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Severalπ-complexes of cations and anions with aromatic rings have been optimized at the MP2/6-31++G**
level of theory. Different aspects of the cation-π interaction have been compared to those of anion-π,
including changes in the aromaticity of the ring upon complexation, charge-transfer effects using the Merz-
Kollman and “atoms-in-molecules” (AIM) charges, and the contribution of correlation and dispersion energies
by comparing the complexation energies computed at the HF, B3LYP, and MP2 levels of theory. In this
paper, we study three aromatic systems that allow direct comparisons, free from other influences, of the
cation-π versus anion-π interactions, which are the 1,3,5-trifluorobenzene (TFB), s-triazine (TAZ ), and
2,5-dichloropyrazine (DCP). These compounds are able toπ-interact favorably with either anions or cations
because of their very small quadrupole moments.

1. Introduction

Intermolecular interactions involving aromatic rings are
important processes in both chemical and biological recognition.
Their understanding is essential for the rational design of drugs
and other new functional materials.1 In particular, the interaction
of a cation and an aromatic system, a cation-π interaction, is
a strong interaction which plays a key role in molecular
recognition.2 Most studies have investigated the nature and
energetics of cation-π interactions.3 For example, Dougherty
et al.4 have reported that the preferential binding of cations to
different aromatic compounds can be explained in terms of
electrostatic considerations. Moreover, Cubero et al.5 have
demonstrated that the interaction is dominated by electrostatic
and cation-induced polarization terms. Additionally, another
study6 concludes that the cationf benzene induction interaction
(polarization) is more important for the Li+/π and Na+/π
complexes than the electrostatic and that the contributions from
dispersion and the benzenef cation induction are negligible.
In cation-π interactions, the nature of the electrostatic com-
ponent has been rationalized, giving emphasis to the function
of the permanent quadrupole moment of benzene (Qzz) -8.45
B (buckinghams), 1 B) 3.336× 10-40 C m2).7 Regardless of
whether the aromatic ring is substituted with electron-withdraw-
ing groups, the quadrupole moment can invert its sign. For
instance, the hexafluorobenzene (HFB) has a permanent quad-
rupole moment similar in magnitude to benzene (BEN) but of
opposite sign (Qzz ) +9.50 B),8 1,3,5-trinitrobenzene (TNB)
has a large and positiveQzz(+20 B),9 and 1,3,5-trifluorobenzene
(TFB) has a very smallQzz(+0.57 B).10 We11 and others12 have
recently demonstrated that these compounds can interact favor-
ably with anions, and we have used the term anion-π interaction
to define this new type of noncovalent interaction. This term
was previously used by Schneider et al.13 in their study of the
interaction of sulfate anion with phenyl groups bearing am-
monium substituents.14 Our group has reported several studies
of electron-deficient aromatic rings with anions11,15 and the

simultaneous interaction of aromatic rings with both anions and
cations.16 More recently, we have reported a topological study
of the anion-π interaction in several complexes of aromatic
compounds with positive quadrupole moments and Cl-,17 where
we have shown that the electrostatic component of the inter-
action correlates with the magnitude of theQzz of the aromatic
ring and the anion-induced polarization correlates with the
molecular polarizability (R|) of the aromatic compounds. As
for the cation-π interaction, these two contributions dominate
the anion-π interaction, which are essentially equivalent in
HFB; however, in molecules with a very positiveQzz such as
TNB, the interaction is basically electrostatic although the
polarization is not negligible,15aand in molecules with a modest
Qzzand considerable molecular polarizabilities such asTFB the
interaction is dominated by induction effects. The latter behavior
explains the dual binding mode ofTFB15a and other aromatic
rings with smallQzz values such ass-triazine (TAZ )18 (Qzz )
+0.90 B)19 and 2,5-dichloropyrazine (DCP) (Qzz ) +1.47 B),
which are capable ofπ-interacting favorably with either anions
or cations. All of these considerations indicate that the strength
of the anion-π interaction and its contributions to the interaction
energy (electrostatic, induction, dispersion, etc.) sharply depend
on theQzz andR| values of the aromatic compound.

K. S. Kim et al. have recently reported20 theoretical investiga-
tions on anion-π interactions, focusing their attention on a
quantitative estimation of the individual interaction energy
components. They have also compared the anion-π with the
cation-π interaction in terms of the magnitudes of several
contributions to the total interaction energies, and they have
found that dispersion energies are more important in anion-π
than in cation-π complexes.

In this manuscript, we report a theoretical ab initio study
where we compare several important aspects of both anion-π
and cation-π interactions which have not been considered
before, as their different behavior in the change in the aroma-
ticity of the ring upon complexation, the change in the electron
charge density topology upon complexation, etc. We also
compute the contribution of the dispersion energy in both* Corresponding author. E-mail: toni.frontera@uib.es.
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cation-π and anion-π interactions using a methodology which
is based on the fact that the B3LYP method does not take into
account dispersion effects, and, thus, its contribution can be
roughly estimated as the difference between the MP2 and the
B3LYP interacting energies.21 It is worth mentioning that we
compare the anion-π to the cation-π interaction using the same
series of aromatic compounds, that is,TFB, TAZ , andDCP,
which are able to interact favorably with both anions and cations
(see Figure 1). In contrast with other works,20,22 this direct
comparison using the same aromatic ring is free from other
influences; for instance, when comparingBEN-cation com-
plexes withHFB-anion complexes, the absolute values of the
quadrupole moment are similar but not equal and the molecular
polarizabilities of the aromatic rings are different (R|(BEN) )
41.5 au andR|(HFB) ) 37.7 au); therefore, the individual
contributions to the total interaction energy are not only due to
the ion, but they are also influenced by the nature of the ring.

2. Computational Methods

The geometries of all of the complexes included in this study
were fully optimized at the MP2/6-31++G** level of theory
using the Gaussian 98 program.23 The interaction energy was
calculated at the same level with and without correction for the
basis set superposition error (BSSE) using the Boys-Bernardi
counterpoise technique.24 The vibrational frequencies at the MP2
level were also calculated for the optimized geometries, indicat-
ing that only one structure is a genuine minimum (TFB‚‚‚Na+).
Previous studies have shown11,12,15,20that, in contrast to other
halogen anions, the true minimum in the F- anion-π complexes
with a variety of aromatics is the nucleophilic attack of the anion
to one carbon atom of the ring. However, because the aim of
this study is to compare the anion/cation recognizing ability of
theπ-systems and to analyze different aspects of the interaction,
we concentrate on the geometries where the ion is located along
the main symmetry axis.

The contributions to the total interaction energy have been
computed using the molecular interaction potential with polar-
ization (MIPp),25 which is an improved generalization of the
MEP where three terms contribute to the interaction energy:
(i) an electrostatic term identical to the MEP,26 (ii) a classical
dispersion-repulsion term, and (iii) a polarization term derived
from perturbational theory.27 Calculation of the MIPp ofTFB,
TAZ , andDCP interacting with Na+ and F- was performed
using the HF/6-311+G* wave function of the aromatic rings
by means of the MOPETE-98 program.28 The ionic van de
Waals parameters for F- and Na+ were taken from the
literature.18,29

The HF method does not include electron correlation;
therefore, its contribution to the total interaction energy can be
estimated as the difference between the interacting energy of
the complexes computed at the MP2(full)//MP2 and HF//MP2

levels of theory. Additionally, the dispersion interactions are
not given by the DFT B3LYP level of theory but are given at
the MP2 level; thus, the difference between MP2(full)//MP2
and B3LYP//MP2 interacting energies can be considered as an
approximate contribution of the dispersion term to the total
interacting energy.21 It should be emphasized that this a
qualitative estimation of the dispersive interaction energy.

We have used the nucleus-independent chemical shift (NICS)30

criterion to evaluate the aromaticity ofTFB, TAZ , andDCP
upon complexation. This method is based on the negative of
the magnetic shielding computed at the center of the ring.
Significant negative values imply aromaticity (diatropic ring
current), and positive values correspond to antiaromaticity
(paratropic ring current). NICS at the geometrical center of the
ring is influenced by the local (paratropic) effects arising mainly
from theσ bonds. NICS(1) (1 Å above the plane of the ring)
essentially reflectsπ effects, and it is a better indicator of the
ring current than the value at the center. NICS values were
computed at the GIAO-HF/6-31++G** 31 level of theory using
the MP2 optimized structures.

The topological analysis of the electron charge density
performed forTFB, TAZ , andDCP, and for complexes1-6,
was determined using Bader’s theory of AIM.32 The electronic
density analysis was performed using the AIMPAC program33

at the HF/6-31++G** level of theory. The AIM charges were
evaluated using the AIM2000 program.34

The quadrupole moment ofDCP was computed using the
CADPAC program35 at the MP2/6-31G* level because previous
studies10 have demonstrated that quantitatively correct values
are obtained at this level of theory.

3. Results and Discussion

First of all, the selection of the complexes studied in this
manuscript (see Figure 2) deserves an explanation. As stated
in the Introduction, we have chosen three aromatic systems with
small (DCP andTAZ ) or very small (TFB) Qzzvalues that allow
us to make direct comparisons between cation-π and anion-π
interactions, that is, to study their differences only on the basis
of the nature of the interacting ion. Additionally, the interacting
ions are Na+ and F-, which are isoelectronic, and, consequently,
their complexes with the aromatic compound are also isoelec-
tronic.

In a previous study on the nature of anion-π interactions,
Kim et al.20 conclude that the total interaction energies of
anion-π complexes are comparable to those of cation-π
complexes. This is true for the systems studied in that work,
that is,BEN complexes with cations andHFB complexes with
anions, but it cannot be generalized. The same is applicable to
the conclusion that the largest contributions in anion-π

Figure 1. 1,3,5-Trifluorobenzene (TFB), s-triazine (TAZ ), and 2,5-
dichloropyrazine (DCP) and their corresponding quadrupole moments
(Qzz) in buckinghams.

Figure 2. Cation-π and anion-π complexes1-6.
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complexes are electrostatic and induction, because these con-
tributions sharply depend on theQzz and R| values of the
aromatic system and this is correct only forHFB complexes
with anions, but this is not correct, for instance, forTNB
complexes where the largest contribution is electrostatic orTFB
complexes where the induction energy dominates the interaction.
To solve this inherent problem, the present study details an
investigation of the interaction of Na+ and F- with several
π-systems, focusing our attention on the differences that the
interaction of an anion or a cation induces in the same aromatic
compound, such as energetic, charge transfer, aromaticity, and
electron density.

3.1. Energetic Results.Table 1 reports the total interacting
energies and equilibrium distances of complexes1-6 at the
MP2/6-31++G** level of theory. In all cases, the interacting
energies are negative, indicating that the interaction is favorable;
that is, the complexes are energetically stable. Some interesting
features can be learned from the inspection of the interaction
energies and equilibrium distances depending on the aromatic
system. TheTFB interacts more favorably with the sodium
cation than with the fluoride anion, whereasTAZ and DCP
behave in the opposite manner. Additionally, theTFB complex
with Na+ (1) has an equilibrium distance shorter than that of
theTFB complex with F- (4), while TAZ andDCP complexes
behave in the opposite manner. It should be mentioned that
cations have smaller van der Waals radii than anions and they
are expected to have shorter equilibrium distances. Furthermore,
TFB complexes1 and4 have very similar interacting energies
(-8.21 and-7.77 kcal/mol, respectively), andTAZ andDCP
complexes have very dissimilar interacting energies depending
on the interacting ion. A likely explanation for these results is
that theTFB is the only aromatic system that has an almost
negligibleQzz, and, accordingly, the electrostatic repulsion when
it is interacting with Na+ is very small, allowing the approxima-
tion of the cation at a distance of 2.552 Å, close to the value
obtained for theBEN‚‚‚Na+ complex at the same level (2.429
Å22). As is further discussed below, this short distance allows
the cation to polarize theπ-cloud of TFB in an effective way
and to improve the interaction, in comparison with complexes

2 and3, where the equilibrium distances are longer due to the
electrostatic repulsion with the small but positive values ofQzz

of TAZ andDCP.
The correlation and dispersion energies are in all cases more

negative for anion-π complexes than for the corresponding
cation-π complexes. The computed value of dispersion energy
obtained for complex5 is significantly lower in energy than
the previously reported value by Kim et al.20 using the symmetry
adapted perturbation theory (SAPT) calculation, which is-5.94
kcal/mol. The computed values ofEcorr are significant for all
complexes, indicating the importance of taking into account
correlation effects when studying noncovalent interactions
involving aromatic rings.

3.2. Molecular Interaction Potential with Polarization
(MIPp) Analysis. We have analyzed the physical nature of the
cation/anion-π interaction in these systems, evaluating it using
the energetic partition scheme of the MIPp. We have explored
the electrostatic (Ee), polarization (Ep), van der Waals (Evw),
and total (Et) interaction energies when the ion (Na+ or F-)
approaches the aromatic molecules (TFB, TAZ , and DCP)
perpendicular to the center of the ring along the main symmetry
axis. In Table 2, we summarize the contribution of the three
terms and the total energy at the point along the symmetry axis
where the MIPp is minimum, and we also present the MP2
interacting energies and equilibrium distances (Re) of the
optimized complexes for comparison purposes. It is worth
mentioning that the MIPp energies are computed from the wave
function of the single aromatic compoundsTFB, TAZ , and
DCP interacting with the corresponding ions considered as
classical particles; therefore, the changes in the geometry of
the ring in the complex are not accounted in MIPp calculations.
The results present in Table 2 point out that the performance
of MIPp calculations is notable, giving results comparable to
MP2 in both energies and equilibrium distances. The results
also confirm the aforementioned assumption that the negligible
Qzzvalue ofTFB allows the approximation of Na+ to the center
of the ring. In this case, the MIPp minimum is located at 2.54
Å from the ring center, very close to the MP2 optimized distance
of 2.55 Å. For the interaction of Na+/F- with TFB, the smallest

TABLE 1: Interaction Energies at the MP2/6-31++G** Level of Theory with the BSSE Correction (EBSSE, kcal/mol),
Equilibrium Distances (Re, Å), and the Contribution of Correlation ( Ecorr, kcal/mol) and Dispersion (Edis, kcal/mol) Terms to the
Total Interaction Energy, Merz-Kollman and AIM Charges (q, e) of the Ion (Na+, F-), Electron Charge Density at the (3,+3)
Cage Critical Point (G, au) Originated upon Complexation, the Variation upon Complexation of the Electron Charge Density at
the Aromatic C-C or C-N (3,-1) Bond Critical Point (∆G, au), and the Variation (∆NICS(1), ppm) upon Complexation of the
NICS Computed at 1.0 Å below the Aromatic Ring (Opposite to the Ion) for Complexes 1-6

compound EBSSE Re Ecorr Edis q (MK) q (AIM) 103F (au) (3,+3) ∆F (au) (3,-1) ∆NICS(1)

TFB‚‚‚Na+ (1) -8.21 2.552 -3.21 -1.48 0.81 0.95 6.103 -0.004 0.89
TZN ‚‚‚Na+ (2) -2.59 2.696 -2.18 -1.53 0.85 0.97 4.178 -0.003 0.55
DCP‚‚‚Na+ (3) -2.87 2.617 -4.85 -2.99 0.82 0.97 4.360 -0.003a 0.99
TFB‚‚‚F- (4) -7.77 2.748 -4.04 -2.51 -0.87 -0.99 5.069 0.002 -0.28
TZN ‚‚‚F- (5) -9.70 2.592 -4.14 -2.64 -0.85 -0.98 7.073 0.002 0.04
DCP‚‚‚F- (6) -13.88 2.508 -5.66 -3.46 -0.81 -0.98 7.608 0.003a -0.67

a This value corresponds to the C-C bond critical point of the pyrazine; see text.

TABLE 2: Contributions to the Total Interaction Energy (kcal/mol) Calculated Using MIPp for the TFB, TAZ, and DCP
Compounds Interacting with Na+ and F- at the Distance (d, Å), Where the MIPp Is Minimum, from the Center of the Ring
along the Main Symmetry Axisa

compound Ee Ep Evw Et d (Å) EBSSE Re

TFB‚‚‚Na+ 1.83 -13.81 2.15 -9.83 2.54 -8.21 2.552
TAZ ‚‚‚Na+ 5.58 -7.84 -0.01 -2.28 2.81 -2.59 2.696
DCP‚‚‚Na+ 7.00 -11.39 0.34 -4.05 2.71 -2.87 2.617
TFB‚‚‚F- -1.59 -9.15 1.26 -9.47 2.91 -7.77 2.748
TAZ ‚‚‚F- -5.63 -7.93 2.34 -11.22 2.80 -9.70 2.592
DCP‚‚‚F- -6.52 -10.44 2.72 -14.23 2.79 -13.88 2.508

a For comparison purposes, the interacting energies (EBSSE, kcal/mol) and equilibrium distances (Re, Å) corresponding to MP2 optimized complexes
are included.
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contribution to the total interaction energy is the electrostatic
term, and the polarization term is large and negative and clearly
dominates the interaction. For the interaction ofTFB with F-,
the MIPp minimum is located at 2.91 Å because of its larger
van der Waals radius, and, as a result, the polarization term is
smaller in comparison with the Na+ complex. For theTAZ and
DCP systems, the interaction is dominated by the polarization
term; however, in both molecules the electrostatic term is not
negligible, and it is responsible for the considerable difference
in energy between the cation-π (positive contribution) and the
anion-π interaction (negative contribution).

Finally, the molecular polarizabilities ofTFB, TAZ , andDCP
are presented in Table 3, ensuing the following trendDCP >
TFB > TAZ , in agreement with the observed trend for the
contribution of the polarization term in their anion-π complexes
which are comparable due to their similar distances (d, Table
2).

3.3. Topological Properties of the Electron Charge Den-
sity, Aromatic, and Charge-Transfer Analyses.In Table 1,
we compare some interesting aspects of cation-π and anion-π
complexes. For instance, we have measured the degree of the
charge-transfer effect in these systems to determine the atomic
charges of complexes1-6 using the Merz-Kollman (MK)
method,36 which has been demonstrated to provide high-quality
charges.37 In general, the computed charge transfer in absolute
value is very similar for all complexes, ranging from 0.1 to 0.2
e. To analyze the charge transfer from another quantum chemical
approach, we have computed the atomic charges of the
interacting ion in complexes1-6 obtained upon integration of
the electron density in the basin of the Na+ and F- (AIM
charges). The results based on AIM methodology indicate that
the charge transfer is almost negligible for all complexes (<0.03
e). The disagreement between the AIM and electrostatic potential
derived charges methods has been observed before for other
systems and has been discussed in the literature.36,38,39

A common feature of all compounds upon complexation of
the ion is the formation of a cage critical point, located along
the line connecting the ion with the center of the ring. It has
been demonstrated17,40 that the electron charge density at the
cage critical point in cation/anion-π interactions can be used
as a measure of the strength of the interaction. The values of
the charge density computed at the cage critical point (F (3,+3))
for complexes1-6 are present in Table 1. Inspection of the
results indicates that there is a relationship between the
interaction energy and the electron charge density at the cage
critical point. In Figure 3, we represent the plot of the regression
between F (3,+3) and the interaction energy (EBSSE) for
complexes1-6, with a regression coefficientr ) 0.945. It is
worth mentioning the relevance of this relationship, because it
includes both cation-π and anion-π complexes and allows for
dealing simultaneously with both interactions.

An interesting feature that has been studied is the variation
of the electron charge density measured at the six bond critical

points of the aromatic rings upon complexation of the ion.
Because the electron density at the bond critical point provides
a measure of the bond order, it can be reasonably assumed that
the induced change in electron density at the bond critical point
upon complexation gives a measure of the variation in the
strength of the bond. The computed charge density values for
TFB and TAZ at the six bond critical points of the ring are
present in Table 3 (F (3,-1)), and its variation upon complex-
ation (∆F (3,-1)) are present in Table 1.TFB and TAZ
complexes haveC3V symmetry, and consequently the six bond
critical points of the ring are equivalent; however, theDCP
hasC2V symmetry, and it has three different types of bond critical
points in the ring, so in this case only the corresponding values
of F and ∆F at the bond critical point of the C-C aromatic
bond are shown in Tables 1 and 3. It should be mentioned that
the∆F values computed for the rest of the bond critical points
of theDCP ring (C-N bonds) behave the same. Curiously, the
computed∆F values are negative for the cation-π complexes
1-3, indicating a reduction in the strength of the aromatic bonds
upon complexation. On the contrary, the values are positive for
anion-π complexes4-6, indicating an increase in the strength
of the aromatic bonds upon complexation. Latter findings can
be related, first, with the charge transfer (MK) from the aromatic
ring to the cation (1-3) and from the anion to the aromatic
ring (4-6) and, second, with the results of the variation in the
aromaticity of the ring induced upon complexation, which are
present in Table 1. The cation-π complexes give a positive
variation of the NICS, indicating a diminution in the aromaticity
of the ring upon complexation of the cation. In contrast, the
variation in the aromaticity upon complexation of the anions is
negligible in complex5 and negative in complexes4 and 6,
indicating a gain in the aromaticity of the ring in anion-π
complexes, in agreement with previous studies on complexes
of HFB22 andTNB15a with anions.

4. Conclusions

It is clear that the strength of cation-π and anion-π
interactions strongly depends on the magnitude of the quadru-
pole moment and molecular polarizability of the aromatic system
and direct comparisons between the strength of both interactions
should be performed using the same aromatic compound.

The conclusions that can be drawn from this study are listed
below:

(1) Molecules with negligibleQzzvalues can interact favorably
with either cations or anions, and it is expected that the strength
of the interaction would be comparable, especially if the ionic
van der Waals radii are similar.

(2) In general, the contributions of dispersion and correlation
terms to the total interaction energies are small, and they are
more important in anion-π than in cation-π complexes.

TABLE 3: Molecular Polarizabilities Parallel to the
Principal Symmetry Axis (r|, au), Quadrupole Moments
(Qzz, buckinghams), Nucleus-Independent Chemical Shifts
(NICS(1), ppm), and the Density at the Bond Critical Point
(G, au) Computed for the TFB, TAZ, and DCP Compounds

compound R| (au) Qzz NICS(1) F (3,-1)

TFB 38.79 0.57a -11.77 0.335
TAZ 30.34 0.90b -9.95 0.368
DCP 44.32 1.47c -11.11 0.333d

a From ref 10.b From ref 19.c This work. d This value corresponds
to the C-C aromatic bond of the pyrazine ring; see text.

Figure 3. Plot of the regression between the density at the cage critical
point and the interaction energy for complexes1-6.
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(3) The density at the cage critical point generated upon
complexation of the ion is a useful parameter for measuring
the strength of the interaction, even when comparing cation-π
to anion-π complexes.

(4) A gain in the aromaticity of the ring is observed upon
complexation of the anion, and the contrary is observed for the
cation. This behavior agrees with the observed variation in the
strength of the bonds of the ring upon complexation of the ion,
measured using the computed electron charge density at the bond
critical points of the ring, which is negative for cation-π
complexes and positive for anion-π complexes.
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Deyà, P. M. New J. Chem.2003, 27, 211.

(17) Garau, C.; Frontera, A.; Quin˜onero, D.; Ballester, P.; Costa, A.;
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