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In the present paper, we report a molecular dynamics (MD) simulation 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 us
ing the same technique in our previous studies of rigid zeolite-A frameworks. Usual bond stretching, bond an
gle bending, torsional rotational, and non-bonded Lennard-Jones and electrostatic interactions are considered as 
intraframework interaction potentials. The comparison of experimental and calculated structural parameters con
firms the validity of our MD simulation for zeolite-A framework. The radial distribution functions of non-rigid 
zeolite-A framework atoms characterize the vibrational motion of the framework atoms. Mean square dis
placements are all periodic with a short period of 0.08 ps and a slow change in the amplitude of the vibration 
with a long period of 0.53 ps. The displacement auto-correlation (DAC) and neighbor-correlation (DNC) func
tions describe the up-and-down motion of the framework atoms from the center of a-cage and the back-and- 
forth motion on each ring window from the center of each window. The DAC and DNC functions of the 
framework atoms from the center of a-cage at the 8-ring windows have the same period of the up-and-down 
motion, but those functions from the center of 8-ring window at the 8-ring windows are of different periods of 
the back-and-forth motion.

Introduction

The development of accurate, widely applicable, pred
ictive methods for physico-chemical properties estimation 
based on an understanding of the molecular level processes 
continues to be an enduring goal for physical chemists. 
Molecular dynamics (MD) simulation method plays an in
creasingly important role in understanding the relationship 
between microscopic interactions and macroscopic physico
chemical properties. This is because MD simulation permits 
the researcher to selectively switch on and off key in- 
termolecular interactions and evaluate their effect on the pro
perty of interest.

There have been a number of applications of MD simu
lation method to zeolite systems to investigate the local 

structure and dynamics of adsorbates in zeolite frameworks. 
For example, Demontis et al.9 by using simple model po
tentials, reproduced the positions and vibrations of water 
molecules in the cages of natrolite,1,2 the atomic coordinates 
and the crystal symmetry of dehydrated natrolite3 and Linde 
zeolite 4A,4 and their dynamical behavior in their MD simu
lation works. Further studies of the group included the dif
fusive motion of methane in silicate5 and the structural 
changes of silicate at differmt temperatures by a MD 
method.6 Cohen de Lara et al, also performed a MD study 
of methane adsorbed in zeolite A7 based on their potential
energy calculation.8 Other MD studies on time-dependent 
properties such as diffusion coefficients and intracrystalline 
site residence times were reported for methane in zeolite Y,9 
mordenite,10 and ZSM-5,10 for benzene in zeolite Y,11 for 
water in ferrierite,12'15 and for xenon,16 methane, ethane, and 
propane in silicalite.17 The dynamics of Na+ ions inside a 
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zeolite-A framework at several temperatures was described 
by a MD simulation by Shin et a/.18

In our previous studies, we have performed molecular dy
namics simulations of five different zeolite-A systems to in
vestigate the structure and dynamics of adsorbates: rigid 
dehydrated zeolite-A,19 two rigid Ca2+-exchanged zeolite-A 
systems,20 rigid hydrated zeolite-A,21 rigid NH4+-exchanged 
zeolite-A,22 and rigid H+-exchanged and CH3NH3+-exchang- 
ed zeolite-A23 systems. The zeolite-A frameworks were as
sumed to be rigid and the framework atoms were fixed in 
the space at the position동 determined by the X-ray dif
fraction experiments.

The inclusion of the intraframework interaction of zeolite 
systems is essential to take account of energy exchange 
between the adsorbed molecules and the framework atoms 
and dynamical couplings of the sorbate with framework vi
brations, as well as the flexibility of the host lattice. In a 
previous study,30 an accurate valence force field for zeolite 
was presented by Nicholas et al. The force field contained 
tenns for bond stretching, bond angle bending, torsional ro
tational, and Lennard-Jones and electrostatic non-bonded in
teractions. They found that the force field accurately repro
duced the structure and dynamics of silica sodalite by the 
comparison of theoretical infrared (IR) spectra, radial dis
tribution functions, and mean-square displacements with ex
perimental data.

Recently Faux et al?A reported MD simulations of fully 
hydrated and dehydrated Na七zeolite 4A with a mobile zeol
ite framework at 298 K and a steepest descent energy min
imization simulation on the dehydrated zeolite. They found 
that the optimized structure yielded bond lengths, bond an
gles, and positions of sodium ions in very good agreement 
with published X-ray data.24,32 In fact, after our present 
work was begun, they published this report, but our work 
differs in the interaction potentials for the framework atoms.

Continuing our MD simulation studies of zeolite-A sys
tems with rigid zeolite-A frameworks,19"23 we present MD 
simulation of non-rigid zeolite-A framework only as the 
base case for a consistent study of the role of intraframe
work interaction on several zeolite-A systems. The primary 
purpose of this work is to provide the basic non-rigid zeol- 
ite-A framework, to test several intraframework interaction 
of zeolite A, and to investigate the local structure and dy
namics of the non-rigid zeolite-A framework atoms. In Sec
tion II we present the m이ecular models and MD simulation 
method. We discuss our simulation results in Section III 
and present the concluding remarks in Section IV.

M이ecular Models and M이ecukur Dynamics 
Simulations

The structure of zeolite-A framework is modeledjby the 
pseudo cell, (SiA104)12, using the space group Pm3m (a= 
12.2775 A). The Si and Al atoms are assumed to be ident
ical (denoted as T) because the Ewald summation33 is valid 
with this assumption. In this work, we consider the MD 
simulation of ze이ite-A framework o기y and so there is no 
adsorbate. 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. For the initial po
sitions of the framework atoms, those determined by the X-

Figure 1. A snapshot of the pseudo cell of zeolite-A framework 
only. The structure is a little distorted because of non-rigidity.

ray diffraction experiment of Pluth and Smith24 for the dehy
drated zeolite-A system are used.

The structure of the modeled zeolite-A framework is built 
up by the comer-sharing of TO4 tetrahedra: a T atom is con
nected to four O atoms and an O atom is connected to two 
T atoms which gives a V-shape connection. The pseudo 
cell of the simulated zeolite-A framework is provided in Fig
ure 1. The true unit cell of zeolite A is consist of 8 pseudo 
cells. The anangement of oxygen atoms in zeolite A pro
duces eight-membered (8R), six-membered (6R), and four
membered (4R) rings, a-cage is a cavity composed of six 
8R, eight 6R, and twelve 4R on the faces, vertices, and 
edges of a cubic box, respectively, while P-cage is com
posed of eight 6R and eight 4R. There are eight a-cages 
and p-cages per unit cell. The oxygen atoms which are a 
member of 8R and 4R rings at the same time are labeled O 
(1), those of 8R and 6R labeled 0(2), and those of 4R and 
6R labeled 0(3) and 0(3)

The interaction potential for the framework atoms is 
given by the sum of bond stretching, bond angle bending, 
torsional rotational potential, and Lennard-Jones (LJ) and 
electrostatic non-bonded interactions. The usual LJ paramet
ers and the electrostatic charges for the Coulomb potential 
are used in our previous studies19'23 with the Ewald sum
mation33 and are given in Table 1. In the pseudo cell, (TO2)24, 
24 T atoms, give a total of 96 T-0 bonds. The T-0 bond 
lengths of the T04 tetrahedra are different according to the 
O atoms: T-O(l)=0.16591, T-O(2)=0.16531, and T-0(3 or 
3')=0.16688 nm. The T-0 bond stretching potential is given 
by a simple harmonic potential30

V(r)=^-(rT_0-req'f (1)

where &=250,000 kJ/mol nm2 and r^=0.16625 nm (the aver
age of the above four T-0 lengths).

Since each TO4 tetrahedra gives 6 O-T-O angles, totally 
144 O-T-O angles exist in the pseudo cell, (T°4)24・ The O-
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Table 1. Lennard-Jones parameters and electrostatic charges 
used in this study

Atom o (nm) e (kJ/mol) Charge (e)
Al(=Si) 0.4009 0.5336 0.6081

0(1) 0.2890 0.6487 -0.4431
0(2) 0.2890 0.6487 -0.4473
0(3) 0.2890 0.6487 -0.4380

T-0 angles are O⑴-T-O(2)=108.13, O⑴・T-O(3 or 3> 
111.70, O(2)-T-O(3 or 3*)=107.12,  and O(3)-T-O(3>111.70 
degrees. The O-T-O bond angle bending potential is also 
given by a simple harmonic potential

V(0)=%f)2 (2)

where 处=0.17605 kJ/mol-deg2 and 0e?=109.43 degrees (the 
average of the above six O-T-O angles).

Each O atom gives a T-O-T angle and totally 48 T-O-T 
angles exist in the pseudo cell, (TO2)24. The T-O-T angles 
are T-O(l)-T=142.08, T-0⑵・T=164.18, and T-O(3 or 3')-T= 
145.55 degrees. According to Nicholas et al.^° the T-O-T 
bond angle bending potential is given by an anharmonic po
tential

V(0)= 흐 (公翎)2+ 으(。一 也)3+ 으 (0- 翎)4 (3)

where 綿=0.013829 kJ/moldeg2, A砂0.00050542 kJ/mol- 
deg3, 灯3=0.00°°05148 kJ/mol-deg4 and 喝=139.34 degree옹 

(the average of the above four T-O-T angles).
In silicates the Si-O bond is known to lengthen as the Si- 

O-Si bond angle becomes smaller.34 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 angle30

V。)=与(方-r ~^eq)2 (4)

where 伫=22,845 kJ/mol-nm2 and 7^=0.31971 nm (the aver
age of the following four T-T distances 一 0.31381, 0.32747, 
0.31878, and 0.31878 nm).

In a dihedral angle which is associated to four con
secutive atoms(O-T*  -O * -T), a torsional rotational potentials 
on the T*-O*  bond is possible since the three O atoms con
nected to T*  except the O*  atom are restricted by the O-T*-  
O angle bending 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, it can make a total of 96 dihedral angles. 
The torsional rotational potential for the O-T-O-T dihedral 
angle is a periodic function with a 3-fold barrier:

g슴・[l+cos(3 仞 (5)

where 楠=一 2.9289 kJ/mol.
A canonical ensemble of fixed N (number of particles), V 

(volume of fixed zeolite-A framework), and T (temperature)

Table 2. Average potential energies (kJ/mol) for 500,000 time 
steps (100 ps)
Interaction potential Potential energy
frame-frame U potential -187.9±2.1
frame-frame Coulomb 2502.1±4.8
T-O bond stretching 1333 土 8.2
T-T non-bond stretching 55.3 土 3.7
T-O-T bond angle bending 265.9±9.7
O-T-O bond angle bending 37.3 土 2.2
O-T-O-T torsional -218.4±1.1

is chosen for the simulation ensemble. Gauss's principle of 
least constraint35 is used to maintain the system at a con
stant temperature. The ordinary periodic boundary condition 
in the x-, y-, and z-direction and minimum image con
vention are applied for the Lennard-Jones potential with a 
spherical cut-off of radius equal to the half of each simu
lation box length. Gear's fifth order predictor-corrector 
method36 is used to solve the equations of translational mo
tion of the framework atoms with a time step of 2.00 X 10 16 
sec. The equilibrium 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. Several potential energies are averaged 
for 500,000 time steps (100 ps) and are listed in Table 2.

Results and Discussion

In Table 3, the results of the experimental24 and cal
culated structural parameters of zeolite A are compared. 
The mean crystallographic positions and the mean-square 
displacement matrices B are obtained by referring the 
values of the individual atoms back to the asymmetric unit 
by symmetry operations.37 The elements of the symmetric 
3x3 matrix B are computed as wl7=<uIw;>=<rirJ>-<rf><r,>. 
The agreement between the experimental and calculated 
coordinates is generally quite good with the mean deviation 
of 0.106 A. However, this value of the mean deviation is 
somewhat higher than those of Demontis et al.4 when only 
the positions of the zeolite-A framework atoms are com
pared, probably due to the use of the average bond dis-

Table 3. Experimental24 and calculated structural parameters of 
zeolite A
Atom x/a y/a z/a pu P22 P33 P12 P13 p23

T
exp. 0 0.1836 0.3722 38 35 26 0 0 5
cal. 0.0123 0.1792 0.3662 13.2 20.8 19.2 -3.4 -3.3 18.4

0(1) 
exp. 0 0.2275 0.5 65 76 28 0 0

舄cal. 0.0044 0.2049 0.4829 1.1 2.4 1.4 -0.5 0.0
0(2) 

exp. 0 0.2910 0.2910 90 48 48 0 0 22
cal. 0.0108 0.2932 0.2879 66.9 46.8 52.1 16.5 17.5 48.7

0(3) 
exp. 0.1119 0.1119 0.3437 52 52 56 11 3 3
cal. 0.1065 0.1065 0.3335 16.4 27.1 57.2 33.1 22.7 18.5
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tances and bond ^ngles in Eqs. (1)-(4). The anisotropy ther
mal parameters can be used to visualize the extent of the 
thermal motions and their anisotropy by the ORATE com
puter code.38 The values for 0(1) are very small compared 
to those of the experiment.24

Figure 2 shows the radial distribution functions, g(r), of ri
gid and non-rigid zeolite-A framework atoms (a) between T 
and T, (b) between T and O, and (c) between O and O, 
respectively. The sharp peaks in the g(r) functions of rigid 
zeolite-A framework are due to the positional symmetry of 
the framework atoms. In contrast to these, those functions 
of non-rigid ze이ite-A framework are broad due to the vi
brational motions of the mobile framework atoms. When 
our g(r) functions of non-rigid zeolite-A framework atoms 
are compared with those of non-rigid silica sodalite frame
work atoms,30 the results are much similar except that our g 

Figure 2. (a) T-T radial distribution function, (b) T-0 radial dis
tribution function, and (c) 0-0 radial distribution function in ri
gid (—)and non-rigid (- ••) zeolite-A frameworks.

(r) functions have less structures. For example, in the T-T 
radial distribution of silica sodalite, there are seven distinct 
peaks out to the cut-off distance, but the overlap of dis
tributions is appeared in the third peak. The first peaks at 
about 0.32, 0.17, and 0.27 nm in non-rigid zeolite-A frame
work are well defined, corresponding to the non-bonded or 
bonded T-T, T-O, and 0-0 distances, respectively.

Mean square displacements (MSD) of non-rigid zeolite-A 
framework atoms -T, 0(1), 0(2), and 0(3)- are plotted in 
Figure 3. In a word, the MSD's are all periodic. This means 
that the four atoms go back and forth from their reference 
points at the same period but not at the same time. In other 
words, they do not always go far away and come near at 
the same time. Time-correlations in the displacements of 
these atoms will be discussed in the below. The amplitude 
of the MSD for T is somewhat less than those for O atoms 
probably due to the mass of T. However, the MSD for 0(2) 
displays a much similar behavior to that for T. The periodic 
behavior of the MSD's for 0(1) and 0(3) is two-fold: a ra
pid vibrational motion with a short period of 0.08 ps and a 
slow change in the amplitude of the vibration with a long 
period of 0.53 ps.

In order to investigate the dynamical couplings between 
the zeolite-A framework atoms, we define a time-correlation 
function in the displacement of a certain atom respect to 
that of another atom from a reference point:

%(r)*Q(O 用。)〉 (6)

where 6(f) is the Heaviside step function, which is 1 if 
atom i goes far away from a reference point and - 1 if it 
comes near to the point at time t. When i=j, we call it as a 
displacement auto-correlation (DAC) function, and when 蚌 
j, as a displacement neighbor-conelation (DNC) function. In 
the present study, we consider two kinds of reference points 
-the center of a-cage and the center of each window. For 
example, in the displacements of the three atoms at a 8-ring 
window in Figures 4 and 5, Figure 4 represents the dis
placements from the center of a-cage which consider the up- 
and-down motions from the 8-ring window plane and Fig
ure 5 represents the displacements from the center of the 8- 
ring window which consider the back-and-forth motions on 
the plane (Figure 6).

Figure 4 (a) 아lows the DAC functions of T, 0(1), and O

0.03

0.00

0.01

0.02

0.5 1.0
t(ps)

Figure 3. Mean square displacements of four atoms in non-rigid 
zeolite-A framework.…:T, 一: 0(1), •••: 0(2), and------ : 0(3).
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(b) 03

-0 3-1----- -------!------------ 1----- ------ ------------- 1----- ------
'0.0 0.1 0.2 0.3 0.4 0.5

"0.4 I ' " ' ' > * ' ' ' r——
0.0 0.1 0.2 0.3 0.4 0.5

(d) 0131

~0«3 * ■ ' ■ ' , • ' * '
0.0 0.1 0.2 0.3 0.4 0.5
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Figure 4. (a) Displacement auto-conelation functions of T (—), 
0(1) (™), and 0(2) (•,•), and displacement neighbor-correlation 
functions of (b) T-T (一)，T-O(l) (™), and T-O(2) (■•■), (c) 0(1)- 
T (-), O(l)-O(l) and O(l)-O(2) (•••), and (d) O(2)-T (-), 
O(2)-O(l)(…),and O(2)-O(2) (•••) from the ester of a-cage at 
the 8-ring windows in non-rigid zeolite-A framework.

0.0 0.1 0.2 0.3 0.4 0.5
t(ps)

-0.3

Figure 5. (a) Displacement auto-correlation functions of T (—), 
0(1) (), and 0(2) (•••), and displaceme까 neighbor-correlation 
functions of (b) O(l)-T (—), O(l)-O(l) (—), and O(l)-O(2) (•••) 
from the center of 8-ring at the 8-ring windows in non-rigid zeol- 
ite-A framework.

(2) atoms at the 8-ring windows from the ce바er of a-cage. 
All the three kinds of atoms are moving up-and-down from 
the 8-ring window plane with the period of 0.08 ps which 
is equal to that of the rapid vibrational motion in the MSD. 
However, this does not mean that all the three kinds of 
atoms go far away from the center of a-cage and come 
back near to the center at the same time. In order to see the 
time-direction table, we have to look at the DNC functions. 
From Figure 4 (b), at time t=0, respect to the motion of T 
atom, the other T atoms and 0(1) atoms are moving to the 
same direction and 0(2) atom in the opposite direction. The 
moving directions of these atoms are changed in the op
posite direction very soon with the same period of changing 
direction. Figures 4 (c) and (d) 아k)w the DNC functions of 
T, 0(1), and 0(2) atoms respect to 0(1) atom and of T, O 
(1), and 0(2) atoms respect to 0(2) atom, respectively.

In Figure 5 (a), the DAC functions of T, 0(1), and 0(2) 
atoms at the 8-ring windows from the center of 8-ring are 
plotted. 0(2) atoms are moving back-and-forth on the 8- 
ring window plane with the period of 0.08 ps which is 
equal to that of up-and-down motion of the three atoms 
from the center of a-cage, but the back-and-forth motion of 
T and 0(1) atoms is a little faster than that of 0(2) atom. In 
Figure 5 (b), the DNC functions, respect to the motion of O 
(1) atom, of T, 0(1), and 0(2) atoms at the 8-ring windows 
from the center of 8-ring are plotted. At time t=0, T atoms 
are moving back-and-forth in the opposite direction to those
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(b)
Figure 6. (a) Up-and-down motion of the 8-ring atoms from the 
center of a-cage and (b) back-and-forth motion of those atoms 
from the center of 8-ring window.

°
은
 E

 은

。sq
u

0.0 2500.0 5000.0 7500.0 10000.0
V/arf

Figure 7. IR spectra of zeolite A, calculated from the total dipole 
moment autocorrelation fiinction of zeolite-A framework (inset).

of 0(1) and 0(2) atoms respect to the motion of 0(1) 
atoms, becoming in the same direction at the intermediate 
time, and then returning in the opposite direction at t=0.4 ps. 
This is mai미y due to the different period of each atom in 
changing the direction of motion. It is worth noting that in 
Figure 4, the periods of up-and-down motion of all the 
atoms from the center of a-cage at the 8-ring windows are 
equal to one another. The DAC and DNC functions of the 
framework atoms from the center of a-cage and the centers 
of 6-ring and 4-ring windows at the 6-ring and 4-ring win
dows (not shown) display rather similar character to those 
of Figure 5 with different periods of motion. It will be in
teresting how the adsorbate such as Na+ ion affects the vi

brational motion of the non-rigid zeolite-A framework 
atoms.39

The IR spectrum is calculated by Fourier transfomation 
of the total dipole moment autocorrelation function.40 Figure 
7 shows the total dipole moment autocorrelation function 
and the calculated IR spectra of zeolite-A framework from 
our MD simulation. 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 frame
work.

Concluding Remarks

A molecular dynamics (MD) simulation of non-rigid zeol- 
ite-A framework(mly have been performed at 298.15 K. 
The reproduced positions of the zeolite-A framework atoms 
by our MD simulation are in quite good agreement with 
those of the experiment. The radial distribution functions 
and mean square displacements of the non-rigid zeolite-A 
framework atoms characterize the vibrational motion of the 
framework atoms. The up-and-down motion of the frame
work atoms from the center of a-cage and the back-and- 
forth motion on each ring window from the center of each 
window are well described by the displacement auto-corre
lation (DAC) and neighbor-correlation (DNC) functions. 
The introduction of the adsorbate such as Na+ ion and its af
fection on the vibrational motion of the non-rigid zeolite-A 
framework atoms will be presented in a future publication.
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The thermal decomposition of matrix-green sheet and electrolyte-green sheet in CO2, sintering effect of Ni- 
green sheet for the decomposition of matrix-green sheet, and binder burnout during MCFC unit cell operation 
were studied. Binders decomposed incompletely in CO2 and thermal decomposition of electrolyte-green sheet 
was affected more than that of matrix-green sheet by CO2. It was important to decompose the binder com
pletely before it changed to nonoxidative condition. Binders were more effectively eliminated in the sintered 
Ni-matrix green sheet than Ni-matrix green sheet. The decomposition state of binder during unit cell operation 
was showed by analyzing the produced gases. Two characteristic peaks, butanal and butene were detected at 
all experimental condition and binder burnout state was checked by analyzing the change of two index peaks 
during decomposition process. Most of binders in the unit cell were decomposed sufficiently under slow heat
ing rate and initial oxidative condition.

Introduction

A fuel cell is a device that directly converts the chemical 

energy of reactants into electric energy by electrochemical 
reactions. Molten carbonate fuel cells (MCFCs) are present
ly under development for electric utility power generation.


