b 0.0044 0.2049 0.4829 1.1 2.4 1.4 -0.5 0.0 0.1
O(2) exp.a 0 0.2910 0.2910 90 48 48 0 0 22

cal.(0=0.6) 0.0120 0.2885 0.2885 52.8 24.7 24.7 4.5 4.5 45.0
cal.(0=1.4) 0.0133 0.2872 0.2872 59.0 28.9 28.9 9.0 9.0 54.9

cal.b 0.0108 0.2932 0.2879 66.9 46.8 52.1 16.5 17.5 48.7
O(3) exp.a 0.1119 0.1119 0.3437 52 52 56 11 3 3

cal.(0=0.6) 0.1116 0.1116 0.3459 27.2 27.2 61.6 38.7 17.6 17.6
cal.(0=1.4) 0.1116 0.1116 0.3912 24.1 24.1 63.0 39.0 14.6 14.6

cal.b 0.1065 0.1065 0.3335 16.4 27.1 57.2 33.1 22.7 18.5
Hi exp.a 0.1991 0.1991 0.1991 55 55 55 21 21 21

cal.(0=0.6) 0.2062 0.2062 0.2062 48.3 48.3 48.3 2.1 2.1 2.1
cal.(0=1.4) 0.2083 0.2083 0.2083 70.0 70.0 70.0 -10.9 -10.9 -10.9
cal.(0=0.6)c 0.1991 0.1991 0.1991
cal.(0=1.1)c 0.2009 0.2009 0.2009

Hii exp.a 0 0.4290 0.4290 238 177 177 0 0 -64
cal.(0=0.6) 0.0193 0.3595 0.3595 129.6 42.2 42.2 3.5 3.5 -23.4
cal.(0=1.4) 0.0207 0.3789 0.3789 1 40.7 31.9 31.9 4.4 4.4 -1 2.8
cal.(0=0.6)c 0.0297 0.3404 0.3404
cal.(0=1.1)c 0.0175 0.4127 0.4127

Hiii exp.a 0.5000 0.2087 0.2087 10 74 74 0 0 -10
cal.(0=1.4) 0.4844 0.1546 0.1546 10.0 20.1 20.1 3.6 3.6 -2.1
cal.(0=1.1)c 0.4967 0.1435 0.1435

a Experimental values for Na12-A zeolite [7]. b Non-rigid zeolite-A framework only [1]. c Rigid dehydrated H12-A zeolite [6]



Molecular Dynamics Simulation Studies of Zeolite A Bull. Korean Chem. Soc. 1999, Vol. 20, No. 3 289

Table 4. Experimental and calculated bond lengths (A) of non- 
rigid dehydrated zeolite A

bond
length 冲“

non-rigid rigidb
o = 0.6 o = 1.4 o = 0.6 o = 1.1

Hi-O(3) 2.334(3) 2.375(266) 2.410(207) 2.333 2.337
Hi-O(2) 2.919(3) 2.780(237) 2.758(256) 2.919 2.921
Hn-O(2) 2.395(13) 1.236(209) 1.595(227) 0.932 2.124
Hn-O(1) 2.623(7) 2.185(238) 2.196(317) 2.428 2.523
Hm-O(3) 2.551(34) - 1.857(223) - 1.957
Hm-O(1) 2.573(33) - 2.034(405) - 2.042
Hi-H 3.698(4) - 3.598(318) - 3.766
a Experimental values for Na^-A zeolite [7]. b Rigid dehydrated H12-A 
zeolite [6].

Figure 2. Mean square displacements (MSD) of three types of H+ 

ions in non-rigid dehydrated. H12-A zeolite at 298.15 K. 一 : Hi, •…: 
Hii, and ——:Hm.

ferent from the behavior of non-rigid zeolite-A framework 
only system, which is all periodic.1 This indicates that the 
adsorbed H+ ions prevent the periodic movement (up-and- 
down and back-and-forth motions) of non-rigid zeolite-A 
framework only system.

The IR spectrum is calculated by Fourier transform of the 
total dipole moment auto-correlation function.19 Figure 3 
shows the calculated IR spectra of non-rigid dehydrated H12- 
A zeolite framework from our MD simulation. There are 
two major peaks, one around 2700 cm-1 and the other around 
7000 cm-1. The former appeared in the calculated IR spectra 
of non-rigid zeolite-A framework only system, indicating 
that the simple harmonic oscillation of the dipole moment 
autocorrelation function resulted in a very large sharp peak 
at 2700 cm-1, which reflects a monotonous dynamical fea
ture of the framework.1 But here the peak is very distorted 
probably due to the effect of the adsorbed H+ ions. The latter 
also appeared in the calculated IR spectra of non-rigid zeo- 
lite-A framework only system, which was too small to be 
considered,1 but here the corresponding peak is very large,

0.0 2000.0 4000.0 6000.0 8000.0
v/cm1

Figure 3. IR spectra of non-rigid dehydrated H12-A zeolite at 
298.15 K, calculated from the total dipole moment autocorrelation 
function of zeolite-A framework. 一 : o = 0.6 and---- : o =1.4 A.

which remains unexplained except, perhaps, to indicating a 
new formation of a vibrational mode of the framework due 
to the adsorption of H+ ions, which was not observed in non- 
rigid zeolite-A framework only system. For example, as dis
cussed above, the MSD's of non-rigid dehydrated zeolite 
framework atoms (not shown) sppear much different from 
those of non-rigid zeolite-A framework only system, which 
is all periodic.1 This might be due to the adsorbed H+ ions, 
which prevent the periodic movement of non-rigid zeolite-A 
framework only system. The different values of o for H+ ion 
affect the shape of the two peaks in the calculated IR spectra 
of non-rigid dehydrated H12-A zeolite framework. We also 
observed two nearly identical peaks in calculated IR spectra 
of non-rigid dehydrated Na12-A zeolite framework system.20

Concluding Remarks

A molecular dynamics simulation of non-rigid dehydrated 
H12-A zeolite framework has been performed at 298.15 K, 
using the usual bond stretching, bond an 이 e bending, tor
sional rotational, and non-bonded Lennard-Jones and elec
trostatic interactions for the intraframework interaction 
potentials. It is found that two different structures appear, 
depending on the choice of the Lennard-Jones parameter, o, 
for the H+ ion. For the smaller values of o (0.6-1.2 A), the 
12th H+ ion is located on one of the 8-ring window sites that 
are already occupied by three H+ ions. For the larger values 
of o (1.3-1.8 A), it is at one of the opposite 4-ring sites with 
the remaining 11 H+ ions almost kept near their initial posi
tions. It is also found that some of the H+ ions exchanged 
their sites without changing the number of H+ ions at each 
site, which is often referred as “concerted transport process”. 
The agreement between the experimental and calculated 
results for the zeolite-A framework atoms of structural 
parameters for non-rigid dehydrated zeolite A is generally 
quite good, but for the adsorbed cations the agreement is 
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somewhat poor. The calculated bond lengths are generally 
shorter than those obtained experimentally except for Hi- 
O(3) due to the difference of Na+ and H+. The calculated IR 
spectrum by Fourier transform of the total dipole moment 
auto-correlation function shows two major peaks, one 
around 2700 cm-1 and the other around 7000 cm-1. The 
former appears in the calculated IR spectra of non-rigid zeo- 
lite-A framework only system and the latter remains unex
plained, except, perhaps to indicating a new formation of a 
vibrational mode of the framework due to the adsorption of 
H+ ions, which was not observed in non-rigid zeolite-A 
framework only system.
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