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ABSTRACT

The ultimate aim of the present work is to estab-
lish an acceptable level of computation for the
van der waals (vdw) complexes that is able to
pick up appreciable amount of dispersion in-
teraction energy, reproduce the equilibrium se-
paration within the acceptable limits and at the
same time cost and time effective. In order to
reach this aim vdw clusters where pure isotropic
dispersion interaction occur, namely, Ar dimer
and trime were investigated. Computations us-
ing different basis sets and at different levels of
theory have been carried out. Three basis sets,
namely, the 6-31++G", the 6-311++G~ and the
aug-cc-pvdz basis set, were found superior to all
other basis sets used. The high performance
and relative small CPU time of the 6-31++G" ba-
sis set make it a good candidate for use with
large vdw clusters, especially those of interest
in biology. Three compound methods were ap-
plied in the present work, namely G1, G2 and G2
Moller-Plesset (MP2) and the complete basis set
method, CBS-Q. These methods failed to detect

the attraction dispersion interaction in the dimer.

The predicted repulsive interaction seems domi-
nant in all these methods. Some of the recently
developed Density Functional Theory (DFT) me-
thods that were parameterized to account for the
dispersion interaction were also evaluated in the
present work. Results come to the conclusion
that, in contrast to the claims made, state-of-the-
art Density Functional Theory methods are in-
capable of accounting for dispersion effects in a
guantitative way, although these methods predict
correctly the inter-atomic separations and are
thus considered a real improvement over the con-
ventional methods. BS-SE has been computed,
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analyzed and discussed.
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1. INTRODUCTION

The interest in cluster research has grown enormously
during the last decade, due to its intermediate position;
clusters represent the bridge to the understanding of the
transition from the gas-phase to the condensed phase.
Dispersion attraction interactions are important determi-
nant of the properties of these clusters.

Dispersion interactions are either isotropic as in the
case of rare-gases or anisotropic in nature as in the case
of HF, CO. methane etc. In the former case, empirical fit-
ting of experimental data has successfully yielded both
interaction energies and geometries, whereas in the case
of anisotropic interaction, a quantitative description is cur-
rently beyond experimental limits.

Theoretical efforts concentrate on rare gas interactions
due to the ability to compare results with experiments
and thus be able to evaluate the level of theoretical mo-
del employed.

The appropriate theoretical model can thus be extend-
ed to molecules. The literature contains several theoreti-
cal calculations along these lines [1-10]. However, the
question of what is the appropriate method to be used to
evaluate vdw interactions, still exists. This is due to three
main reasons concerning the size and flexibility of the
basis set, electron-correlation and basis set superposi-
tion error. In addition, extension to relatively large mo-
lecular system is governed by basis set limitations due to
computational demands. The Ar dimer is one of the most
interesting vdw molecules and is the subject of several
experimental [11-15] and theoretical investigations [2-
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4,16,17]. Stoicheff et al. [11] did ultraviolet laser spec-
troscopy of Ar, and analyzed transitions to the ground
electronic state. They obtained what is probably the most
straight forward experimental determination of the po-
tential energy surface. The dissociation energy De = 99.2
cm ' with an estimated error of 1% at equilibrium bond
length of 3.761A.

Theoretically Ar, has been investigated both by co-
nstructing empirical potentials [1-10] and by ab inito
methods [14,15]. Aziz [18] presented a highly accurate
potential of Ar [2], which is much more accurate than the
previous HFD-B2 potential and is able to predict many
properties with high accuracy. Aziz’s potential predicted
a well-depth of 99.7 cm™'. On the other hand, the MP4
calculation of Chalasinski et al. underestimates the well-
depth by 25% mainly due to the lack of higher-than f-
polarization functions. Very few ab initio computation
recovered over 90% of the well-depth. One of the best
such computation is due to Woon [17] using augmented
correlation consistent basis sets, a well-depth of 94.4
cm ' was obtained using the CCSDCT and a aug-cc-pv6z.
He was able to obtain, what is possibly, the best theo-
retically computed well-depth for Ar, of 452.4 pEh at a
separation of 3.766 A.

The studies of the rare-gase vdw molecules stated ea-
rlier aims to establish methods that can be extended for
systems of real interest. In this sense, the use of the
aug-cc-pv6z and similar basis sets seems meaningless.
The present project aims to investigate the vdw interac-
tion between aromatic species and Ar, in an effort to ra-
tionalize some experimental observation of ion-beam
scattering in Ar matrices. To establish a reliable and
computationally feasible theoretical model, the Ar dimer
and trimer were investigated first. Results then can be
extended to Ar-aromatic and aromatic-aromatic systems.
The ultimate aim of the present work is, thus, to establish
an acceptable level of computation for the vdw com-
plexes that is able to pick up appreciable amount of dis-
persion interaction energy, reproduce the equilibrium
separation within the acceptable limits and at the same
time cost and time effective. In order to reach this aim
the following objectives are set and executed:

1) Investigate closely the PES of interactions among
some vdw clusters where pure isotropic dispersion inter-
action occurs, namely, Ar dimer and trimer. Fitting the
computational results to a Lennard-Jones type potential
will shed light on the different forces in the vdw clus-
ters under investigation.

2) The effect of basis set size, polarization and diffuse
functions on the stabilization energy and equilibrium
separation of the studied clusters will be investigated.

3) To calculate the correlation energy at different le-
vels of theory and determine the appropriate level that is
both accurate enough and cost effective.
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4) To examine closely the performance of some of the
popular computational methods such as the compound,
complete basis set and DFT methods.

5) To reach a conclusion as to the appropriate level
required to localize such weak interactions within the
framework of a cost effective theoretical model.

2. METHOD OF CALCULATIONS

Ab initio calculations were performed using the Gau-
ssian 09 program [19]. All standard Gaussian basis sets
have been used and examined and compared to the aug-
cc-pvxz sets. The complete basis set methods G1, G2 and
CBS-Q were also tested. Some possible Density Func-
tional Theory methods have been applied. Electron cor-
relation correction was handled by the perturbation me-
thod of Moller-Plesset up to the fourth-order (MP-
4SDTQ). Post MP4 corrections for residual correlation
effects were treated with the theory of quadratic config-
uration interaction QCISD(T). BSSE was estimated by
the function counterpoise method Proposed by Boys and
Bernadi [20].

3. RESULTS AND DISCUSSION

Table 1 presents the interaction energies and equilib-
rium separation for the Ar dimer computed using the
standard Gaussian Basis sets. The information about the
intermolecular potentials lies out in the 8™ 9™ 10™ and
significant figures, so a small effect can have dispropor-
tional effect of the computational results. Table 1 clearly
conforms that Restricted Hartree Fock (RHF) is useless
for computations of the intermolecular interaction of the
vdw type. Note that RHF predicts bond lengths that are
far too large and the predicted Re values tend to increase
as the orbital basis is improved. To understand the reason
for this behaviour let us consider two argon atoms infi-
nitely separated. Their electron clouds are essentially
non-overlapping and being essentially spherical charge
distributions, there is no interaction due to static electri-
cal dipoles, quadrupoles or higher multipole moments.

At smaller separations, the charge cloud begins to

overlap and the Pauli exclusion principle implies that the
orbitals have to distort to maintain orthogonality. The
more the orbitals distort, the higher the energy, thus a
repulsive interaction. The Hartree-Fock theory actually
provided a good description of the repulsive wall of the
potential energy curve.
Small basis RHF computations, Table 1, shows very
weak attraction due to basis set superposition error (BSSE),
as indicated by a small counterpoise correction to the
RHF energy (last column of Table 1). The RHF-predict-
ed Re values become infinite in the complete basis set
limit.
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Table 1. Dispersion interaction energy (uHartree) for Ar, com-
puted using different basis sets at the HF-level.

Table 2. Dispersion interaction energy (nHartree) for Ar, com-
puted using different basis sets at the MP4-level.

Basis set R,A AE ineor AE o BSSE Basis set R, A AE uneorr AEcor BSSE
STO-3g 4.456 0.3 0.7 0.4 321G 4.094 -56.7 141.1 197.8
321G 4.146 -36.1 106.9 143 6-21G 4255 —-34.4 67.8 102.2
621G 4331 -19.5 477 67.2 6-31G 4.423 272 372 64.2
6-31G 4.506 -13.2 26.6 39.8 6-31++G 4.534 -133.3 233 156.6
6-31++G 4.955 -329 5.9 38.8 6-311++G 4734 -40.7 7.9 48.6
6-311++G 5.179 -113 1.7 13.0 cc-pvdz 4,148 -89.0 252 114.2
cc-pvdz 4.456 -12.0 29.8 41.8 3-21G™ 3.964 -138.0 122.0 260.0
3-21G™ 4.198 -32.4 85.2 117.6 6-21G™ 4.071 -107.2 61.4 168.6
6-21G™ 4.305 222 532 75.4 6-31G™ 4207 -86.7 203 107.0
6-31G™ 4.506 -14.2 26.4 40.6 6-31++G™ 4.065 -336.7 50.1 386.8
6-31++G™ 4955 -26.5 5.7 322 6-311++G™ 4.090 —255.4 34.0 289.4
6-311++G™ 5.179 -113 1.7 13.0 aug-cc-pvdz 3.989 -353.0 -196.8 156.2
aug-cc-pvdz 4.954 -13.1 5.3 18.4

Table 2 presents calculations using the same set of
standard Gaussian basis sets and the correlation energy is
accounted for at the MP4 level. In all cases studied, the
well-position is shifted to, shorter interatomic separation
with a corresponding dramatic increase in the well-depth.
These results clearly indicate that dispersion energy is an
electron correlation effect associated with correlated fluc-
tuation dipoles.

Table 3 presents details of the computations carried
out using the three basis sets 6-31++G ™, 6-311++G"" and
Aug-cc-pvdz at different levels of Moller-plesset perturb-
bation calculation. Careful inspection of Table 3 reveals
the following:

1) The aug-cc-pvdz basis at the MP4 level seems to be
superior to the Gaussian triple-zeta basis sets.

2) The superiority of the aug-cc-pvdz basis set comes
on the expense of time. This basis set is much more time
consuming than the Gaussian basis sets. A typical rela-
tive CPU time is given in Table 3, where the Dz basis set
consumes about double the time consumed by any other
Gaussian basis set.

3) The 6-31++G"" basis set seems to be the faster. At
the HF-SCF level this Gaussian basis set is superior to all
other basis sets in terms of well-depth. At the MP4 level,
it picks up as much as 96% of the total interaction energy
computed by the Dz basis set.

Both the diffuse and the polarization functions play an
important role in determining well depth where, the cor-
relation interaction seems to dominate the well-position.

As stated before, electron-correlation in the case of
vdw molecules result mainly from fluctuation of the in-
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teraction dipoles. These fluctuations are either attractive
or repulsive and thus, the true wave function has slightly
higher amplitude at one point (attractive) and lower at
another point (repulsive). This enhanced amplitude is
expressed by a double excitation in the configuration in-
teraction wave function in which an s orbital of one atom
is replaced by a p orbital on the same atom. In Moller-
Plesset perturbation theory this double excitation makes
an important contribution to the first order wave function,
thus to the second-order energy E(MP2). Table 4 shows
the correlation energy at different levels of MP computa-
tion for Ar,. It is worth noting that the correlation energy
picked up at the MP2 level represents 99.9% of the total
correlation that can be picked up at the MP4.

Of course, one needs to compute all the higher-order
MP perturbation corrections to get as much as possible of
the correlation energy. However, as it is obvious that the
second order contribution turns out to dominates, and
since one cannot afford to do everything right, then for vdw
systems one would recommend a large-basis E(MP2) com-
putation rather than a small-basis E(MP4) computation.

3.1. Basis Set Superposition Error (BSSE)

In supermolecule picture the interaction energy is de-
fined as

AE g :O-AB_(aAJ'_ﬂB) (1)

where oap is the supermolecule basis set, as and fg are
the corresponding basis sets for the fragments A and B re-
spectively. It has been argued that Equation (1) overesti-
mates intermolecular attraction for weakly bonded systems.
Since basis sets used in practice are of finite size, at the
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Table 3. Comparison of the computational results of Ar, obtained using the augmented double-zeta and the Gaussian-triple-zeta basis

sets.
6-311++G™ Aug-cc-pvdz 6-31++G™
R, A 5.179 4.954 4.955
A Euncorr -11.3 -13.1 -26.5
At HF level
A Ecorr 1.7 53 5.7
Time, min 3.88 7.87 2.12
R, A 4.090 3.989 4.065
A Euncon -255.4 -353.0 -336.7
A Eeorr 34.0 —1960.8 50.1
At MP4 level
Time, min 25.37 27.22 9.57
basis functions 60 54 46
Primitive gaussians 106 190 112

Table 4. Correlation energy (uHartree) picked up at different levels of MP computation for Ar,.

6-311++G™ Aug-cc-pvdz 6-31++G™
R 4.090 3.989 4.065
AE ncorr AE orr Time, min AE ncorr AE o Time, min AE ncorr AEorr Time, min
MP2 —253.8 25.0 4.5 —401.7 -252.9 9.0 —336.8 42.4 3.0
MP3 —250.2 374 22.0 -308.5 —-158.9 225 —331.6 52.0 6.5
MP4 —255.4 34.0 27.5 —353.0 -196.8 40.0 —336.7 49.9 9.0

equilibrium configuration of AB, the basis set functions
centred on A assist in lowering the energy of B and vice
versa, an effect termed BSSE by Liu and Mclean [21].
The BSSE correction can be estimated by a counterpoise
correction technique.

AE,p = EZB —(EX_s+E5 ) (2)

where E,  p is the energy of the system when B is
Ghost atom and Eg__ 4 is the energy of the system when
A is Ghost atom. Even though, Schwente and Truhlar
raised serious doubt over the usefulness of this procedure.
For all Gaussian basis sets used the cp correction de-
crease dramatically as the size of the basis set increase as
shown in Figure 1. The cp correction to the E(MP2) con-
tribution is much larger for a given basis set. This is a
somewhat can traversal issue. Some would argue that
one should require that the ghost atom orbitals be or-
thogonal to the orbitals that would be occupied if the
ghost atom were a true since the occupied orbitals is not
available to the virtual orbitals of the dimers. Others
would argue it is better to just forget about the cp correc-
tion to E(MP2) altogether.

Results of the present work are consistent with those
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of Liedl [22] and indicate clearly that for Ar,, the E(MP2)
potentials seem to coverage better with systematically
increasing basis sets when one simply used uncorrected
energies. The basis sets used in the present work show
interaction potential curves Figure 2 which are repulsive
except in very small regions around the equilibrium se-
paration which exhibit essentially BSSE. So, the RHF cp
correction is negligible.

3.2. Compound Computational Methods

The aim of the present study is to achieve the highest
possible accuracy and maintain the same level of theory
for the Ar-Benzene and the Benzene-Benzene complexes.
A Varity of compound theoretical models have been de-
veloped in an attempt to achieve high accuracy by com-
bining the results of several different calculations as an
approximation to a single very high level computation
which is much too expensive to be practical. Two well-
documented methods, the Gaussian-1 [23] and Gaussian-
2 [24] methods (G1 and G2 for short) will be considered
in the present work. These two methods are tested and
are known to be reliable for molecules, however they are
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Figure 1. Variation of the BSSE with the number of primitive
gaussians in the basis set at different levels of theory.

not yet tested for van der waal complexes.
The G1-procedure involves the following steps:

1) Initial geometry optimization at HF-6-31G (d) level.

Verify the minimum energy structure by frequency cal-
culation where the zero-point energy is calculated.

2) Define the geometry by MP2 (full) optimization.

3) Compute a base level energy E*®° at the MP4/6-3
11G (d, p)

4) Correct the base energy by including diffuse fun-
ction at the MP4/6-311G+ (d, p) level.

5) Correct the base energy with higher polarization fu-
nction on heavy atoms at the MP4/6-311G (2d, p) level.

6) Correct the base energy for residual correlation ef-
fects beyond the fourth order computing the QCISD (T)/
6-311G (d, p) energy.

7) Correct the energy from step 6 for remaining basis
set deficiencies by empirically estimating the remaining
correlation energy between spin-paired electrons with the
formula:

AE™ =-0.00019 n,, +-0.00595 n , 3)

where n, is the number of alpha electrons and ny is the
number of beta electrons in the molecule. This term is
known as the higher level correlation.

Therefore, the total G1 energy may be written as:

E¢ =E"™* +E"+E* +E“ +E"“+ZPE  (4)

the quantity G1 is an approximation to an energy calcu-
lated directly at QSISD(T)/6-311+G(2df,p). replacing
this one very large calculation with four smaller ones is
much faster.

The G2 theory adds some additional corrections to G1
final result. The major term is a correction at the MP2
level, details of the G1 and G2 methods are given in the
original publications [23,24].

Table 5 presents the results of G1, G2 and the modi-
fied G2MP2 method [25] for the Ar atom and for the
dimer. Generally, the three computed methods failed to
detect the attraction dispersion interaction in the dimer.
The predicted repulsive interaction seems dominant in
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Figure 2. Lennard-Jones potential energy curves for the argon
dimer computed using the selected three basis sets as compared
to the experimental potential.

the three compound methods. The error introduced by
the approximation made in the successive steps seems to
be greater than the dispersion interaction in the dimer.
One may thus conclude that irrespective of the success
reported of the G1, G2 and G2MP2 methods for com-
pounds where real chemical bonds exist, these methods
are not suitable and can't be used in the case of the week
vdw complexes.

3.3. Complete Basis Set Models

The complete basis set (CBS) [26] methods aims to
overcome the main source of error in ab intio calcula-
tions that result from basis set truncation. A CBS calcula-
tion typically include a HF-calculation at a very large
basis set, an MP2 calculation with a medium size basis
set (this is also the level where the CBS extrapolation is
performed) and one or more, higher-level with a me-
dium-to modest basis set. The most sophisticated of these
methods is the CBS-Q [24] implemented in the Gaussian
09 program this method is well tested for molecules
where real chemical bonds exist. In the present work,
calculations using, CBS-Q model is carried out on the
Ar, vdw molecule in order to correctly estimate disper-
sion energies. Table 6 presents results of computations
using the CBS-Q model as compared to a full computa-
tion at the QCISD(T)/6-31++G"" it is obvious that the
CBS-Q method predicted a very repulsive potential for
the Ar,. This is true even if one changed the initial start-
ing basis set 6-31++G or the Aug-cc-pvdz basis sets.
The predict equilibrium separation R, is 4.178 A in good
agreement with our previous computational results. One
may conclude at this point that the dispersion, interaction
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Table 5. Energy quantities (a.u.) computed using G1, G2 and G2-MP2 methods for Ar and Ar, dimer.

Ar atom Ar,

G1(0K), H —527.056839 —1054.114027

G1 Enthalpy, H —527.054478 —1054.109798

G1 Free Energy, H —527.072050 —1054.140626
AE(G1), pH —349.0
AEnthalpy, H 842.0

G2(0K), H —527.055700 —1054.111739

G2 Enthalpy, H —527.053340 —1054.107510

G2 Free Energy, H —527.070912 —1054.138338
AE(G2), pH -339.0
AEnthalpy, H 830.0

G2-MP2(0K), H —527.045000 —1054.090369

G2-MP2 Enthalpy, H —527.042640 —1054.086139

G2-MP2 Free Energy, H —527.060212 —1054.116967
AE(G2-MP2), pH -369.0
AEnthalpy, H 859.0

Table 6. Comparison between energy quantities computed using complete basis set (CBS-Q) and QCISD(T) methods for Ar and Ar,

dimer with 6-31++G"" basis set.

Ar atom Ar,

CBS-Q(0K)/6-311++G™", H —527.066737 —1054.130809

G1 Enthalpy, H —527.064376 —1054.126578

G1 Free Energy, H —527.081949 —1054.157508
AE(G1), uH 2655.0
AEnthalpy, H 2174.0
Separation, A 4.178

QCISD(T)/6-311++G™", H —526.968315 —1053.936888
AE, uH 259.0
Separation, A 4.088

QCISD(T)/aug-cc-pvdz, H —526.969710 —1053.939776
AE, uH 355.0
Separation, A 3.988

which is responsible for the formation of the dimer is
mainly a correlation phenomena and is much smaller
than the energy introduced by the approximations intro-
duced by extrapolation

A full QCISD(T)/6-311++G"™" calculation, which is the
reference for the G1, G2 and the CBS-Q models, yields
an Ar-Ar equilibrium separation of 4.088 A, 28% longer
than the experimental value. The stabilization dispersion
interaction energy predicted by the QCISD(T)/6-3
11++G™ calculation is 259 p E, which is about 57% of
the experimental value. At the MP4 level, the HF/6-3
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11++G™" calculation predicted almost the same equilib-
rium separation and is able to pick up only 56.5% of the
stabilization energy. It is interesting to extent this compa-
rison to the aug-cc-pvdz calculation, where the QCISD(T)
is again superior to the MP4 calculation by 5% nearer to
equilibrium separation .

3.4. Density Functional Calculations

The wide popularity of the DFT methods and its sig-
nificant success in describing the electronic structure of
molecules allows us to extend the present investigation
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of the Ar dimer to include results of calculations using
different DFT approaches. Table 7 summarizes the re-
sults of such computations using a number of DFT me-
thods. These methods fall into three main groups, namely
the local exchange and correlation functional (LDA) exem-
plified by the X,, VWN and Slater methods; the gradient
corrected functional (GGA) exemplified by the BP86,
LYP and B-LYP methods; and the hybrid methods such
as the B3LYP and B3PWO91.

Inspection of the data in Table 7 reveals that all DFT
methods are unable to predict reliable asymptotic be-
haveiour of the interaction energy between the two
close-shell argon atoms. Therefore, the region of the van
der waals minimum is described by all these methods in
a rather erratic manner. LDA strongly over binds, some
GGA functional lead to repulsive interaction potential. In
general, the predicted minima are characterized by a very
large well-depth. This may be simply explained on the
basis of the fact that, dispersion van der waals forces are
due to long-range electron correlation effects that are no-
toriously absent from local and semi-local density functional

leading to an incorrect description of the asymptotic be-
haviour of the potential energy of interaction between
non-polar systems. There is, therefore, a growing need
for exchange-correlation (XC) functional going beyond
the LDA and the GGA as these don’t account for long-
rang correlations occurring in weakly bounded com-
pound as the Vdw molecules. Recently, few articles ap-
pear in the literature along these lines [27,28], yet the
proposed functionals are still not fully tested.

Inspection of data given in Table 7 and that in figure
reveals that the B3LYP combined DFT method which is
known to perform well in describing molecules and their
vibrations, yields very bad repulsive picture for the argon
dimer. The aug-cc-pvdz basis set gave the extreme repul-
sive potential.

The other combined methods that use Beck’s exchange
functional shows the same trend e.g. BVWN, BVWNS,
BLYP, BPL, BP86 and B3P86. Perez-Jorda et al. [29]
have used HF-exchange and standard DFT correlation
functional, in their investigation of some rare-gas vdw
dimers, their results were in general, acceptable and

Table 7. Dispersion interaction energies (1Ey) computed using different basis sets for Ar, at the DFT level.

Method 6-311++G"™ Aug-cc-pvdz 6-31++G™
R, A AE yneorr AEcon R,A AEqncorr AEor R,A AE neorr AEcon
B3LYP 5.972 -5.5 149.7 4332 61.07 163.624 6.190 22.8 146.6
SVWN 3.439 -1193.7 -1172.9 3.388 -1615.6 -1516.8 3.450 -1218.8 -1187
SVWN5 3.463 -1096.7 -1057.3 3.408 -1496.4 -1386.6 3.472 -1119.9 -1072.5
SLYP 3.248 -2597.4 -2539.8 3.220 -3137 -3008 3.267 —2549.4 —2477.6
SPL 3.463 -1075.7 -1036.9 3.408 -1475.1 -1365.7 3.471 -1098.1 -1051.3
SP86 3.208 -2351.6 —2247 3.170 -3064.7 —2903.5 3.220 -2386.3 -2269.5
SPW91 3.280 -1593 -1555.6 3.230 -2279.1 —2148.5 3.287 -1699.7 -1638.7
XAVWN 3.382 -1307.9 -1313.7 3.337 -1741.8 -1681 3.398 -1313.7 -1317.1
XAVWNS5 3.405 -1207.6 -1203.6 3.356 -1621 -1554.8 3.418 -1213.7 -1208.9
XALYP 3.199 -2818.6 -2717.8 3.178 -3350.9 -3221.5 3.221 —2725.4 —2629.4
XAPL 3.405 -1186.7 -1182.9 3.356 -1599.6 -1533.8 3.417 -1191.8 -1187.2
XAPS86 3.166 -2520.8 -2379.4 3.132 -3245.2 -3081.6 3.182 -2518.5 -2383.7
XAPW91 3.237 -1745.9 -1672.7 3.193 —2439.6 -2306.4 3.247 -1822.4 -1743.6
BVWN 6.099 -11.3 184.9 6.769 -24.1 12.7 6.782 18.5 58.9
BVWN5 6.037 -10.8 180.6 6.809 -23 26.8 6.799 19.2 65.4
BLYP 7.676 -27.9 -9.9 7.03 -18.2 80.2 6.798 23.1 713
BPL 6.036 18.4 209.6 6.808 6.2 55.6 6.801 48.4 95.4
BP86 6.784 3.9 39.9 6.787 -1.7 40.3 6.837 33.9 943
BPWOI1 6.026 —44.8 1422 6.908 -49.3 28.5 6.064 222 166.6
B3P86 6.069 -13.1 153.7 7.047 -22.7 63.1 5.987 7.7 179.3
B3PW91 5.894 -38.9 93.5 6.712 -38.8 214 5.893 243 1203
HFS 3.618 -720.3 —608.7 3.544 -1021.8 —845.6 3.622 ~737.4 —614.4
HFB 6.883 -18.8 38.4 7.012 -20.1 67.3 7.023 21.5 116.5
XALPHA 3.550 —831.2 —715.4 3.494 -1011.2 -917.8 3.559 -817.9 -723.3
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much better than those obtained by the DFT exchange
functionals. This point ought to be examined carefully,
since the failure of most DFT calculations on vdw com-
plexes was attributed to correlation functional and not to
the exchange one.

The failure of conventional DFT methods in predic-
ting the dispersion interaction lead to the development of
DFT methods specially designed to account for this type
of weak long rang interaction [30-32]. In the present
work, few of these methods were used and evaluated for
the pure anisotropic vdw interaction in the Argon dimer.
Table 8 summaries the results of computations using
different long rang DFT methods.Inspection of results in
Table 8 indicates clearly that these modified DFT meth-
ods cannot account quantitatively for the well-depth in
the model pure anisotropic vdw complexes. However,
these methods show considerable improvement over the
conventional methods in predicting the equilibrium se-
paration. In all schemes an empirical correction con-
sisting of a Cg® term is introduced that is damped at
short range. The coefficient Cg is calculated either from
average molecular or atomic polarizabilities. This term
accounts qualitatively for the attraction nature, however,
the results of the present work come to the conclusion
that, in contrast to the claims made, state-of-the-art DFT
methods are incapable of accounting for dispersion ef-
fects in a quantitative way.

3.5. The Potential Energy Curve

One way of examining the full interaction behaviour
between the two argon atoms is to fit data to a Morse or
similar potential energy function. In the present work, we
fit computational results to a Lennard-Jones [6-12] func-
tion of the form,

V(r)=48[(0'/r)12 —(O'/I”)é] (5)

where ¢ is the well-depth and o is the collision diameter
(the separation for which the energy is zero). Lennard-
Jones equation may also be expressed in terms of the se-
paration at which the energy passes through a minimum
Pne

v(r)=e| (r,/r) =20, /)’ | (©)

where r,, = 2 &

Results of the Lennard-Jones fitting are given in Table
9. Inspection of the data given in this table is very in-
structive and can be summarized as:
1) The quality of the basis set has no straight forward
influence on the collision parameter o, which oscillates
between 3.59 and 4.2 A. Thus the small 3-21G”™” basis set
predicted a ¢ value of 3.649 A which is very close to
3.627 A that predicted by the much extended basis set
6-311++G ™.

2) Also, r, obtained from empirical potential of the

Table 8. Dispersion interaction energies (LEy) computed using different basis sets for Ar, using DFT-D methods.

R/A AEcor AE/uEH Basis sets DFT method
3.8009 -0.2233 275.994 6-31G™
3.8999 -0.1022 279.5057 6-311G”
. Cam-B3LYP*
3.9747 -0.0606 0.0164 6-311++G
3.8767 -0.112 0.0092 aug-cc-pVdzZ
4.0852 -0.6389 275.2806 6-31G™
4.0986 -0.4104 278.8566 6-311G”
. M06*
4.506 —0.4426 —0.10907 6-311++G
4.4701 -0.5406 269.7884 aug-cc-pVdzZ
4.0858 -0.6787 278.8469 6-31G™
4.0872 -0.5128 282.0692 6-311G”
. MO6L*
4.0838 -0.5906 -0.02414 6-311++G
4.0887 -0.6903 275.0993 aug-cc-pVdzZ
4.019 -0.1107 276.2803 6-31G™
4.0564 -0.0504 278.8882 6-311G”
- LC-WPBE*
4.0865 -0.0179 276.4056 6-311++G
4.0436 —0.0548 272.4112 aug-cc-pVdZ
4.0539 -0.3521 278.2713 6-31G™
4.118 -0.2802 281.3201 6-311G™
- WB97XD*’
4.1486 -0.2755 278.6618 6-311++G
4.0638 -0.3242 273.2723 aug-cc-pVdzZ
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Table 9. Lennad-Jones parameters computed for argon dimer using different basis sets.

Basis Set ¢, Kcal/mol o, A Ty A

RHF/3-21G MP4 56.71987 3.86 4332704
RHF/3-21G™ MP4 138.3095 3.649 4.095864
RHF/6-21G MP4 4321695 4.065 4562808
RHF/6-21G™ MP4 110.3119 3.773 4235049
RHF/6-31G MP4 28.82529 4.185 4.697504
RHF/6-31G™ MP4 82.61953 3.84 4310254
RHF/6-31++G MP4 105.5821 3.963 4448317
RHF/6-31++G™ MP4 332.1564 3.589 4.028516
RHF/6-311++G MP4 40.1273 4227 4744647
RHF/6-311++G™ MP4 253.275 3.627 4.07117

computation data is always greater than the equilibrium
value. This difference can be reduced by reducing the
step size.

3) The well-depth, however seems, much more depen-
dent on the quality of the basis set and is very close to
values obtained by optimization. The number of primi-
tive Gaussians is not the determining factor, it is the type
of these Gaussians which is of importance in determining
the extent of dispersion interaction. Thus, for example
the 3-21G basis predicts a well-depth which is slight
deeper than that predicted by the 6-21G basis set.

4) The inclusion of polarization function has a pro-
nounced effect on the depth of the well. Thus, going
from the 6-21G to the 6-21G™ basis set results in an in-
crease in the well-depth of 61%. The same is also true for
the two basis sets, 6-31G and 6-31G~ where more than
65% increase in € is observed.

5) Diffuse functions seem to play a crucial role in de-
termining the well-depth. A 73% increase in € is ob-
served on going from 6-31G to the 6-31++G basis set.

6) It is Worth nothing at this point that, the 6-31++G™
basis set seems to be superior and yields the best poten-
tial parameters

Figure 2 presents the Lennard-Jones potential curves
computed for the Ar dimer using the 6-31++G", 6-
311++G™ and aug-cc-pvdz basis sets. The experimen-

tal potential is also shown in the same figure for refer-
ence. It is evident that the three theoretical models are
able to predict the repulsive side of the well satisfactorily,
however, they behave in a different manner in describing
the long rang attractive side. Both the aug and 6-31++G"
basis sets reproduce the experimental behaviour in the
long rang attractive side in an excellent manner.

3.6. The Argon Trimer

In the previous section, we have established that an
acceptable level of computation for the vdw complexes
that is able to pick up appreciable amount of dispersion
interaction energy, reproduce the equilibrium separation
within the acceptable limits and in the same time cost
and time effective can be achieved using the aug-cc-pvdz,
6-311++G ™" or the 6-31++G"" basis sets at the MP2 level
of theory. In the present section, we will farther examine
this model as applied to the Ar-trimer. This vdw complex
may exist in a linear or a triangular structure. Table 10
and 11 present the results of our computation on these
two structures using different basis sets at HF and MP,
levels of theory. Careful inspection of the data given in
Tables 10 and 11 reveals the following:

1) Computations indicate the isosceles triangular pre-
vious experimental [28,29] and theoretical [31] studies.

2) The stabilization dispersion energy computed by the

Table 10. Total energy (Hartree), dispersion energy and equilibrium separation in the linear argon trimer at the HF and MP2 levels.

Basis set Energy, H Bond length, A AE, uEy Time, min
HF MP2
6-31++G™ —1580.3240315 —1580.7399391 4.020 —755.2 4.05
6-311++G™ —1580.4207981 —1580.8645700 4.066 —558.2 5.34
AUG-CC-PVDZ —1580.4029475 —1580.8667527 3.924 —856.0 28.34
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Table 11. Total energy (Hartree), dispersion energy and equilibrium separation in the Ar; isosceles triangular structure at the HF and

MP2 levels.
Basis set Energy, H Bond length, A AE, nEy Time, min
HF MP2
6-31++G™ —1580.3236402 —1580.7402236 4.034 1039.7 4.23
6-311++G™ —1580.4204371 —1580.8647997 4.067 787.9 7.41
AUG-CC-PVDZ —1580.4024006 —1580.8671142 3.919 1217.5 23.27

aug-cc-pvdz basis set at the MP2 level is 1217 pE;, indi-
cating the tight vdw binding in the trimer. The 6-
31++G"" basis set was able to pick up 85.4% of this sta-
bilization dispersion energy, whereas the larger 6-311++
G"" basis set was able to pick up only 64.7%. These re-
sults elaborate upon our previous conclusion that the
triple zeta Gaussian basis set 6-31++G"" is capable of
describing the forces that govern the formation and stabi-
lization of the Ar vdw clusters satisfactorily and on a
modest CPU time.

The interatomic separation predicted for the Ar; clu-
sters is slightly longer than that for the dimer. The train-
gular structure shows slightly longer (0.014A) r, value as
calculated by the 6-31++G”™ basis set. This value is 5%
longer than the value reported by Gonzales et al. [31].
The aug-cc-pvdz basis set predicted the shortest equilib-
rium separation (3.92A) which is in much better agree-
ment with the reported value.
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