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ABSTRACT
Fused aromatic systems with homo and heterodimer stacked conformation shows effective π-π interactions in the gas
phase. Here, we have investigated the π-π stacking interaction of some fused aromatic rings (viz. α-naphthol, βnaphthol, naphthalene etc.) and tried to make their stacked dimers to analyze the actual stacking interaction for
different conformations. All these stacked models show strong stacking interaction between the homo dimer of such
fused ring systems. It is also an important aspect to analyze the strength of stacking interaction energy with a thin
fused dimer of aryl systems. All kinds of interaction energies including the electron-electron correlation energy can
be calculated properly by using the appropriate DFT method. Herein, the stacking interaction energy of the stacked
systems of naphthalene, α-naphthol, and β-naphthol has been accounted by using the M062X method.
Keywords: α-naphthol, β-naphthol, naphthalene, π-π Stacking, M062X etc.
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INTRODUCTION
Molecular stacking interaction between different aromatic systems can easily be anticipated from the extent
of dispersion forces, very short-range exchange repulsion forces and the electrostatic interactions among
the systems.1 However, frequent theoretical observations reflect the less precise density functional and force
field methods, which are effectively applied to large molecular systems.2-4 In biomolecular recognition,
weak non-covalent interactions are very important in crystal engineering and the outcome of stereo
selectivity organic chemical process, interactions like π-π stacking plays a significant role and there has
been widespread interest in the magnitude and origin of π-π interaction.5-10 Experimental observations
aimed at an energetic quantification that improves understanding of the non-covalent interaction involved
in aromatic systems.11 The π-π stacking interactions taking place at the aromatic side chains preferentially
occur in a parallel-displaced orientation.12 The ab initio calculation on organic biomolecule results in the
formation of a T-shaped structure, which is found to be less stable than that of the parallel stacked
arrangement.13 Attractive non-covalent interaction takes place between fused aromatic π-ring systems, i.e.,
π-π stacking interaction, plays an important role in the stabilization of many aromatic fused rings. 14 A large
number of quantum mechanical approaches have been applied to the stacked models associated with the ππ stacking of an aromatic molecule including fused ring systems. 15-25 Actually, the π-π stacking interaction
of aromatic fused rings has been studied by using DFT methods even though it is well known that this
method tends to overestimate the strength of such interaction.26 The intermolecular interactions (such as
van der Waals and π-π stacking) are very important parameters to study the fused aromatic systems. Such
interactions play a significant role to understand the stability of stacked models along with other
physicochemical properties.27-30 It is also very complicated to compute the accurate π-π stacking interaction
for the fused rings due to the presence of sterically hindered bulky groups in aromatic naphthol and other
naphtholic systems.31 It has been observed that the consideration of quadruple moments provides the
simplest way to visualize the charge distribution on fused aromatic rings, and it would accurately predict
the preferred geometry of π-π interactions.32 The π-π stacking interactions of the stacked models of
naphtholic dimers directly affect molecular geometry, conformation, atomic charge distribution, spin
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densities, and intermolecular rotation along the X or Y-axis with different dihedral angles of stacked
models.33-36 In this current work, a comprehensive computational investigation has been carried out for
analyzing the actual π-π stacking interactions of different fused stacked ring dimers of some naphtholic
systems such as α-naphthol, β-naphthol and naphthalene. The stability of different stacked naphtholic
dimers has been studied by using quantum mechanical methods, a new basis function M062X, based upon
density functional theory (DFT) gives an important aspect in computational calculations to investigate the
non-covalent interaction. A series of theoretical investigations have been carried out for determining the
stacking interaction of α-naphthol, β-naphthol, naphthalene and phenol; for different conformations along
the X and Y-axis. It is greatly affected by the change in interacting axis and also dependent on electron
cloud densities of a specific atom of the stacked dimer. Hence, the change in election cloud density of the
stacked models were also theoretically computed. Therefore, the π-π stacking interactions of some stacked
naphtholic dimers with their change in electron charge density, compatibility to the other substituents and
effect of naphtholic complexes have been studied.

EXPERIMENTAL
Computational and Theoretical Method
The density functional theory (DFT) method is found to be more effective in the study of non-covalent
interaction and long-range van der Waals interaction of aromatic systems, in recent days it is considered
the most effective tool for studying all kinds of π-π stacking interactions. Such calculation effectively
explains the experimental binding energies for a small cluster of fused rings. The Gaussian09 program code
has been used for DFT calculation to find out the π-π stacking interaction energy, M062X/6-311++G(d,p)
basis set was used to calculate the proper electron correction energy. 37 These calculations are very useful
for small clusters of molecules as it explains the binding energies of smaller molecules in a effective way.
All the optimized geometries were used for constructing the stacked models of α-naphthol, β-naphthol and
naphthalene systems using the joinMolecule package of software; Arguslab/GaussView was also used to
visualize the different stacked dimer models.
The stacking interaction energies are computed by the following equation:
Interaction energy = ESM - 2ES
Where, ESM = Energy of stacked models, ES = Energy of single-molecules.
Construction of Stacked Models
The completely optimized geometries of the selected fused aromatic systems such as α-naphthol, βnaphthol, naphthalene etc. were taken for calculating the single-point energies. Although, the stacked
models of such dimeric systems may directly interact with one another either in eclipsed or staggered
confirmation; but, for our calculations, we have considered only the eclipsed stacked conformation as it
shows exact sandwich form at a dihedral angle of 0˚. The individual models in a stacked conformation are
separated within a range from 2.8 to 3.6 Å, but the suitable intermolecular vertical separation of a stacked
model is found to be 3.6Å; which results in the most favorable stacked conformation. The stacked models
were prepared with one ring parallelly over the other rings, then the one ring laterally shifted along X-axis
(from +X to –X direction) or along Y-axis (from +Y to –Y direction) keeping the other ring at a fixed
position to obtain the most stable minimized stacked model. The lateral shifting for the stacked models
carried out along X- and Y-axis which ranges from -3 to + 3Å; this process was carried out to get the most
favored minimized stacked model with minimum repulsive energy. Representation of conformation for the
stacked systems, along X and Y-axis are shown in Figs.-1 and 2. Thus, the selected fused ring systems are
horizontally shifted along X or Y, from positive to the negative direction.

RESULTS AND DISCUSSION
In this current investigation, the π-π stacking interaction for different stacked conformations of α-naphthol,
β-naphthol, naphthalene and phenol system have studied in the gas phase. The constructed stacked dimers
such as α-naphthol--α-naphthol, α-naphthol--β-naphthol, β-naphthol--β-naphthol, α-naphthol--phenol,
naphthalene--phenol, etc. have extensively been studied with different conformations. It has been observed
that the naphtholic systems effectively interact with other naphtholic or phenolic molecules as they have
aromatic and planar geometry.
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Fig.-1: Optimized Structures of naphthalene, α-naphthol, and β-naphthol

Fig.-2: Pictorial diagram of α- and β-naphthol showing X & Y-axis with ring-1 & ring-2

In naphtholic systems, the position of the -OH group of the aromatic ring in a stacked model also makes a
large impact on the overall stability of the stacked naphtholic dimer. As there are two aromatic fused rings
in the naphtholic systems; therefore, there might be two possibilities during molecular interaction either
with ring-1 or ring-2 as shown in Figs-1 and 2. But, the stacked dimers of α-naphthol--α-naphthol, αnaphthol--β-Naphthol, β-naphthol--β-naphthol, etc. do not show any differences in the stacking interaction
energies; and as they used to interact with each other either through ring-1 of the first molecule with ring1 of the second molecule, or ring-2 of the first molecule with ring-2 of the second molecule. Because such
types of stacked models result in stable molecular confirmations and they might have differences in their
stacking interaction energies when ring-1 and ring-2 of α-naphthol or β-naphthol directly interacts with
simple phenolic systems. Herein, we have carried out the stacking interaction of such naphtholic stacked
dimers either along the X- or Y-axis of the stacked plane. It is well known that more the negative interaction
energy value of the stacked dimer, more is the stability of such stacked systems. In our calculations, for all
the stacked models, more negative interaction energy values are computed when we carried out the stacking
interaction of such stacked system along X-axis only than that of the Y-axis, which is clearly reflected in
Table-1. It happens as the effective π-π interaction taking place only along X-axis of the stacking plane. In
naphthol molecules, we have three possible combinations of stacked dimers: i) α-naphthol--α-naphthol, ii)
β-naphthol--β-naphthol and iii) α-naphthol--β-naphthol. Among the different stacked conformations, αnaphthol--α-naphthol results in less negative interaction energy value i.e., -6.68 kcal/mol, β-naphthol--βnaphthol gives -7.10 kcal/mol, and α-naphthol--β-naphthol gives the most negative interaction energy value
i.e., -7.77 kcal/mol (Table-1), which results that the stacked dimer of α-naphthol--β-naphthol gives the most
favored and stable conformation than that of other stacked models (Figs.- 3-5). Therefore, the sequence of
stability for such stacked dimers along the X-axis is found to be:
α-naphthol--α-naphthol < β-naphthol--β-naphthol < α-naphthol--β-naphthol
Similarly, when we investigate the stacking interaction of α- & β-naphthol with the naphthalene molecule,
we observed an almost similar trend which has already found in previous case. Herein, the computed
interaction energy values for the stacked dimer of β-naphthol--naphthalene is found as -7.13 kcal/mol;
whereas, α-naphthol-naphthalene gives -6.97 kcal/mol as shown in Table-1. It shows that the stacked model
of β-naphthol--naphthalene gives a stable stacked conformation than that of α-naphthol--naphthalene
(Figs.-6 and 7). The sequence of stability for these two stacked dimers is found as:
α -naphthol--naphthalene < β –naphthol--naphthalene
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Table-1: Computed interaction energies(kcal/mol) for different minimized models of stacked α-naphthol, βnaphthol, naphthalene and phenol system
Minimized distances
Interaction energies
Stacked models
Interacting axis
(Å)
(kcal/mol)
X
-1.5
-5.32
α-naphthol(ring-1)-phenol
Y
+1.5
-4.48
X
+1.0
-5.47
α-naphthol(ring-2)-phenol
Y
-1.0
-5.14
X
-1.5
-6.68
α-naphthol- α-naphthol
Y
-1.5
-6.36
X
+1.5
-7.77
α-naphthol-β-naphthol
Y
+1.0
-7.04
X
+1.5
-6.97
α-naphthol -naphthalene
Y
+1.5
-6.68
X
+1.5
-6.29
β-naphthol(ring-1)-phenol
Y
-1.0
-5.52
X
+1.0
-5.88
β-naphthol(ring-2)-phenol
Y
+1.0
-5.44
X
-1.5
-7.10
β-naphthol-β-naphthol
Y
+1.5
-6.91
X
-1.5
-7.13
β-naphthol -naphthalene
Y
+1.5
-7.09

(i)
(ii)
Fig.-3: Minimized stacked α-naphthol--α-naphthol models (i) stacking along X-axis and (ii) stacking along Y-axis

(i)

(ii)

Fig.-4: Minimized stacked β-naphthol--β-naphthol models (i) stacking along X-axis and (ii) stacking along Y-axis

(i)

(ii)

Fig.-5: Minimized stacked α-naphthol--β-naphthol models (i) stacking along X-axis and (ii) stacking along Y-axis
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(i)

(ii)

Fig.-6: Minimized stacked α-naphthol--naphthalene models (i) stacking along X-axis and (ii) stacking along Y-axis

(i)

(ii)

Fig.-7: Minimized stacked β-naphthol--naphthalene models (i) stacking along X-axis and (ii) stacking along Y-axis

(i)

(ii)

Fig.-8a: Minimized stacked α-naphthol--phenol models with respect To Ring 1 (i) stacking along X-axis and (ii)
stacking along Y-axis

(i)
(ii)
Fig.-8b: Minimized stacked α-naphthol--phenol models with respect To Ring 2 (i) stacking along X-axis and (ii)
stacking along Y-axis
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(i)

(ii)

Fig.-9a: Minimized stacked β-naphthol--phenol models with respect To ring-1 (i) stacking along X-axis and (ii)
stacking along Y-axis

(i)

(ii)

Fig.-9b: Minimized stacked β-naphthol--phenol models with respect To ring-2 (i) stacking along X-axis and (ii)
stacking along Y-axis

But, significant results have been observed when we carried out the stacking interaction between α- & βnaphthol with a simple phenol molecule. Phenol systems may interact either with ring-1 or ring-2 of αnaphthol and β-naphthol. Therefore, the stacked dimer of α-naphthol--phenol and β-naphthol--phenol show
different results w. r. t. ring-1 and ring-2. The stacking interaction energy for β-naphthol (ring-1)--phenol
results in more negative value, i.e., -6.29 kcal/mol than that of α-naphthol (ring-1)--phenol i.e., -5.32
kcal/mol. Almost similar trend has been observed w.r.t the interaction with ring-2 of the naphthol system,
the stacking interaction energy for β-naphthol (ring-2)--phenol results more negative value, i.e., -5.88
kcal/mol than that of α-naphthol (ring-2)--phenol i.e., -5.47 kcal/mol (Table-1). The minimized stacked
models are shown in Figs.-8 and 9 and the sequence of stability w.r.t ring-1 and ring-2 for the stacked
dimers are found as:
α–naphthol- phenol (ring-1) < β-naphthol- phenol (ring-1)
α –naphthol- phenol (ring-2) < β-naphthol- phenol (ring-2)
Moreover, we also compare the stacking interaction of α & β-naphthol with phenol system; w. r. t. ring-1
and ring-2 of the naphthol molecule. It has observed that the stacked dimer of α-naphthol--phenol (w.r.t
ring-2) gives more negative interaction energy value i.e., -5.47 kcal/mol than that of α-naphthol--phenol
(w.r.t ring-1) i.e., -5.32 kcal/mol. Similarly, for the stacked dimer of β-naphthol--phenol (w.r.t ring-1) gives
more negative interaction energy value i.e., -6.29 kcal/mol than that of β-naphthol--phenol (w.r.t ring-2)
i.e., -5.88 kcal/mol (Table-1). The overall sequence of stability for such stacked dimers are shown below:
α –naphthol- phenol (ring-1) < α –naphthol- phenol (ring-2)
β –naphthol- phenol (ring-2) < β –naphthol- phenol (ring-1)
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The relative changes in π-π stacking interaction energies for different fused naphtholic systems are shown
in Table-1, certain minimized stacked models are located on the local minima of the interaction energy
plots as shown in Figs. 10-16. The more negative interaction energy value or a minima on the interaction
energy plots results in the more stable and favored stacked conformation. Herein, we can also clearly
observe the differences in interaction energies along the X and Y-axis of the stacked models as shown in
Figs.-10 to16.
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Fig.-10: Interaction energy plot for α-naphthol--α-naphthol models along the X and Y-axis
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Fig.-11: Interaction energy plot for β-naphthol--β-naphthol models along the X and Y-axis

Mulliken charge density calculation is also a very important and useful tool to investigate the change in
individual charge densities of the molecule before and after stacking interaction; especially, the -OH group
of the naphthol ring. In the naphthol system, the individual -OH group is quite responsible for strengthening
or weakening the stacking interaction, the greater the change in electron charge densities (Mulliken charges)
of the -OH group, the more will be the interaction involved in the stacked dimers. The actual change in the
electron charge densities of the minimized stacked dimers was obtained by calculating the Mulliken charges
densities, which shows whether there exist strong or weak stacking interactions within stacked molecules.
The detailed Mulliken charge density calculations of the minimized stacked and unstacked models are
shown in Table-2.
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Fig.-12: Interaction energy plot for α-naphthol--β-naphthol models along the X and Y-axis
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Fig.-13: Interaction energy plot for α-naphthol--naphthalene models along the X and Y-axis
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Fig.-14: Interaction energy plot for β-naphthol--naphthalene models along the X and Y-axis
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Fig.-15a: Interaction energy plot for α-naphthol--phenol models w. r. t. ring 1 along the X and Y-axis
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Fig.-15b: Interaction energy plot for α-naphthol--phenol models w. r. t ring-2 along the X and Y-axis
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Fig.-16a: Interaction energy plot for β-naphthol--phenol models w. r. t ring-1 along the X and Y-axis
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Fig.-16b: Interaction energy plot for β-naphthol-phenol models w. r. t ring-2 along the X and Y-axis
Table-2: Computed Mulliken Charges for different minimized models for stacked and unstacked α-naphthol, βnaphthol, naphthalene, and phenol system
α -naphthol

Models

Axis

α-naphthol
β-naphthol
phenol

----------

-0.206
-0.226
----

α-naphthol(ring1)-phenol
α-naphthol(ring2)-phenol
α-naphthol- αnaphthol
α-naphthol- βnaphthol
α-naphtholnaphthalene
β-naphthol(ring1)-phenol
β-naphthol(ring2)-phenol
β-naphthol- βnaphthol
β-naphtholnaphthalene

X
Y
X
Y
X
Y
X
Y
X
Y
X
Y
X
Y
X
Y
X
Y

-0.204
-0.170
-0.203
-0.223
-0.203
-0.202
-0.205
-0.187
-0.211
-0.199
-0.220
-0.196
-0.200
-0.212
-0.143
-0.192
-0.161
-0.201

O

phenol
H
O
Unstacked Models
0.274
---0.274
-------0.234
Stacked Models
0.266
-0.196
0.261
-0.195
0.266
-0.195
0.271
-0.180
0.268
---0.265
---0.271
---0.261
---0.275
---0.267
---0.269
-0.208
0.265
-0.207
0.265
-0.207
0.267
-0.185
0.256
---0.268
---0.252
---0.270
----

H

β -naphthol
O
H

------0.265

----------

----------

0.266
0.266
0.267
0.267
------------------0.271
0.270
0.272
0.263
-------------

-------------0.198
-0.157
-0.174
-0.197
-------------------0.187
-0.193
-------

------------0.270
0.260
0.256
0.269
------------------0.261
0.267
-------

CONCLUSION
From the above study, it observes that fused naphtholic systems are well stacked within themselves and
also give a stable stacked conformation. The stacking interaction involves a pair of naphthol systems either
along the X or Y-axis, i.e., it takes place either in a parallel or perpendicular direction; but, the stacking
interaction along X-axis shows a more favorable stacked dimer model. Among the different fused ring
systems viz. α-naphthol, β-naphthol, and naphthalene; it has been observed that the minimized stacking
interaction energy value for the β-naphthol system gives more negative interaction energy value than that
of other fused systems. Interestingly, the -OH group of the fused naphthol system plays an important role
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in the stability of these stacked models. Therefore, the stacking interaction w. r. t. ring-1 or ring-2 of the
naphthol system may also impact on the interaction energy values of the stacked models. Thus, we could
conclude that between α-naphthol and β-naphthol stacked models, the β-naphthol system results in the most
stable model with a more negative interaction energy value than that of other systems. The -OH group of
the naphthol system is greatly responsible for strengthening or weakening the stacking interaction, such
effect of the –OH group can be analyzed by computing electron charge densities as Mulliken charges.
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