
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 14 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713644482

Molecular Dynamics Simulation Studies of Zeolite-A. IV. Structure and
Dynamics of NH4

  ions in a Rigid Dehydrated Zeolite-A
Sang Gu Choia; Song Hi Leeb

a Department of Industrial Safety, Yangsan Junior College, Yangsan, Korea b Department of Chemistry,
Kyungsung University, Pusan, Korea

To cite this Article Choi, Sang Gu and Lee, Song Hi(1996) 'Molecular Dynamics Simulation Studies of Zeolite-A. IV.
Structure and Dynamics of NH4

  ions in a Rigid Dehydrated Zeolite-A', Molecular Simulation, 17: 2, 113 — 130
To link to this Article: DOI: 10.1080/08927029608024100
URL: http://dx.doi.org/10.1080/08927029608024100

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927029608024100
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Molecular Simulation, 1996, Vol. 17, pp. 113-130 
Reprints available directly from the publisher 
Photocopying permitted by licence only 

0 1996 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in The Netherlands under 
license by Gordon and Breach Science Publishers SA 

Printed in Malaysia 
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OF ZEOLITE-A. IV. STRUCTURE AND DYNAMICS 
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+Department of Industrial Safety, Yangsan Junior College, Yangsan, Korea 626-800 

(Received M a y  1995, accepted August 1995) 

In recent papers C1-31 we reported molecular dynamics simulation studies of ions and water molecules 
adsorbed in a rigid zeolite-A framework using a simple Lennard-Jones potential plus Coulomb potential 
with Ewald summation to investigate the structure and dynamics of the adsorbates. In the present paper 
the same technique is applied to study the local structure and dynamics of NH: ions in a rigid dehy- 
drated zeolite-A. During the preliminary equilibration, the unstable NH,(4) type ion (the 12th ion) is 
pushed down to near a more stable 6-ring position in the a-cage that is already associated with an 
NH,(l) type ion (the 1st) in the 8-cage, which moves to another 6-ring position in the 8-cage that is 
already associated with an NH,(2) type ion (the 7th) in the cc-cage. Calculated x, y, and z coordinates of 
some NHf ions are in good agreement with those obtained from an X-ray diffraction experiment except 
that no NH,(4) type ion is found and there are six NH4(2) type ions instead of 0.5 and 5.5 occupancy. The 
analyses of calculated interatomic distances and time correlation functions of these ions indicate that the 
NH4(l - 1) and NH4(3) type ions are associated loosely with only one 0 (3) atom of the 6-ring and with 
only one O(1) atom of the 8-ring windows, respectively, while the NH,(l-2) and NH,(2) type ions are 
associated strongly with two or three 0 (3 )  atoms of the 6-ring windows in the a- and 8-cages, respective- 
ly. The analysis of hydrogen bond time correlation functions of these ions indicate that about one, two or 
three, three, and one hydrogen bond of each NH,(l-I), NH,(l-2), NH,(2) and NH4(3) type ion is kept 
for 1.4, 21, 75, and 1.4 ps, respectively, before breakup of the hydrogen bond occurs and significant 
exchange of 0 atom hydrogen-bonded to the ion. 

KEY WORDS: Zeolite-A, dynamics, ion positions. 

1 INTRODUCTION 

In previous studies, we have performed molecular dynamics (MD) simulations of three 
different zeolite-A systems: a rigid dehydrated zeolite-A [ 11, two rigid Ca2+-exchan- 
ged zeolite-A [2], and a rigid hydrated zeolite-A [3]. In the first paper [l], a best- 
fitted set of electrostatic charges was chosen from the results of the MD simulation at 
298.15 K and Ewald summation [4] was used for the long-ranged character of 
Coulomb interaction. The calculated x, y, and z coordinates of Na' ions were in good 
agreement with the positions determined by an X-ray crystallography [S] within 
statistical errors. Their random motions in different types of closed cages were well 
described by time-correlation functions and Na, type ions were found to be less 
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diffusive than Na,, and Na,,,. At 600.0 K, the unstable Na,,, type ion pushes one of 
the nearest Na, ions into the /?-cage and sitted on the stable site 1 instead and the 
captured ion in the /?-cage wandered over and attacked one of the eight Na, ions. 

In the second paper [2], the same method was applied to study the local structure 
and dynamics of cations in rigid dehydrated Ca2+-exchanged zeolite-A systems, 
Ca,-A and Ca,Na,-A. At 298.15 K, the calculated positions of Ca2+ and Na+ ions 
were in poor agreement with those determined by X-ray diffraction experiments 
[6-71, but this was reasonably explained by large repulsive interactions between 
cations. A simple harmonic oscillation of Ca2 + ions in the dehydrated Ca,-A zeolite 
and simultaneous random motions for the same kinds of cations in the dehydrated 
Ca, Na,-A zeolite due to a positional symmetry were observed in their velocity 
auto-correlation functions and mean square displacements. M D  simulation of the 
fictitious Ca,-A zeolite with Ca’.5+ confirmed our results for the behavior of Ca2+ 
ions in the dehydrated Ca,-A zeolite. 

In the third paper [ 3 ] ,  a rigid hydrated zeolite-A at 298.15 K was studied by M D  
simulation to investigate the local structure and dynamics of Na’ ions and water 
molecules. The results of the M D  simulation showed that eight Na, type ions were 
kept at their sites of 6-ring windows, characterized by non-diffusive vibrational 
motion, and that four Nalv type ions showed a diffusive mobility due to loose 
bindings to nearest framework atoms and full hydrations with a-cage water mole- 
cules. 8-cage water molecules formed a distorted tetrahedron with edge lengths in 
good agreement with those predicted in an X-ray diffraction experiment [S]. How- 
ever, there was no clear evidence for the dodecahedra1 arrangement of 20 water 
molecules predicted in an the X-ray diffraction experiment [S]. The dynamical 
behavior of x- and /?-cage water was more diffusive than bulk water due to the lack 
of hydrogen bonds in the closed cages. The rotational motions of water molecules in 
both z- and P-cages were characterized by slower librational motions and faster 
rotational relaxations than bulk water. An M D  simulation in the true cell showed 
very little sensitivity of the structure and dynamics of Na’ ions and water molecules 
to the size of the zeolite framework. 

As McCusker and Seff pointed out [9], the zeolite-A framework can accommo- 
date 11 cations relatively well at the eight 6-ring and three 8-ring sites in each 
pseudocell, but that is one short of the 12 sites needed by monopositive cations to 
balance the 12-anionic charges. Consequently, the twelfth ion must occupy a some- 
what less satisfactory position in the structure. In the dehydrated zeolite-A system, 
this cation position is located in the large cavity opposite to a 4-ring [a]. A similar 
position is observed for a TI+ ion in Cs,Tl,-A zeolite system [lo]. From the view of 
our MD simulation result [l], the second possible site for the twelfth ion is inside the 
8-cage as observed in the MD simulation study of the dehydrated zeolite-A at 600.0 
K-eight Na, type ions at the eight 6-ring sites, three Nat, type at  the three %ring, 
and one inside the 8-cage. But there was a different M D  result for the same system 
at 600.0 K by Shin et al. [l 11, in which the Nallr ion, initially located at the large 
cavity opposite to a 4-ring (site HI),  attacks one of the three neighboring 8-ring sites 
(site 11). At the same time, the attacked Na,, type ion moves to one of another 
neighboring sites 111 with Na, type ions remaining near the 6-ring sites (Site I). They 
called this “concerted transport process” [ 1 13. 
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MOLECULAR DYNAMICS OF ZEOLITE-A 115 

Since, in a NHZ-exchanged zeolite-A system, the size of NHZ ion is larger than 
that of Na+ ion so that the NHZ ion must associate with 0 atoms of the zeolite-A 
framework via hydrogen bonds, it may be less adaptable than either Na' or T1+ 
and therefore may select a different twelth-cation site. The result of X-ray diffraction 
experiment [9] for this zeolite-A system showed that 0.5 of this ion sits on a 6-ring 
that is already associated with another NHZ ion and 0.5 sits on the large cavity 
opposite to a 4-ring. 

Continuing the MD simulations of three different zeolite-A systems, we have 
chosen the rigid NHZ-exchanged zeolite-A as the fourth object in the series of our 
studies on the zeolite-A system. The primary purpose of this work is to investigate 
the local structure and dynamics of NHZ ions in the rigid NH2-exchanged zeolite-A 
using the previously determined potential parameters and the Ewald summation 
technique [4] with the determination of the Lennard-Jones parameters for the 
NHZion. 

In Section I1 we present the molecular models and MD simulation method. We 
discuss our simulation results in Section 111 and present the concluding remarks in 
Section IV. 

2 MOLECULAR MODELS AND MD SIMULATION 

The NHZ -exchanged zeolite-A framework is modeled by the pseudocell, (SiAIO,), 2, 

of the Pm3m space group (a = 12.284 A) which contains 12 NHZ ions. The frame- 
work is assumed to be rigid and the framework atoms are fixed in the space at the 
positions determined by the X-ray diffraction experiment of McCusker and Seff [9]. 
Table 1 shows the idealized occupancy of N atoms of NHZ ions which is obtained 
from the experiment. 8.5 NH4fions per pseudo-cell are associated with 6-ring posi- 
tions of the zeolite-A framework: 3.0 recessed 1.80 8, into the sodalite cavity (the 
NH4(1) type) and 5.5 extending 1.438, into the large cavity (the NH4(2) type), 3.0 are 
associated with 8-ring positions (the NH4(3) type), and 0.5 opposite to a 4-ring (the 
NH4(4) type). The fractional occupancy observed at the NH,(2) and NH,(4) type 
ions indicates the existence of 2 types of pseudo-cells in the unit cell. Four pseudo- 
cells have 3 NH,(l), 5 NH4(2), 3 NH4(3), and 1 NH,(4) type ions (the 1st pseudo- 
cell) and the remainder four have 3,6,3, and 0 (the 2nd pseudo-cell). 

Table 1 
zeolite-A," 

t ype  of NHdion Fm3cb Pm3m' this work 

NH,( 1): near 6-ring, 24.0 (25.8) 3.0 (3.2) 3.0 

NH,(2): near 6-ring, 44.0 (43.6) 5.5 (5.5) 5.0 

NH,(3): near 8-ring 24.0 (21.6) 3.0 (2.7) 3.0 
NH,(4): opposite of 4-ring 4.0 (4.0) 0.5 (0.5) 1.0 

Idealized occupancy of NH: ions in the NHf -exchanged 

recessed 1.80 A into p-cage 

extended 1.43 A into a-cage 

~ ~ ~ ~~ ~~ 

"The numbers in ( ) are refined occupancy factors. *Unit cell. 'Pseudo-cell 
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116 S. G. CHOI AND S. H. LEE 

Based on this occupancy. the positions of the N atoms of NHZ ions (1st pseudo- 
cell) are listed in Table 2. The distances between N atoms in NH2 ions for this 
configuration are calculated and listed in Table 3. The shortest distance of 2.973 8, 
comes from between 6th and 12th ions in Table 2 and 3.22d from between two ions 
which confront each other through a 6-ring window (2nd pseudo-cell). The configur- 
ation of Table 2 is the most probable one because the distances between N atoms in 
NHZ ions are distributed as far as possible. However, there may be another con- 
figuration, which is the same as a stereoview of a likely atomic arrangement pointed 
out in the paper of Karl Seff and co-worker [9] but is relatively improbable because 
of the short distance (2.619 A) between N(l) atoms. In both configurations, the 
occupancy factors of the NH4(1), NH4(2), NH,(3) and NH,(4) type ions are respect- 
ively 3.0, 5.0, 3.0 and 1.0 (Table 1). Our MD simulation is initialized with the 
positions of N atoms in NH: ions for the configuration listed in Table 2 and with 
those of H atoms determined randomly, after the determination of the LJ parameter, 
0, for NH; ion by comparing MD calculated positions of N atoms of NH4f ions for 
several d s  simulated from these positions of N and H atoms. 

The interaction potential for cations and framework atoms is given as a sum of 
Lennard-Jonnes (LJ) and Coulomb potentials between each NHZ ion i and each 

Table 2 Initial positions (A) of N atoms of NH: ions. 

tjpe iO1l position 

X Y 2 
NHJ1) 1 4.833 4.833 4.833 

3 -4.833 -4.833 4.833 
2 4.833 -4.833 -4.833 

NH4(2) 4 -2.973 2.913 2.913 
5 2.913 - 2.973 2.973 
6 2.973 2.913 -2.913 
1 - 2.913 2.913 - 2.913 
8 -2.973 - 2.913 - 2.913 

NHJ3) 9 5.107 0.423 0.423 
10 0.423 5.107 0.423 
11 0.423 0.423 5.707 

NH,(4) 12 2.960 2.960 0.000 

Table 3 1nlti;il distances (A) between N atoms of NH; ions. 

type-rjpe !?.Yp.* Table 2 

“1)- N(1) 3.70 3.104 
N( 1)- - N(2) 3.22 5.193 
N(2)-N4) - 2.913 
N(3)-N4) - 3.163 
*Reference 9. 
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MOLECULAR DYNAMICS OF ZEOLITE-A 1 1 7  

framework atom j as follows: 
ion ion frame 

'=C C 4 i j + C  ' ~ i j  
i j  i < j  

where the interaction energies d j j  and ' p j j  are expressed as 

and 

with Y = r i j ,  and k and 1 represent the atoms of NHZ ion. The LJ parameters and 
electrostatic charges of framework atoms were determined in a previous work [l] by 
comparing the interatomic distances of the dehydrated zeolite-A system. 

For the NH; ion, a rigid Bernal-Fowler-like model for liquid ammonia [12] is 
modified and used. The bond length N-H and the bond angle <HNH are fixed at  
1.0126 A and 109.5' so that the H-H distance is fixed at 1.6536 8,. The total 
electrostatic charge on NH; ion should be given as 0.55 e like Na' ion according to 
the previous work [l] and distributed -0.1447 e on N atom and 0.1737 e on each 
H atom. These partial charges of N and H atoms are determined by using Huheey's 
electronegativity set [13], Sanderson's electronegativity equalization principle [ 141, 
and the electric neutrality principle. For the liquid ammonia case [12], 0.485 e on 
each H atom plus a neutralizing charge - 1.455 e on the molecular C,, axis 0.1568, 
from the N atom, inside the molecule. The LJ parameter, E, of NH,f ion is chosen to 
be equal to that of NH, which was used in Ref. 12, but the other LJ parameter, 0, is 
optimized by comparing the agreement between the crystallographic positions [9] 
and our MD calculated positions of 11 N atoms of NH; ions at the various values 
of c as shown in Table 4. 

Table 4 Absolute values of the differences between crystallo- 
graphic and calculated positions of 11, NH; ions at various 
values of Lennard-Jones parameter, u (A). 

~ 

type of ion U= 3.00 3.10 3.20 3.30 3.40 
~ 

NH4(1) AX, 0.385 
AYl 0.310 
AZ, 0.388 

NH4(2) AX, 0.076 
AY, 0.092 
AZ2 0.076 

NH4(3) AX3 0.342 
AY3 0.053 
AZ3 0.347 

total AT* 6.695 

0.338 0.332 0.334 
0.252 0.220 0.190 
0.340 0.333 0.328 
0.031 0.009 0.057 
0.045 0.021 0.038 
0.029 0.009 0.058 
0.345 0.352 0.361 
0.021 0.025 0.056 
0.344 0.357 0.358 
5.445 5.052 5.646 

0.299 
0.152 
0.304 
0.104 
0.082 
0.104 
0.362 
0.090 
0.360 
6.151 

*AT = 3AX, + 3AY, + 3AZ, + 5AX, f 5AY2 + 5AZ2 + 3AX, 
+ 3AY, + 3AZ,. 
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118 S. G. CHOI AND S. H. LEE 

The choice of 0.55 e for the total charge on NH; is enforced by the previous 
works [l-31. Several values of qNa (0.55,0.6,0.625,0.65, and 0.7 e) have been careful- 
ly examined by calculating the average distances of Na+  ions from the center of the 
cx-cage and the interatomic distances between Na+  ions and between Na+  ion and 0 
atoms of the framework in the rigid zeolite-A system [l]. The result of qNa+ = 0.55 e 
has been selected as the best one, in view of the accuracy in the distance of the Na,,, 
type ion from the center of the a-cage and the interatomic distance of Na-0.  No 
et al. [15] have obtained the potential energy functions of dehydrated zeolite-A by 
constrained method, using the geometry of (T,O,Na), from an X-ray crystallo- 
graphic study [ 161. Force constant sets are calculated with these potential functions 
at several qNa values (0.1.0.25,0.40,0.55,0.71, and 1.0 e). With the force constant 
sets, normal-mode calculation is performed, and the result is compared with the 
far-IR spectraC17- 191 of the hydrated zeolite-A. The average net charge of Na+ is 
0.625 e. These potential energy parameters have been used for MD simulation of the 
rigid dehydrated zeolite-A system [ll]. The use of 0.65 e for the charge of Na+ in 
nonbonded sodium-sodium has been reported in MD simulation of zeolite NaY 
1201. However, the electrostatic potential of the zeolite framework was modeled by 
partial atomic charges of 1.0 e on the sodium atoms and -0.125 e on the 0 atoms 

The LJ parameters and electrostatic charges used in this work are shown in 
Table 5. The potential parameters used for the zeolite-A framework atoms are al- 
ready obtained in our previous study [l]. The long-ranged Coulomb potential 
between the electrostatic charges on the cations and framework atoms is treated with 
the Ewald summation, which was discussed in detail in Section I1 of Refs. 1 and 3. 

A canonical ensemble of fixed N (number of particles), V (volume of zeolite), and T 
(temperature) is chosen for the MD simulation ensemble. Gauss’s principle of least 
constraint [2l] 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 6.142 d. Gear’s fifth order predictor-corrector method [22] is used 
to solve the equations of translational and rotational motions numerically with time 
step of 1.00 x sec. For the internal orientation of the rigid geometry of NH; 
ion, Evans’s quaternion method [23] is used [3,24]. The equilibrium properties are 

c201. 

Table 5 
this work. 

Lennard-Jones parameters and electrostatic charges used in 

ions and atonis d A  ) E(kJ/niol)  charge(e) 

NH,+ ion 3.200 1.164 (0.55) 
N atom ~ - -0.1447 
H atom ~ 0.1737 
A l (  = Si) atom 4.009 0.5336 0.608 1 
O(1) atom 2.890 0.6487 -0.443 1 
O(2) atom 2.890 0.6487 -0.4473 
O(3) atom 2.890 0.6487 -0.4380 

- 
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MOLECULAR DYNAMICS OF ZEOLITE-A 119 

averaged over four blocks of 100,000 time steps (100 ps), for a total of 400,000 time 
steps after 100,000 time steps to reach equilibrium. The configurations of NH,f ions 
are stored every 5 time steps for further analysis. 

3 RESULTS AND DISCUSSION 

We begin by reporting the inital behavior of NH,' ions in the preliminary simula- 
tion run for equilibration. During the equilibration run of 100,000 time steps (100 
ps), some of NHZ ions move and finally arrive at their stable sites within about 
50,000 time steps where they remain with non-diffusive vibrational motion till the 
end of the whole simulation. Figure 1 shows the stereoplots, by ORTEP [25], of (a) 
12 NH; ions viewed from the a-cage and (b) 8 NH: ions from the P-cage of a rigid 
dehydrated zeolite-A at  298.15 K after 500,000 time steps (the y and z of the box run 
from + to - in Figure l(a)). All the movement of NH; ions is initially due to the 
unstable NH,(4) type ion (the 12th ion): this ion is only 2.973 8, away from an 
NH,(2) type ion (the 6th ion) as shown in Table 2 and 3, and the repulsive interac- 
tion between these two ions pushes the NH,(4) type ion to near a more stable 6-ring 
position that is already associated with an NH,(l) type ion (the 1st ion) in the 

Figure 1 Stereoplots of (a) 12 NH: ions viewed from the cc-cage and (b) 8 NH; ions from the /3-cage of 
a rigid dehydrated zeoilte-A at 298.15 K after 500,000 time steps (the y and z run from + to - in 
Figure (a)). 
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sodalite cavity (/?-cage). This situation is exactly the same as that of our previous 
MD simulation on a rigid dehydrated zeolite-A system at 600 K [l] - the unstable 
Na,,, type ion pushed down one of the nearest Na, ions into the /3-cage and sits on 
the stable site I instead and the captured ion in the /?-cage wandered over and 
attacked one of the eight Na, ions. The effect of high temperature causes the same 
structural change in a rigid zeolite-A system as that of large ion size - a loosely 
bounded ion is wandering over the sodalite cavity. It is worth noting that the same 
movement of the 12th ion is always observed in the MD simulations at the various 
values of u to determine the u of N atom of NH: ion. 

The 12th ion migrates to the stable 6-ring position and becomes the NH,(2) type 
ion. The behavior of the 1st ion is very interesting! Initially this ion is sitted on one 
(+, +, +) of the stable 6-ring positions in the sodalite cavity as shown in Table 2, 
but upon the attack of the migrated 12th ion, it may stay there to confront the 12th 
ion or move to one of the other stable 6-ring positions (-, +, +; +, -, +; +, +, 
- ; - , + , 

ions. In the case of movement, however, there is only one choice-it takes the 
(-, +, -) 6-ring position in the sodalite cavity to confront the 7th ion as shown in 
Figure 1 since then it is away from the other two NH4(1) type ions (the 2nd and 3rd) 
as far as possible. For the configuration after the migration of the 12th ion to the 
(+, +, +) 6-ring position in the large cavity (%-cage), both sites of the 1st ion, the 
(+, +, +) and the (-, + , - )  6-ring positions in the sodalite cavity that confront the 
12th ion and the 7th ion, respectively, are exactly identical with respect to the 
positions of the five NH4(2) and the two NH4(1) type ions, but not those of the three 
NH,(3) type ions. 

Averaged x, y, and z coordinates of N atoms of NH,' ions and their distances, Y, 
from the center of box at  298.15 K for the sampling run of 400,000 time steps 
(400ps) are listed in Table 6. The predicted sites of some NHZ ions by our MD 
simulation are in good agreement with those obtained from the X-ray diffraction 
experiment [9]. However, Table 6 shows that no NH,(4) type ion is found and there 

, , - , - ) '  in the sodalite cavity to confront one of the five NH4(2) type 

Table 6 Average x, y, and z coordinates (A) of N atoms of NH: ions and distances, 
r(A), from the center of box at 298.15 K for 400,000 time steps (400 ps). 

type ion Y y r 

NH4(3) 9 
10 

-5.430+0.164 4.591 kO.076 
4.632 f 0.019 -4.624k 0.014 

-4.635 f 0.020 -4.623 0.018 

- 2.986 0.026 2.968 0.029 
- 3.01 1 & 0.020 

2.999 k 0.029 
-3.005 & 0.022 

2.969 f 0.028 

- 2.979 f 0.035 
-2.961 f 0.029 

2.981 f 0.028 2.971 k 0.030 

2.981 0.030 3.001 & 0.026 

-0.392 k 0.026 
- 5.700 k 0.012 

-5.941 f 0.047 
0.012 f 0.038 
0.012 f. 0.030 -0.387 0.030 

- 5.435 & 0.166 

4.631 f 0.016 

2.986 k 0.026 
2.965 f 0.032 

-2.985 f 0.027 
- 2.974 f 0.035 

2.983 f 0.029 

0.000 0.043 
0.005 f 0.046 

-4.638 f 0.018 

- 2.961 f 0.030 

-5.937 k 0.029 

8.952 0.160 
8.022 f 0.025 
8.0 19 & 0.026 

5.161 kO.046 
5.164 k 0.045 
5.160 & 0.048 
5.168 0.056 
5. I54 & 0.046 
5.176 f 0.048 

5.954 0.037 
5.700 f 0.012 
5.950 f 0.029 1 1  
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are six NH4(2) type ions instead of 0.5 and 5.5 occupancy as shown in Table 1. The 
average positions of the 1st ion and three NH4(3) type ions (the 9th, loth, and 11th) 
are moved a lot from the initial positions given in Table 2, in addition to the 
movement of the 12th ion which is the major cause for all the movement. The 
unsymmetry of x, y, and z coordinates of the 1st ion seems caused by the interaction 
with the two NH4(1) type ions in the sodalite cavity and causes the unsymmetry of 
positions of the three NH4(3) type ions. This unsymmetry affects the interatomic 
distances shown in Tables 8 and 9. 

Averaged potential energies of NH; ions at 298.15 K for the 400,000 time steps 
(400 ps) are listed in Table 7. The order of stability of these ions is the NH4(3), the 
NH4(2), and the NH4(1) type, in comparison with the dehydrated zeolite-A sys- 
tem [ 13, - the Na, (6-ring), the Na,, (8-ring), and the Na,,, type (opposite to a 4-ring). 
The highest energy of the 1st ion and a higher energy of the 7th ion than that of the 
other usual NH,(2) type ions (the 4th, 6th, and 12th) is attributed to the fact that the 
two ions are associated with the same 6-ring and confront each other through the 
6-ring window. However, the large difference in the amount of the potential energies 
of these ions indicate that the 7th ion is strongly associated with the 6-ring window 
while the 1st ion is weakly associated since the former was already associated with it 

Table 7 Average potential energy(kJ/mol) of each NH4+ ion 
at 298.15 K for 400,000 time steps (400 ps). 

NH4(1) I -46.3 k 1.5 
2 -80.4 k 3.2 -69.0k 16.1 
3 -80.3 k 2.8 

NH,(2) 4 -92.0k6.1 
5 -88.6+ 6.1 
6 -91.8f6.4 -90.0k 1.5 
7 -89.2f 7.1 
8 -88.3 f 5.6 

12 -90.1 6.5 

NH4(3) 9 -92.5f 1.9 
10 -92.5 f 2.0 -92.5 f 0.0 
11 -92.5k2.0 

Table 8 Calculated interatomic distances &between N atoms of 
NH4+ ions from Table 6.* 

tYPe-tYPe distances 

NH4(1)-NH,(1) 3.87 (1-2,3), 4.27 (2-3) 
NH,(l)-NH,(2) 
NH4(2)-NH4(3) 

4.86(1-4,6),3.82(1-7), 5.23 ( 2 - 5 , 6 , 8  & 3-4,5,8) 
5.04 (5,8-9,10, l l) ,  5.52 (4,6,7,12-9,10, 11) 

* the numbers in ( ) are those between ions. 
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Table9 Calculated distances (A) of N atoms of NH,' ions 
from the center of box (CB) and interatomic distances between 
N atoms of NH,' ions and 0 atoms of the zeolite-A framework 
from Table 6. 

distances eup." this work 

8.371 
5.149 
5.738 
4.186 
3.46 
2.99 
3.221 
2.789 
2.94 
3.07 
3.20 
3.07 
2.789 

8.33 (1,2,3) 
5.16(4,5.6,7,8,12) 
5.87 (9, 10,l I )  

3.51 ( l)b, 3.28 (2,3)' 
2.91 ( 1)'. 2.80 (2.3)' 
3.2 1 (4,5,6,7,8, 12)d 
2.78 (4,5,6,7,8, 12)" 
3.32 ( lo)', 2.92 (9,ll) '  
3.65 (lo)', 3.38 (9. l l y  

- 

"Reference 9. 'Only one value. 'Average of 6 values 
dAverage of 18 values. 'Average of 2 values. 

in the a-cage when the latter is pushed down to the 6-ring in the 0-cage due to the 
attack of the 12th ion. The highest potential energy of the 1st ion also seems related 
to the short distances (3.87 A) to the two NH4(1) type ions which also have higher 
energies than those of the NH4(2) type ions. The relatively higher energies of the 5th 
and 8th ions than that of the other NH,(2) type ions (the 4th, 6th, and 12th) are also 
notable. This seems related to the interatomic distances shown in Tables 8 and 9. 

Averaged interatomic distances between N atoms of NH; ions and between N 
atoms of NH; ions and 0 atoms of the zeolite-A framework calculated from the 
positions of N atoms of NH: ions in Table 6 are listed in Tables 8 and 9. The 
shortest distance between N atoms of NH,' ions is NH,(l)-NH,(2) (1 - 7), which 
means that the 1st and 7th ions are associated with the same 6-ring and confront 
each other through the 6-ring window. The difference between the same 
NH4(l)-NH,(l) distances which are 3.87A (1 - 2, 3) and 4.278, (2 - 3) is noticeable. 
This can be easily understood when one looks at the NH4(1)-O(2) and 
NH4(1) - O(3) distances in Table 9 - the 2nd and 3rd ions can make strong associ- 
ations with three O(3) atoms at each 6-ring position in the sodalite cavity while the 
1st ion is only loosely bound to only one O(3) atom apparently because of the 7th 
ion confronting it. This behavior of 1st ion is also seen in time dependent auto- 
correlation functions, specially in the mean square displacement of the ion. Among 
the NH,(l) - NH4(2) distances in Table 8, the 4th and 6th ions are near the 1st ion 
while the 5th, 6th, and 8th are near the 2nd and the 4th, 5th, and 8th near the 3rd: 
both the 5th and 8th are near the 2nd and 3rd. The shorter NH4(2)-NH,(3) 
distance than the other is due to the 5th and 8th ions. This seems related to the 
somewhat higher energies of those ions. 

Calculated distances of N atoms of the NH, type ions from the center of box give 
an overall agreement with those obtained from the X-ray diffraction experimentC91 
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Table 10 Calculated distances (A) between H atoms of NH; ions and 0 atoms of the zeolite-A frame- 
work for the final positions after the whole 500,000 time steps. 

N H ;  ion Framework Distance NH: ion Framework Distance 

No. H atom No. 0 atom No. H atom No. 0 atom 

1 H(3) 62 O(3) 2.335 
H(4) 38 O(3) 1.842 

2 H(2) 35 O(3) 1.979 
H(4) 50 O(3) 2.183 
H(4) 51 O(2) 2.372 

3 H(l)  71 O(3) 1.911 
H(2) 26 O(3) 1.726 
H(3) 20 O(3) 2.269 

4 H(l) 23 O(3) 1.8.52 
H(2) 63 O(2) 2.589 
H(3) 44 O(3) 1.786 

5 H(l) 29 O(3) 2.034 
H(3) 2 O(3) 2.088 
H(4) 53 O(3) 1.681 

6 H(l)  41 O(3) 1.688 
H(2) 11 O(3) 1.858 
H(3) 56 O(3) 1.501 

H(l) 38 O(3) 2.444 
H(2) 62 O(3) 1.977 
H(3) 17 O(3) 2.189 

H(l) 32 O(3) 1.823 
H(3) 14 O(3) 1.685 
H(4) 68 O(3) 1.806 

H(l)  59 O(3) 1.917 
H(2) 47 O(3) 1.785 
H(4) 5 O(3) 1.742 

H(l) 30 0(1) 1.706 
H(3) 36 0(1) 2.422 

H(2) 6 0(1) 2.454 
H(3) 24 0(1)  2.420 

H(l) 54 0(1) 2.206 
H(4) 72 0(1) 2.353 

as shown in Table 9, even though no NH4(4) type ion is predicted in our MD 
simulation. All the six NH4(2) type ions have strong associations with three O(3) 
atoms at each &ring position in the large cavity. This behavior is also seen in the 
cosine auto-correlation functions of these ions. The longer NH4(3) - 0 distances of 
the 10th ion than those of the others (the 9th and 11th) indicate a weaker association 
with the O(1) atom at the %ring position which seems related to the unsymmetry of 
position of the 10th ion, when compared with those of the other NH,(3) type ions 
(the 9th and 11th). The unsymmetry of the calculated x, y, and z coordinates of the 
1st (compared with the 2nd and 3rd) and the 10th (compared with the 9th and 11th) 
shown as in Table 6 remains unexplained except to indicate rearranged, stable 
positions of the NH; ions by the force field of the ions and framework atoms of the 
zeolite-A framework from the disturbance which is caused by breakup of the posi- 
tional symmetry due to the movement of the NH4(4) type ion (the 12th). 

Distances of hydrogen bonds between H atoms of NHf ions and 0 atoms of 
zeolite-A framework for the final configuration after the whole 500,000 time steps 
are listed in Table 10. This configuration is also used to draw the streoplots in 
Figure 1. Since NHf ions are vibrating at their stable sites and rotating continually, 
the average value of hydrogen bond length of each N H f  ion cannot be obtained so 
that the result in Table 10 gives hydrogen bond lengths only for an instant. One can 
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see that some hydrogen bonds are loosely associated and that the number of the 
hydrogen bonds per an ion is about 1-2 for the NH,(l) and NH,(3) type ions and 3 
for the NH4(2) type ions for the instant, if each distance between H atom of NH; 
ions and 0 atom of zeolite-A framework amounting to less than or equal to 2.1 8, is 
counted as a hydrogen bond. The NH4(1) and NH4(2) type ions hydrogen bond 
mostly to O(3) atoms of zeolite-A framework while the NH,(3) type ions are H- 
bonded mostly to O(1). The two NH,' ions (the 1st and 7th) associating with the 
same 6-ring form hydrogen bonds to the same O(3) atoms (the 38th and 62th atoms 
of zeolite-A framework); a bond associated with an ion is short and the other is long, 
and vice versa. Time dependent behavior of the hydrogen bonds of each NH, type 
ion is discussed below. 

Now we turn our attention to the dynamics of NH: ions. As discussed above, 
some ions are moving a lot but the others not. The NH: ions are classified accord- 
ing to the three types of them - the NH,( l), NH4(2), and NH,(3) type. But among 
the NH4(1) type ions, the dynamic behavior of the 1st ion is different from those of 
the others (the 2nd and 3rd) so that the dynamic properties of these ions are further 
classified into the NH,(1 - 1) type for the 1st ion, the NH4(1 - 2) type for the 2nd 
and 3rd ions, the six NH,(2) type ions, and the three NH4(3) type ions. Averaged, 
normalized velocity auto-correlation (VAC) functions and mean square displace- 
ments (MSD) of these four types of NH,f ions are plotted in Figures 2 and 3. The 
VAC functions of the NH4( f - 2) and NH,(2) type ions are very similar and those of 
the NH4(1 - 1) and NH4(3) type are also similar but not that much. The MSDs of 
these ions agree with this behavior. The NH4(1 - 1) type ion does a loose associ- 
ation with only one O(3) atom of the 6-ring window in the j-cage so that it diffuses 
into the b-cage with the change of O(3) atom associated with it. Each of the NH,(3) 
type ions is also associated with only one 0(1)  atom of the 8-ring window but it 

-'.!.O 0.5 1.0 1.5 2.0 
T i m e  ( p s )  

Figure 2 
N H J i  

Normalized velocity auto-correlation functions of four types of NH,' ions at 298 15 K __ 
I ) ,  - - -  NHJ-27. - - - NH,(2), and ...... NH,(3) type 
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moves within the plane of each 8-ring window so that MSD's of these type ions are 
not so big as that of the NH4(1 - 1) type ion. The NH4(1 - 2) and NH,(2) type ions 
are strongly associated with three O(3) atoms of the 6-ring windows in the cx- and 
j-cages, respectively, so that the MSDs of these types ions are small and almost 
time independent for the whole simulation time. 

In Figures 4 and 5 ,  angular velocity auto-correlation (AVAC) and cosine auto- 
correlation (CAC) functions of the NHZ ions are plotted. The CAC function, 

r"--..cIu"------uII-I-I---̂ . 

O'!:O 1:O 2 .0  330 4.0 
Time (ps) 

Figure 3 
Figure 2. 

Mean square displacements of four types of NH, ions at 298.15 K. The notation is same as in 

Figure 4 
K. The notation is same as in Figure 2. 

Normalized angular velocity auto-correlation functions of four types of NH,' ions at 298.15 
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1 .  

0 

cc 
u 
u 

5 0. 

a 
-0. 

-1. 
0 

T i m e  ( p s )  

Figure 5 
notation is same as in Figure 2. 

Normalized cosine auto-correlation functions of four types of NH,' ions at 298.15 K. The 

(cos$(t)), of a rigid molecule is defined as (cos+(t)) = (u,(O)u,(t) + u,(O)u,(t) + 
u,(O)u,(t)) where ui( t )  is the i component of the direction vector of molecular axis 
with unit magnitude at time t and $ ( t )  is the angle between the molecular axis and 
the z-axis at time t .  Here one can find again the similarity of these functions 
between the NH4(1 - 1) and NH4(3) type ions and between the NH4(1 - 2) and 
NH4(2) type ions. The AVAC functions of the former suggest a slow change of 
angular velocities (big rotational motions) of them with slow vanishing tails of 
correlation (no recovery of the initial angular velocities) and the CAC functions of 
the NH4(1 - 1) and NH4(3) type ions show that these ions undergo a complete 
rotation due to a loose association with only one O(3) atom of the 6-ring and with 
only one 0(1) atom of the %ring, respectively. On the other hand, the AVAC 
functions of the latter, especially the NH,(2) type ions, are rapidly oscillating with 
slowly decaying magnitudes which implies that these ions undergo much fast 
inversion of the rotational directions, but with very small change of the direction 
vectors as one can see the CAC functions of the NH4(1 - 2) and NH4(2) type ions 
due to strong associations with three O(3) atoms of the 6-ring windows in the a- 
and P-cages, respectively. The typical librational motion of water molecules in a 
hydrated zeolite-A and bulk system found in previous MD studies [3,26] has 
disappeared in this study since an NH; ion has the symmetry property of a 
spherical top. 

In order to estimate the lifetime of hydrogen bonds between H atoms of NH: 
ions and 0 atoms of zeolite-A framework, we consider the hydrogen bond time 
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1.001 

I I \  

0.08' .O 10.13 20.0 30.0 40.0 
T i me !ps )  

Figure 6 
at 298.15 K: ___ NH4(1-2) type, - - -  NH4(2) type, and 

Normalized hydrogen bond time correlation functions of three different groups of NH4+ ions 
NH4(l-1) and NH4(3) type. 

correlation function defined by 

where O,(t)  is the Heaviside unit step function which is 1 if the distance between H 
atoms of NH: ions and 0 atoms of zeolite-A is less than or equal to 2.1 8, at time t 
and 0 otherwise (the subscript i indicates the i-th hydrogen bond). 
The zero value of Oi(0) is excluded in the average of (Ri(t)) .  The (Ri(t)) functions are 
determined by the strength of the hydrogen bonds and the stability of their sites. 
This time correlation function is somewhat similar to a residence time correlation 
function [27,28]. 

Figure 6 shows the time dependence of (R,(t))  for the hydrogen bonds of three 
different groups of NH; ions (those for the NH4(1 - 1) and NH4(3) type ions are 
essentially the same). A characteristic decay time, z, of the hydrogen bond is ob- 
tained by fitting the time correlation function to an exponential decay 
(R,(t))  zexp(-t/z) which is especially useful when z is large. The results of our 
simulation indicate that about one, two or three, three, and one hydrogen bond of 
each NH,(1 - l), NH4(1 - 2), and NH4(2) and NH4(3) type ion are kept for 1.4 (the 
fitting region: 0-3 ps), 21 (0-40), 75 (0-40), and 1.4 ps (0-3), respectively, before 
breakup of the hydrogen bond occurs and significant exchange of 0 atom hyd- 
rogen-bonded to the ion. The characteristic decay times of the hydrogen bond for 
these ions are in an agreed trend with the rotational relaxation times obtained by 
fitting the CAC functions of them to the same exponential decay, which are 0.57 (the 
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fitting region: 0-2.7 ps), 7.5 (0-4), 2 8 ( 0 4 )  and 0.81 ps (0-3.3) for the NH,(l - l), 
NH,(1 - 2), NH,(2), and NH,(3) type ions, respectively. 

4 CONCLUDING REMARKS 

In the present paper, we have carried out a molecular dynamics (MD) simulation of 
NH,' ions in a rigid dehydrated zeolite-A system at 298.15 K to elucidate the 
structure and dynamics of the NH,f ions by using the previously determined Len- 
nard-Jones parameters and electrostatic charges for the interactions between the 
NH: ions and framework atoms and the Ewald summation technique for the 
long-ranged character of Coulomb interaction. 

Based on the results obtained from our MD simulation, the following conclusions 
may be drawn: During the preliminary equilibration, the unstable NH4(4) type ion 
(the 12th ion) is pushed down to near a more stable 6-ring position in the a-cage 
that is already associated with an NH,(l) type ion (the 1st) in the /I-cage, which 
moves to another 6-ring position in the /I-cage that is already associated with an 
NH,(2) type ion (the 7th) in the x-cage. The calculated x, y, and z coordinates of 
some NH; ions are in good agreement with those obtained from the X-ray diffrac- 
tion experiment [9] except that no NH,(4) type ion is found and there are six 
NH,(2) type ions instead of 0.5 and 5.5 occupancy. The analyses of the calculated 
interatomic distances betweeen N atoms of NH; ions and 0 atoms of the zeolite-A 
framework, and the velocity auto-correlation(VAC) functions and mean square dis- 
placements (MSD) of these ions indicate that the NH,(1 - 1) and NH,(3) type 
ions are associated loosely with only one O(3) atoms of the 6-ring and with only one 
0(1) atom of the 8-ring windows, respectively, while the NH, (1-2) and NH,(2) 
type ions are associated strongly with two or three 0(3)  atoms of the 6-ring windows 
in the x-  and /I-cages, respectively. The angular velocity (AVAC) and cosine auto- 
correlation (CAC) functions also show the similarity of the dynamic properties 
between NH,(1 - 1) and NH,(3) and between NH,(l - 2) and NH,(2) type: the 
former undergoes a complete, big rotational motion without recovery of the initial 
angular velocity while the latter displays a fast inversion of the rotational direction 
with small change of the direction vector, which also indicates their association 
strength with 0 atom of the zeolite-A framework. The rotational relaxation times 
obtained by fitting the CAC functions of the NHd ions to an exponential decay are 
0.57,7.5,28, and 0.81 ps for the NH,(1 - l), NH,(1 - 2), NH,(2), and NH,(3) type 
ions, respectively. The analyses of the hydrogen bond time correlation functions of 
these ions indicate the same dynamic behavior: about one, two or three, three, and 
one hydrogen bond of each NH,( 1 - 1). NH,( 1 - 2), NH,(2), and NH,(3) type ion is 
kept for 1.4,21,75,and 1.4 ps, respectively, before breakup of the hydrogen bond 
occurs and significant exchange of 0 atom hydrogen-bonded to the ion. 

The rigid framework approximation adopted for simplicity in the present work is 
physically less adequate in the study of cation exchanged zeolites, The inclusion of 
the intraframework interaction of zeolite-A is essential to take account of energy 
exchange between the adsorbed molecules and the framework atoms and dynamical 
couplings of the sorbate with framework vibrations, as well as the flexibility of the 
host lattice, and must be considered in the next study. 
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