
CHAPTER 5

RESULTS  A N D  D ISCUSS IO N

5.1 Selection o f representative geometries o f the pairs

The output of this subroutine is Cartesian coordinates of all configurations of 
B around A. Those will be used as an input file for subroutine C alculate energy. 
The output file for the NfÎ3-Li+ system is shown in Figure 5.1. The two values 
between the lines (contain Cartesian coordinates) are 0 and <t> which specify 
trajectory of A.

How many configurations would be enough in order to develop the potential 
function and how can one selects? Those are the questions which one should 
consider carefully and attempt to find out the solution in this step.

Basically, there are infinite numbers of Li+ configurations around NH3. 
However, it is practically possible to limit numbers of data points by varying r, 0 
and (j) within a certain values depending on symmetry o f both molecules. An 
acceptable method to limit scope of r, 0 and (j) in order to include as less data as 
possible but not effect quality of the function are given below.
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0) 'ซ îü II 0  b e t a = 0 g a m m a = 0  t h e t a = 6 0  p h i = 0
L i 1 . 0 3 9 2 3 1 0 . 1 2 7 8 0 5 0 . 6 0 0 0 0 0
L i 1 . 2 1 2 4 3 6 0 . 1 2 7 8 0 5 0 . 7 0 0 0 0 0
L i 1 . 3 8 5 6 4 1 0 . 1 2 7 8 0 5 0 . 8 0 0 0 0 0
L i 1 . 4 7 2 2 4 3 0 . 1 2 7 8 0 5 0 . 8 5 0 0 0 0
L i 1 . 5 5 8 8 4 6 0 . 1 2 7 8 0 5 0 . 9 0 0 0 0 0

L i 3 . 6 3 7 3 0 7 0 . 1 2 7 8 0 5 2 . 1 0 0 0 0 0
L i 4 . 5 0 3 3 3 2 0 . 1 2 7 8 0 5 2 . 6 0 0 0 0 0
L i 5 . 3 6 9 3 5 8 0 . 1 2 7 8 0 5 3 . 1 0 0 0 0 0
L i 7 . 1 0 1 4 0 9 0 . 1 2 7 8 0 5 4 . 1 0 0 0 0 0
L i 8 . 8 3 3 4 5 9 0 . 1 2 7 8 0 5 5 . 1 0 0 0 0 0
a l p h a = = 0  b e t a = 0 g a m m a = 0  t h e t a = 6 0  p h i = 3 0
L i 0 . 9 0 0 0 0 0 0 . 6 4 7 4 2 0 0 . 6 0 0 0 0 0
L i 1 . 0 5 0 0 0 0 0 . 7 3 4 0 2 3 0 . 7 0 0 0 0 0
L i 1 . 2 0 0 0 0 0 0 . 8 2 0 6 2 5 0 . 8 0 0 0 0 0
L i 1 . 2 7 5 0 0 0 0 . 8 6 3 9 2 7 0 . 8 5 0 0 0 0
L i 1 . 3 5 0 0 0 0 0 . 9 0 7 2 2 8 0 . 9 0 0 0 0 0

L i 3 . 1 5 0 0 0 0 1 . 9 4 6 4 5 8 2 . 1 0 0 0 0 0
L i 3 . 9 0 0 0 0 0 2 . 3 7 9 4 7 1 2 . 6 0 0 0 0 0
L i 4 . 6 5 0 0 0 0 2 . 8 1 2 4 8 4 3 . 1 0 0 0 0 0
L i 6 . 1 5 0 0 0 0 3 . 6 7 8 5 0 9 4 . 1 0 0 0 0 0
L i 7 . 6 5 0 0 0 0 4 . 5 4 4 5 3 5 5 . 1 0 0 0 0 0
a l p h a = = 0  b e t a = 0 g a m m a = 0  t h e t a = = 6 0  p h i = 6 0

Figure 5.1 The output file from subroutine G enerate_C onfiguration  
that contain the Cartesian coordinates of all configurations of 
molecule R.

5.1.1 Narrow scope of distance (r)

An idea to fix the minimum and maximum values of r in the development of 
the potential function is to include all configurations until interaction becomes zero. 
Such distance is approximately between 1 Â and 10 Â. The reasons behind are:
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(i) Pair interaction between the two molecules is disappears or nearly 
disappears at the distance longer than 10 Â.

(ii) Size of the simulation which is normally used is approximately 
20Â. That has limited the potential cut-off at Vi of box length. 
Distance longer than this does not satisfy periodic boundary 
condition.

(iii) Pair interaction between molecules r < 1 Â is normally strong 
repulsive. Such configurations are surely not take place during the 
simulation.

z

Figure 5.2 Definition of geometries variable (0,(j)) for the 
configuration of ammonia-lithium ion.

For NH3-Li+ system it was found that the distance shorter than 1.5 Â has lead 
to strong repulsion. A criteria to assign dr, interval between the two nearest data 
points, are:



1.5 Â <r < 1.7 Â, dr = 0.1 Â
1.7 Â <r < 3.0 Â, dr = 0.05 Â
3.0 À <r < 6.0 Â, dr = 0.5 Â
6.0 À <r <10 À, dr = 2.0 À (5.1)

due to the following reasons.

Consider the plot which displays the NH3-Li+ interaction (9 = 0;4> = 0) as 
shown in Figure 5.3, the lowest interaction occurs in the range between 1.7 - 3 À. As 
the distance to the minimum in the most attractive trajectory determines directly 
structural properties of the system, therefore, this data point as well as the nearest 
values have to be included in the fit. In this case, very small value of dr, 0.05 Â, has 
been assigned. For other ranges, dr has been given in order to follow the plot. 
Therefore, the values of 0.1 Â and 0.5 Â for the two sides have been proposed. For 
long distance, in general graph increase slowly and has slope o f almost straight line, 
therefore dr of 2 Â has been given.

Note that the values estimated above (equation 5.1) are valid only for N H 3 - 
Li+ system. Therefore, suitable values have to be set by user by considering change 
of interaction energy as a function of r.

5.1.2 Assign scope of 0 and <t>

As mentioned already that number of complex configurations can be reduced 
by considering the symmetry of the two molecules. As in NH3-Li+ case (Figure 5.2) 
the whole space volume which specify by 0° <0 <180° and 0° <<(> <360° can be 
reduced into 0° <0 <60° and 0° <<|> <180°. That is, coordinates o f Li+ have to be 
generated in the 1/6 of the total volume around NH3.
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To assign the intervals A9 and A(j), the method is much simple compared to 
that for dr. The appropriate value in general used is 15° <A0,A(j> <30°. This 
condition can be used for any system. The narrower values of A9 and A(j>, yields the 
higher quality of the function. But our should keep in mind that it needs also higher 
computation time.

After a clear defined of r, dr, 0, A9, (j) and A(j), then Cartesian coordinates of 
B (which can be ion or monoatomic molecule) can be calculated using the following 
equations:

X = r sin (0) cos (f)
y = r sin (0) sin ((j))
z = rcos(0) (5.2).
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Figure 5.3 NH3-Li+ interaction energies calculate without BSSE corrections 
used basis set d95** (0 = 0° and <]) = 0°,see Figure 5.2).

5.1.3 Specification for the NH3-Li+ system

Taking into account an above data on an assignments of r, dr, 0, À0, (|> and 
A(j), a conclusion for the Li+-NH3 system are:

1.5 Â <r <10 Â, dr is difference for each range (equation 5.1) with this 
criteria, number of data points for each trajectory is 38.
0° <0 <180°, A0 =30° and 0° <60°, A(j) =30°. With these conditions,
numbers o f trajectories are given in Table 5.1.



Table 5.1 Possible trajectories around NH3 due to the conditions: 0° <9 <180°, 
A0 =30° and 0° <^ <60°, A(j) =30°.
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0
*

0° 30° 60°

0° (0°,0°) (0°,30°) (0°,60°)

30° (30°, 0°) (30°,30°) (30°,60°)

60° (60°,0°) (60°,30°) (60°,60°)

90° (90°,0°) (90°, 30°) (90°, 60°)

12 0 ° ( 12 0 °,0°) (120°,30°) (120°,60°)

150° (150°,0°) (150°,30°) (150°, 60°)

180° (180°,0°) (180°, 30°) (180°,60°)

However, all trajectory with 0 = 0° as well as 0 = 180° are identical. 
Therefore, total numbers of different trajectories for the NH3-Li+ system with the 
above conditions are 17. Hence, total number of data points which the Cartesian 
coordinates have to be generated and quantum chemical calculations have to be 
performed are 17 X 37 = 629 configurations. One can estimate from here how much 
time require in order to compute interaction energies which have be used in the 
development o f the potential function.
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An above example can be used for any systems in which molecule B is ion 
or monoatomic molecule. If B is polyatomic molecule, generation process is more 
complicate. Detail descriptions were given in 5.3.

5.2 The a b  in itio  calculations

As mentioned earlier that this routine reads coordinates of all atoms of the 
complex and writes them to a file which the format exactly fit to that of the Gaussian 
input. Quantum chemical calculations for the selected configuration has been, then 
performed. The Gaussian output which contains numerous informations will be 
automatically extracted. The only data which is required for the fitting step is the 
total energy. This will be used to calculate interaction energy according to equation 
3.1. Therefore, then output of this subroutine are the coordinates of all 
configurations of B and the corresponding interaction energies. The two values 
specifying trajectory o f A, 9 and <j), are still given. These can be cased for future 
visualization. This data will be used as input file in the fitting step. The output files 
for the NH3-Li+ system were shown for two cases, without and with BSSE 
correction, in Figures 5.4 and 5.5, respectively.
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a l p h a = 0  b e t a = 0 g a m m a = 0  t h e t a = 6 0  p h i = 0

1 0 . 2 1 7 1 . 7 3 2 0 5 1 0 . 1 2 7 8 0 5 1 . 0 0 0 0 0 0
5 . 1 8 5 1 . 8 1 8 6 5 4 0 . 1 2 7 8 0 5 1 . 0 5 0 0 0 0
1 . 9 1 3 1 . 9 0 5 2 5 6 0 . 1 2 7 8 0 5 1 . 1 0 0 0 0 0

- 0 . 1 3 1 1 . 9 9 1 8 5 8 0 . 1 2 7 8 0 5 1 . 1 5 0 0 0 0
- 1 . 3 3 1 2 . 0 7 8 4 6 1 0 . 1 2 7 8 0 5 1 . 2 0 0 0 0 0
- 1 . 9 6 4 2 . 1 6 5 0 6 3 0 . 1 2 7 8 0 5 1 . 2 5 0 0 0 0
- 2 . 2 2 4 2 . 2 5 1 6 6 6 0 . 1 2 7 8 0 5 1 . 3 0 0 0 0 0
- 1 . 7 2 6 2 . 5 9 8 0 7 6 0 . 1 2 7 8 0 5 1 . 5 0 0 0 0 0
- 0 . 8 8 9 2 . 9 4 4 4 8 6 0 . 1 2 7 8 0 5 1 . 7 0 0 0 0 0
- 0 . 3 6 9 3 . 2 9 0 8 9 7 0 . 1 2 7 8 0 5 1 . 9 0 0 0 0 0

a l p h a = 0  b e t a = 0 g a m m a = 0  t h e t a = 6 0  p h i = 3 0

- 1 2 . 8 4 9 1 . 4 2 5 0 0 0 0 . 9 5 0 5 2 9 0 . 9 5 0 0 0 0
- 1 5 . 2 6 3 1 . 5 0 0 0 0 0 0 . 9 9 3 8 3 1 1 . 0 0 0 0 0 0
- 1 6 . 3 7 1 1 . 5 7 5 0 0 0 1 . 0 3 7 1 3 2 1 . 0 5 0 0 0 0
- 1 6 . 6 2 1 1 . 6 5 0 0 0 0 1 . 0 8 0 4 3 3 1 . 1 0 0 0 0 0
- 1 6 . 3 1 8 1 . 7 2 5 0 0 0 1 . 1 2 3 7 3 4 1 . 1 5 0 0 0 0
- 1 5 . 6 7 4 1 . 8 0 0 0 0 0 1 . 1 6 7 0 3 5 1 . 2 0 0 0 0 0
- 1 4 . 8 3 5 1 . 8 7 5 0 0 0 1 . 2 1 0 3 3 7 1 . 2 5 0 0 0 0
- 1 3 . 9 0 1 1 . 9 5 0 0 0 0 1 . 2 5 3 6 3 8 1 . 3 0 0 0 0 0
- 1 0 . 2 2 7 2 . 2 5 0 0 0 0 1 . 4 2 6 8 4 3 1 . 5 0 0 0 0 0

- 7 . 4 4 5 2 . 5 5 0 0 0 0 1 . 6 0 0 0 4 8 1 . 7 0 0 0 0 0

a l p h a = 0  b e t a = 0  g a m m a = 0  t h e t a = 6 0  p h i = 6 0

- 2 9 . 4 4 2 0 . 8 2 2 7 2 4 1 . 5 5 2 8 0 5 0 . 9 5 0 0 0 0
- 3 0 . 5 2 9 0 . 8 6 6 0 2 5 1 . 6 2 7 8 0 5 1 . 0 0 0 0 0 0
- 3 0 . 4 7 7 0 . 9 0 9 3 2 7 1 . 7 0 2 8 0 5 1 . 0 5 0 0 0 0
- 2 9 . 6 9 5 0 . 9 5 2 6 2 8 1 . 7 7 7 8 0 5 1 . 1 0 0 0 0 0
- 2 8 . 4 6 4 0 . 9 9 5 9 2 9 1 . 8 5 2 8 0 5 1 . 1 5 0 0 0 0
- 2 6 . 9 8 0 1 . 0 3 9 2 3 0 1 . 9 2 7 8 0 5 1 . 2 0 0 0 0 0
- 2 5 . 3 7 6 1 . 0 8 2 5 3 2 2 . 0 0 2 8 0 5 1 . 2 5 0 0 0 0
- 2 3 . 7 4 1 1 . 1 2 5 8 3 3 2 . 0 7 7 8 0 5 1 . 3 0 0 0 0 0
- 1 7 . 7 6 7 1 . 2 9 9 0 3 8 2 . 3 7 7 8 0 5 1 . 5 0 0 0 0 0
- 1 3 . 2 8 4 1 . 4 7 2 2 4 3 2 . 6 7 7 8 0 5 1 . 7 0 0 0 0 0

F ig u re  5 .4  T h e  co o rd in a te s  o f  a l l c o n f ig u ra t io n s  o f  B  and  th e  c o rre s p o n d in g  
in te ra c t io n  ene rg ies  c a lcu la te d  w ith o u t B S S E  co rre c tio n s .
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a l p h a = 0  b e t a = 0  g a m m a = 0  t h e t a = 6 0  p h i = 0

1 1 . 0 4 1 1 . 7 3 2 0 5 1 0 . 1 2 7 8 0 5 1 . 0 0 0 0 0 0
5 . 9 5 1 1 . 8 1 8 6 5 4 0 . 1 2 7 8 0 5 1 . 0 5 0 0 0 0
2 . 6 2 3 1 . 9 0 5 2 5 6 0 . 1 2 7 8 0 5 1 . 1 0 0 0 0 0
0 . 5 2 6 1 . 9 9 1 8 5 8 0 . 1 2 7 8 0 5 1 . 1 5 0 0 0 0

- 0 . 7 2 6 2 . 0 7 8 4 6 1 0 . 1 2 7 8 0 5 1 . 2 0 0 0 0 0
- 1 . 4 0 6 2 . 1 6 5 0 6 3 0 . 1 2 7 8 0 5 1 . 2 5 0 0 0 0
- 1 . 7 1 2 2 . 2 5 1 6 6 6 0 . 1 2 7 8 0 5 1 . 3 0 0 0 0 0
- 1 . 3 6 3 2 . 5 9 8 0 7 6 0 . 1 2 7 8 0 5 1 . 5 0 0 0 0 0
- 0 . 6 3 9 2 . 9 4 4 4 8 6 0 . 1 2 7 8 0 5 1 . 7 0 0 0 0 0
- 0 . 2 0 1 3 . 2 9 0 8 9 7 0 . 1 2 7 8 0 5 1 . 9 0 0 0 0 0

a l p h a = 0  b e t a = 0 g a m m a = 0  t h e t a = 6 0  p h i = 3 0

- 1 4 . 4 8 5 1 . 5 0 0 0 0 0 0 . 9 9 3 8 3 1 1 . 0 0 0 0 0 0
- 1 5 . 6 5 5 1 . 5 7 5 0 0 0 1 . 0 3 7 1 3 2 1 . 0 5 0 0 0 0
- 1 5 . 9 6 2 1 . 6 5 0 0 0 0 1 . 0 8 0 4 3 3 1 . 1 0 0 0 0 0
- 1 5 . 7 1 2 1 . 7 2 5 0 0 0 1 . 1 2 3 7 3 4 1 . 1 5 0 0 0 0
- 1 5 . 1 1 5 1 . 8 0 0 0 0 0 1 . 1 6 7 0 3 5 1 . 2 0 0 0 0 0
- 1 4 . 3 1 9 1 . 8 7 5 0 0 0 1 . 2 1 0 3 3 7 1 . 2 5 0 0 0 0
- 1 3 . 4 2 3 1 . 9 5 0 0 0 0 1 . 2 5 3 6 3 8 1 . 3 0 0 0 0 0

- 9 . 8 6 6 2 . 2 5 0 0 0 0 1 . 4 2 6 8 4 3 1 . 5 0 0 0 0 0
- 7 . 1 6 9 2 . 5 5 0 0 0 0 1 . 6 0 0 0 4 8 1 . 7 0 0 0 0 0
- 5 . 3 3 4 2 . 8 5 0 0 0 0 1 . 7 7 3 2 5 3 1 . 9 0 0 0 0 0

a l p h a = 0  b e t a = 0 g a m m a = 0  t h e t a = 6 0  p h i = 6 0

- 2 9 . 5 8 4 0 . 8 6 6 0 2 5 1 . 6 2 7 8 0 5 1 . 0 0 0 0 0 0
- 2 9 . 6 0 8 0 . 9 0 9 3 2 7 1 . 7 0 2 8 0 5 1 . 0 5 0 0 0 0
- 2 8 . 8 9 9 0 . 9 5 2 6 2 8 1 . 7 7 7 8 0 5 1 . 1 0 0 0 0 0
- 2 7 . 7 4 1 0 . 9 9 5 9 2 9 1 . 8 5 2 8 0 5 1 . 1 5 0 0 0 0
- 2 6 . 3 2 6 1 . 0 3 9 2 3 0 1 . 9 2 7 8 0 5 1 . 2 0 0 0 0 0
- 2 4 . 7 8 6 1 . 0 8 2 5 3 2 2 . 0 0 2 8 0 5 1 . 2 5 0 0 0 0
- 2 3 . 2 1 0 1 . 1 2 5 8 3 3 2 . 0 7 7 8 0 5 1 . 3 0 0 0 0 0
- 1 7 . 4 0 6 1 . 2 9 9 0 3 8 2 . 3 7 7 8 0 5 1 . 5 0 0 0 0 0
- 1 3 . 0 0 1 1 . 4 7 2 2 4 3 2 . 6 7 7 8 0 5 1 . 7 0 0 0 0 0

- 9 . 8 7 2 1 . 6 4 5 4 4 8 2 . 9 7 7 8 0 5 1 . 9 0 0 0 0 0

F ig u r e  5 .5  T h e  co o rd in a te s  o f  a l l c o n f ig u ra t io n s  o f  B  and the c o rre s p o n d in g  
in te ra c t io n  ene rg ies  ca lcu la te d  w ith  B S S E  co rre c tio n s .
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5.3 Application for NH 3-NH 3 system.

o = Nitrogen atom of the second molecule
z

Figure 5.6 Definition of geometries variable (0,(j)) for the 
configuration of ammonia- ammonia.

z

Figure 5.7 Definition of geometries of ammonia, its hydrogen atoms 
were turned a°,p° and Y° around X, y and z axis, respectively.
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For the NH3-NH3 system, both NH3 are treated as rigid body. The first 
molecule was fixed at the Cartesian coordinate system with the N atom at the origin 
and one of the H atom lies in the xz plan (Figure 5.6). Nitrogen atom of second 
molecule was placed at numerous positions within the space around the first 
molecule by varying r, 0 and <j) as those described in 5.1.3 where B is Li+.

For each position of the second NH3, numerous orientations of its hydrogen 
atoms have to be generated and taken into consideration in the fitting procedure. To 
generate such configurations, due to molecular orientation, the following steps have 
been performed.

Consider second NH3 lying in the same orientation as the first one as shown 
in Figure 5.7, its hydrogen atoms were, then, turned Aa°,Ap° and Ay° around X, y 
and z axis, respectively. This Program applies the concept of Euler angles. New 
configuration for each orientation were calculated by

c „ c ,2 c,3
x' y '  z ' ] = [ x  y z] c 21 C22 c 23

c „ c 32 C33
(5.3)

where c  is the rotation matrix define as

c  =
cos  a  cos  Y -  s in  a  cos  p s in  Y 

-  cos  a  s in  Y -  s in  a  cos  p  cos  Y 
s in  a  s in  p

s in  a  cos  Y +  cos  a  cos  p  s in  Y 
-  s in  a  s in  Y +  cos  a  cos  p cos  Y 

-  cos  a  s in  p

s in  p  s in  Y 
s in  p cos  Y 

cos p  
(5.4).
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The following values are applied for r, dr, 9, A0( (j), A(j), a, Aa P, Ap, y and 
Ay for NH3-NH3 system:

- 0° <0 <180°, A0 =30° and 0° <(j) <60°, Acj) =30°.

- 0° <a <360°; 0° <p <360°; 0° <y <60° and Act = Ap = Ay = 30°.

- 2.4 A <r <10 Â, dr is difference for each range:

2.4 À <r < 3.0 Â, dr = 0.2 À

3.0 Â <r < 4.0 Â, dr = 0.1 À

4.0 Â <r < 6.0 Â, dr = 0.5 Â

6.0 A <r <10.0 A, dr = 2.0 A (5.5).

With the above conditions, total number o f trajectories are 17 and each 
trajectory contains 20 points. Number of orientations for each position of the second 
ammonia are 79. Therefore, 26,860 Cartesian coordinates have been generated and 
quantum chemical calculations for all configurations have been performed in order 
to be used to fit and improve quality of the NH3 -  NH3 potential function.

For other polyatomic molecule, the above method can be also applied.
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