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ABSTRACT

The use of appropriate level of theories for studying weak interactions such as m-m stacking
interactions of aromatic molecules has been an important aspect, since the high level methods have
limitations for application to large molecules. The differences in the stacking energies of various
aromatic molecular structures are found significant. It is also very important for identifying the most
favored stacked models of aniline and hydrated aniline molecules. The effect of basis set in the
stacking energies of MP2 calculations is small. The values for HF and MP2 level of theories calculate
less electron correlation energy whereas CCSD (T) methods may be used for the calculation of better
electron correlation energy. The moderately accurate calculations, MP2 level of theories were found
feasible for most of the simple aromatic systems such as benzene, pyridine, aniline etc. In our studies,
it has been investigated to study the different n-n stacking interaction energies and the effect of
change in conformations for aniline and hydrated aniline systems.
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INTRODUCTION
Computational chemistry surrounds a vast
area of fields and computing techniques.
The classical techniques used for
stationary-state quantum chemistry and
equilibrium Monte Carlo [1] and Molecular
Dynamics [2] are being studied with
Quantum Monte Carloas stated in Quantum
Molecular Dynamics,' Microdynamics [3]
but is also investigated by research and
computer programs on data base, interactive
animation, artificial intelligence, and
chemical knowledge processing [4].
Aromatic stacking interactions have
always played a very important role in both
chemistry and biology [5,6]. They are
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crucial for the geometry characterization
and calculating the stabilization energy of
DNA molecules, the crystal structure
packing of various aromatic molecules, the
formation of the various tertiary structure of
proteins, the control in the enzyme-nucleic
acids, intercalation of drugs into DNA, and
so on. For that reason, the stacking
interactions still play a vital role in the
subject of numerous works [3-8]. In
synthetic ~ organic reactions, stacking
interactions have been reported to play a
significant role in the outcomes of stereo
selectivity [7-10]. Moreover, there has been
vast interest in the magnitude and origin of
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interactions.  [2-5, 11-14]  Recently
experimental studies have been reported
aiming at an energetic quantification of
noncovalent interactions which involved
aromatic rings [27, 28] .In this work we
compare the stacking energy afforded by
ab-initio methods, used to describe stacked
complexes [23]. In our studies it has been
investigated to study the different stacking
interaction energies and the effect of change
in conformations for aniline and hydrated
aniline systems.

METHODOLOGY
Computational Methods in our
investigation:

All the geometries of aniline and hydrated
aniline systems are completely optimized
by HF-method. All single point calculations
were carried out using HF and MP2
methods with 6-311++G (d, p) as a basis set
with Gaussian’09 program. The optimized
geometries are used for constructing
various stacked models of aniline and
hydrated aniline systems using Join
Molecule package of software. In all the
models, one of the stacked configurations
have been horizontally shifted over the
other, along both positive and negative x-
axis directions with a fixed vertical
separation of 3.6 A°. The most favored
optimized and stable structures obtained
from various methods are almost similar.
The effect of basis set in the stacking
energies of MP2 calculations is small. Here,
we have carried out only cc-pVQZ basis set
for calculation the interaction energies
because it is more compatible than that of
CCSD methods of calculations. Whereas;
the values for HF/6-311++G (d, p) and
MP2/6-311+G(d, p) calculates less electron
correlation energy.

The interaction energies for the stacked
models are computed from the following
equation.

Interaction energies = Egr- 2Ey
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Est and Ey; are the energies of stacked
model and monomer. All the calculations
are carried out with Gaussian09 program
code [29].

RESULTS AND DISCUSSION

The single-point MP2 calculations with
6-311++G (d, p) basis set have been found
useful in describing the stability of stacked
aniline and hydrated aniline molecules. The
calculated interaction energies  with
6-311++G (d, p) basis set does not show
much variation from that of 6-31+G(d, p)
basis set (Table 1). The relative changes of
the interaction energies of different stable
stacked models of aniline molecules are
shown in (Figures 1 & 2) and certain stable
stacked structures are located from the
minima in the interaction energy plots
(Figure 5 & 6) i.e. it gives the most favored
and stable stacked models. However, the
corresponding interaction energy plots of
HF calculations shown in (Figure 6) cannot
properly explain the stacking stabilization
of aniline molecules because this method
could not calculate the electron correlation
energy. The single point calculations of all
stacked models have been performed in the
study, since the complete geometry
optimization may not be advantageous to
locate the local optimum structures. The
corresponding potential energy plot of HF
Calculation shown in (Figure 6) cannot
explain the stacking stabilization of stacked
aniline molecules.

As we know that the interaction energies
obtained from HF calculation include
columbic, induction, exchange and some
electron correlation energies, and the
intermolecular electron correlation
necessary for the stabilization of these
stacked molecules cannot be calculated
with this method. However the interaction
energies obtained from this method may be
taken for comparison with the MP2 results.
The present studies focus how the
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interaction energies can be improved with
the inclusion of diffused functions in the
HF and MP2 level of calculations.

The computed interaction energies of
various levels of calculations are
summarized in (Table 1). The values are
found significantly different, and the
MP2/6-311++G (d, p) calculations could
estimate more negative interaction energies.
It is not surprising that the interaction
energies of HF/6-31+G (d, p) and HF/6-
311++G(d, p) calculations are all positive,
which is definitely due to the lack of
dispersion energies with these calculations.
The series of results could provide prior
necessity of dispersion forces for the
stabilization of these stacked molecules.
The results of HF and MP2 level of theories
reflect the extent of dispersion energies
accounted in all these calculations. Indeed,
the electron correlations included in MP2
level with diffused function in the basis set
could estimate more negative interaction
energies, where the increase of diffuse
function in the basis set provides little
change in the interaction energies. It may be
noted that the difference of interaction
energies obtained from HF/6-31+G and
MP2/6-31+G calculations is significantly
large, whereas values of MP2/6-311++G
(d,p) 1s not so different (Table 1). However
the most expensive method, MP4 level of
theory 1is particularly used in most
calculations on stacking interactions, but
such high level calculations could not be
performed. The change in interaction
energies of stacked models as determined
by MP2 method with 6-31+G (d,p) and 6-
311++G(d,p) may be appropriate for
qualitative explanations of these non-
bonded weak interactions. Our results show
that the interaction energies do not
considerably vary with the inclusion of
more diffuse functions in the basis set. The
interaction energies obtained from MP2/6-
311++G(d,p) calculations are found much
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better than other
methods™.

In this study it has been found that the
stacking interaction of hydrated aniline
molecule is quite stable than that of free
aniline-aniline stacking. The stacking
interaction energy found in (Table 1) shows
more negative HF and MP2 energies for the
hydrated aniline-aniline stacked molecule,
1.e. more negative interaction gives more
stable stacked structure. Although the HF
and other low level calculations cannot be
used to calculate accurate interaction
energies, it may be useful for predicting the
position of counter molecules in stacked
models. As we can see that both the HF and
MP2 methods can locate almost similar
minimized stacked structures.

any computational

CONCLUSION

As shown in (Table 1), the extent of
dispersion energies included in the
interaction energies of MP2/6-311++G(d,p)
calculations of small molecules, whereas
the HF/6-311++G (d, p) method cannot
usually estimate dispersion energies. So the
role of dispersion forces demonstrated in
these calculations may be useful for
studying stacking interactions of aromatic
molecules. In conclusion, the MP2/6-
311++G (d, p) are found feasible for
explaining the =n-m type of stacking
interaction for both free and hydrated
aniline-aniline stacking. But, the hydrated
aniline-aniline stacking gives more favored
stacking interaction than that of free
aniline-aniline stacking. The high level
computational methods with basis sets such
as, CCSD (T) and cc-pVQZ may be applied
to calculate the effective electron
correlation energy to get more accurate
calculations, but such high level
calculations are quite expensive and time
consuming. pi-pi stacking is observed in
both aniline-aniline and hydrated aniline-
aniline stacking and is favorable for the



Sh. Sharma and B. Bezbaruah/J. Phys. Theor. Chem. IAU Iran, 13 (1) 17-24: Spring 2016

models (fig. 3 & 4).All the favored and 7).All the minima are observed for different
stacked models can be observed from the basis sets (Table 1).
minimum point of the graphs (fig. 5, 6 &

Fig. 1. Minimized aniline-aniline stacked model.

Fig. 2. Minimized hydrated aniline-aniline stacked model.
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Fig. 3. Highly stable, minimized and favoured models for (a) aniline-aniline stacked model
(front view) (b) aniline-aniline stacked model (side view).

Fig. 4. Highly stable, minimized and favoured models for (a) Hydrated aniline-aniline
repulsive stacked model (front view) (b) Hydrated aniline-aniline stacked model (side view).
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Fig. 5. (a) Plot for stacked hydrated aniline-aniline molecules for the basis set MP2/6-
311++G(d,p) ; (b) Plot for stacked aniline-aniline molecules for the basis set MP2/6-
311++G(d,p).
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Fig. 6. (a) Plot for stacked hydrated aniline-aniline molecules for the basis set HF/6-
311++G(d,p); (b) Plot for stacked aniline-aniline molecules for the basis set HF/6-
311++G(d,p).
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Fig. 7. (a) Plot for stacked hydrated aniline-aniline molecules for the basis set HF/cc-pVQZ ;
(b) Plot for stacked aniline-aniline molecules for the basis set HF/cc-PVQZ.

Table 1. Interaction Energies (kcal/mol) for the stable stacked models of aniline and hydrated
aniline with different basis sets
INTERACTION ENERGIES

BASIS SETS (kealmol )
Aniline-aniline Hydrated aniline
HF/6-31+G(d,p) 22771 8.3085
HF/6-311++G(d,p) 2.9301 -34.6120
MP2/6-311++G(d,p) -7.7736 -37.4590
HF/cc-pVQZ 6.2105 13.8741
REFRENCES
[1] N. Metropolis, A. W. Rosenbluth, M. [4] A. M. De Callatay, Natural and
N. Rosenbluth, A. H. Teller, E. Artificial Intelligence, North-Holland
Teller, J. Chem. Phys. 21(1953) 230. Amsterdam (1986).
[2] M. Parrinello, In Modern Techniques [5] K. Muller-Dethlefs, P. Hobza, Chem.
in Computational Chemistry: ReV. 100 (2000) 143.
MOTECC-90; E. Ed. Clementi, [6] C. A. Hunter, K. R. Lawson, J.
ESCOM Leiden (1990)731-744. Perkins, C. J Urch, J. Chem. Soc.,
[3] K. Bhattacharya, E. Clementi, In Perkin Trans. (2001) 651.
Modern Techniques in Computational [7] A.S. Shetty, J. Zhang, J. S. Moore, J.
Chemistry: MOTECC-90, Clementi, Am. Chem. Soc. 118 (1996) 1019-
ESCOM Leiden, (1990) 889-918. 1027.

23



Sh. Sharma and B. Bezbaruah/J. Phys. Theor. Chem. IAU Iran, 13 (1) 17-24: Spring 2016

[8] D. Tanner, J. A. Fitzgerald, B. R.
Phillips, Prog. Rubber Plast Technol.
5(1989) 229-251.

[9] L. A. Castonguay, A. K. Rappe’, C. J.
Casewit, J. Am. Chem. Soc.
113(1991) 7177-7183.

[10] M. A. Pietsch, A. K. Rappe’, J. Am.
Chem. Soc. 118(1996)10908-10909.

[11] H. C. Kolb, P. G. Andersson, K. B.
Sharpless, J. Am. Chem. Soc. 116
(1994) 1278-1291.

[12] C. Chipot, R. Jaffe, B. Maigret, D.
A. Pearlman, P. A. Kollman, J. Am.
Chem. Soc. 118(1996)11217-11224.

[13] E. R. Bernstein, S. Sun, J. Phys.
Chem. 100(1996) 13348-13366.

[14] P. Hobza, H. L. Selzle, E. W.
Schlag, J. Am. Chem. Soc.
116(1994)3500.

[15] P. Hobza, H. L. Selzle, E. W Schlag,
J. Phys. Chem. 100(1996)18790.

[16] R. L. Jae, G. D. Smith, J. Chem.
Phys. 105(1996)2780.

[17] E.J. Corey, T. P. Loh, T. D. Roper,
M. D. Azimioara, M.C. Noe, J. Am.
Chem. Soc. 114 (1992)8290-8292.

[18] K. Ishihara, Q. Z. Gao, H.
Yamamoto, J. Am. Chem. Soc., 115
(1993) 10412-10413.

[19] G. B. Jones, Tetrahedron, 57 (2001)
7999-8016.

[20] G. B. Jones, B. .
Synthesis. (1995) 475-497.

Chapman,

24

[21] C. A. Hunter, K. R. Lawson, J.
Perkins, C. J. Urch, J.Chem. Soc.,
Perkin Trans. 2 (2001) 651-669.

[22] M. L. Waters, Curr. Opin. Chem.
Biol. 6 (2002) 736-741.

[23] E. A. Meyer, R. K. Castellano, F.
Diederich, Angew. Chem., Int. Ed. 42
(2003) 1210-1250.

[24] S. Sarkhel, A. Rich, M. Egli, J. Am.
Chem. Soc. 125 (2003) 8998-8999.

[25] M. O. Sinnokrot, C. D. Sherrill, J.
Am. Chem. Soc., 126 (2004) 7690-
7697.

[26] S. Tsuzuki, T. Uchimaru, M. Mikami,
J. Phys. Chem. A. 110 (2006) 2027-
2033.

[27] B. W. Gung, M. Patel, X. W. Xue, J.
Org. Chem. 70 (2005) 10532-10537.

[28] B. W. Gung, X. W. Xue, H. J. Reich,

J. Org. Chem. 70 (2005) 3641-3644.

M. J. Frisch, G. W. Trucks, H. B.

Schlegel, P. M. W. Gill, B. G. Johnson,

M. A. Robb, J. R. Cheeseman, T. Keith,

G. A. Petersson, J. A. Montgomery, K.

Raghavachari, M. A. Al- Laham, V. G.

Zakrzewaki, J. V. Ortiz, J. B.

Foresmann, J. Ciolowski, B. B.

Stefanov, A. Namayakkara, M.

Challacombe, C. Y. Peng, P. Y. Ayala,

W. Chen, M. W. Wong, J. L. Andres, E.

S. Replogle, R. Gomperts, R. L. Martin,

D. J. Fox, J. S. Binkley, J. Defrees, J.

Baker, J. P. Stewart, M. Head-Gordon,

C. Gonzalez, J. A. Pople, Gaussian

(2003) Gaussian Inc, Pittsburgh PA.

[29]



