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The intermolecular interaction potential for methane—argon complex is calculated by local density approximation

(LDA) approaches.

The calculated potential has a minimum when the intermolecular distance of methane-argon

complex is 6.75 a.u.; the corresponding depth of the potential is 0.0163eV which has good agreement with experimental

data. We also have made a nonlinear fitting of our results for the Lennard-Jones (12-6) potential function and obtain

that V(R) = 143794365.332/ R'2 — 3032.093/RS® (R in a.u. and V(R) in eV).
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1. Introduction

Analytical functions for describing the interaction
between molecules are highly relevant to the theo-
retical study of several problems and cornerstone for
simulations employing molecular dynamics and Monte
Carlo methods. Methane’s molecule is an interesting
one for it is the smallest hydrocarbon molecule and
has high symmetry (Td). When we study the inter-
molecular interactions for methane with Ar atom, the
orientation of the dimer becomes inessential. More-
over, nonbonding interactions of organic molecules
are important for understanding their structures and
properties in condensed phase.l! In addition, non-
bonding interactions play an important role to deter-
mine three-dimensional structures of large molecules
such as proteins, polymers and DNA chain etc.[2~4
Those who carry out simulations of organic molecules
in condensed phase also request an accurate non-
bonding interaction potential. However, it is diffi-
cult to confirm the details of the shape of the non-
bonding interaction potential only from experimental
measurements.[%] Another way to the obtain the non-
bonding interaction potential is to carry out a quan-

tum chemical calculation with a suitable approxima-

tion. The requirements of a large basis set and elec-
tron correlation correction are difficulties in using ab
initio methods to determine the intermolecular inter-
action potentials.l8] A large flexible basis set and elec-
tron correlation correction are necessary to accurately
evaluate the dispersion interaction,!”) which is one of
the most important intermolecular interaction energy
terms. The dispersion interaction is responsible for
the heat of evaporation and the heat of sublimation of
hydrocarbon molecules.® The basis set’s effects on the
calculated nonbonding interaction potentials of hydro-
carbon molecules have been studied extensively.[®—12]
But only a little has been reported about the effects of
the choice of the electron correlation correction proce-
dure. The Mgller-Plesset perturbation method(!3:14]
has been used for the correction of electron corre-
lation energies in these studies. However, Olsen et
al have reported divergent behaviour in the Mgller-
Plesset series.[1!

In this paper we study the interaction energy for
CH4—Ar complex using the local density approxima-
tion (LDA) method in the frame of density functional
theory (DFT).['6:17] The LDA calculations for inter-

action potentials of CH4—Ar complex have not been
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reported so far. We have found that the intermolecu-
lar interaction potentials of CH4—Ar complex obtained
from the LDA method have a minimum. In order
to evaluate the accuracy of the calculated interaction
potentials from our LDA calculations, we have made
a comparison between our calculated interaction po-

In the

next section, we a briefly outline our computational

tentials and the results obtained by others.

method. The results and discussion are presented in
Sec.3.

2.Computational method

The LDA calculation has been performed within
the DFT in the LDA using our program. For the
exchange-correlation energy among electrons, we use
a functional form fitted to the Monte Carlo results for
the homogeneous electron gas.[8] The total energy for

the interacting electron system is given by
E(n) = / Vext (T)n(T)dT + Ts [n]
1 ffn(r)n(r) .,
5 ————=drd Ey[n], 1
+2// |r — 7| rdr + [] (1)

Instead of using the many-electron wavefunction,
the ground-state total energy is expressed as a func-
tion of n(r). Here, veyt is the potential of nuclei, and
Ts and FE,. are the kinetic energy and the exchange-
The Kohn-Sham

equation is obtained by minimizing the above total

correlation energy, respectively.

energy with respect to the single-electron density:

n(r) = Z lpi(r)I?, (2)

1 /
_v2 + Veye + / n('r ) dr’
2 |

r—

5Exc[n] _
+ on(r) ](pi(r) ~eelr) @

For the exchange-correlation energy FEy., we
use the LDA. In actual calculations we use norm-
conserving pseudopotentials to simulate nuclei and
core electrons, which are generated by using the
Troullier—Martins scheme to describe the electron—ion
interaction.['9=21 In constructing the pseudopoten-
tials, core radii adopted are 1.50, 1.54, and 1.54a.u.
for C 2s, 2p, and 3d states, respectively, 1.50, 1.60,
and 2.00a.u. for H 1s, 2p and 3d states, respectively,
and 1.65, 1.65, and 1.65a.u. for Ar 3s, 3p and 3d

states, respectively. The valence wavefunctions are

expanded by the planewave basis set with a cut-off
energy of 25 Ry. Supposing the CH,—Ar complex is in
a large enough cubic box. We put the carbon atom of
methane at the origin of coordinates and Ar atom is lo-
cated on the bisector of the angle between the two H-C
bonds in the H-C-H plane along z-axis for the ini-
tial geometry (for the coordinates of the complex see
Fig.1(a)). Then, we fix the carbon atom of methane
and the Ar atom and relax the hydrogen atom to ob-
tain a stable complex geometry using the conjugate
gradient (CG) minimization scheme to minimize the
total energy regarding the electronic and ionic degrees
of freedom.[?2] We calculate the total energy in each
geometry of the complex.

The interaction potential AF is calculated as a
function of R, which defined as the distance (a.u.)
between the centre of the CH4 molecule and the Ar
atom. To examine the interaction of the Ar atom and
the methane molecule, we obtain the interaction po-

tential AF from the expression
1
AE = E(EAB—EA—EB), (4)

where F4p is the potential of the complex, and E4
and FEp are the energies of monomers A and B, re-
spectively.

The minimum of the interaction potential is deter-
mined as follows. First, the complex corresponding to
the lowest computed interaction potential is found by
shifting the intermolecular distance of CH4—Ar. Next,
additional calculations are performed in its vicinity to

obtain the minimum potential.

3. Results and discussion

The optimized geometry of monomer methane
and the orientation of the dimer are obtained us-
ing CG scheme. The C-H bond distance of the op-
timized methane is 0.1091nm. Changing the CH4—
with
a step of 0.5a.u., we obtain the minimum total en-
ergy (—789.17088¢V) at R=6.5a.u.. At the mini-

mum potential point (R=6.5a.u.), we additionally cal-

Ar complex distance R from 5.0 to 10.0a.u.

culate the total energy from 6.2 to 6.9a.u. with a
step of 0.la.u. and obtain the minimum total en-
ergy (-789.17198¢V) at R=6.8 a.u.. We also addi-
tionally calculate the total energy at R=6.75a.u. and
6.85a.u. and obtain the final minimum total energy

(-789.17210 V) at R=6.75a.u..
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Fig.1. (a) We put the carbon atom of methane at the origin of coordinates and the Ar atom
is located on the bisector of the angle between the two H-C bonds in the H-C—H plane along

the z-axis; the z—y planar electronic structures of the CH4—Ar complex at (b) 2=0.0, (c)
z=0.5a.u., (d) z=1.0a.u., () z=2.0a.u., and (f) 2=3.0a.u. when R=6.75a.u.

Using Eq.(4), we find the interaction potential of
the CH4—Ar complex, AE=-0.0163eV. At this site
(R=6.75a.u.), the z—y planar electronic structures
(the z coordinates from 0.0 to 3.0a.u.) of the CHy—Ar
complex are shown in Fig.1 (b)—(f).

From the electronic structures, we can find that
the C 2p electronic state (p-electronic states), H 1s
electronic state and Ar 3p and 4s electronic states
are mixed substantially in the potential region. This
means that there is attractive interaction between the
Ar atom and methane, resulting from the hybridiza-
tion of C 2p electronic states (p-electronic states), H
1s electronic state and Ar 3p and 4s electronic states,
which will strongly decrease the complex total poten-
tial, thus the interaction potential has a deeper poten-
tial well.

The solid triangles in Fig.2 show the calculated

intermolecular interaction potential of the CHy—Ar
complex with our LDA calculation. It has a min-
imum when the intermolecular distance is 6.75a.u..
The depth of the potential is 0.0163 eV.

The quantum chemical calculation using MP /spd
by Szczeniak et al obtained the depths AFE=-
0.014eV at R=7.5a.u.,?l and using symmetry-
adapted perturbation theory Heijmen et al obtained
the depths AE=-0.018¢V at R=7.0a.u.,?4 while the
experimental depth of the potential is 0.014eV at
R=7.33a.u. (0.388nm),[?®! and 0.015¢V at R=7.28a.u.
(0.385nm).[26! From the above comparison, we con-
clude that the depths of our calculation has better
agreement with experimental data than the quantum
chemical calculation approach, while the position of
minimum potential for our calculation is underesti-

mated.
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Fig.2. Calculated intermolecular interaction poten-
tial of CH4—Ar complex using the LDA method. The
solid triangles are intermolecular interaction potential
of the CH4—Ar complex with LDA calculation, and the
solid lines are fitting for the L-J potential.

Finally, for our calculated results from LDA cal-

culations, we have made a nonlinear-fitting for the

Lennard-Jones (12-6) potential function (the solid
lines in Fig.2),

a b

(a >0,b>0). (5)
We obtain a=143794365.332, 5=3032.093 (R in a.u.
and V(R) in eV). We find that the Lennard-Jones
(12-6) potential function describes the intermolecular

interaction potentials of the CH4—Ar complex well.

4. Conclusion

The intermolecular interaction potential for CH4—
Ar complex is calculated with local density approx-
imation (LDA) methods.
has a minimum when the intermolecular distance is
6.75a.u. for the CHy—Ar complex. The depth of the
potential is 0.0163 eV which is in good agreement with

The calculated potential

experimental data.
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