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DFT/B3LYP calculations were carried out on complexes formed by NH4
+ with aromatics, viz. benzene, phenol,

pyrrole, imidazole, pyridine, indole, furane, and thiophene, to characterize the forces involved in such
interactions and to gain further insight into the nature and diversity of cation-aromatic interactions. Such
calculations may provide valuable information for understanding molecular recognition in biological systems
and for force-field development. B3LYP/6-31G** optimization on 35 initial structures resulted in 11 different
finally optimized geometries, which could be divided into three types: NH4

+-π complexes, protonated
heterocyclic-NH3 hydrogen bond complexes, and heterocyclic-NH4

+ hydrogen bond complexes. For NH4
+-π

complexes, NH4+ always tilts toward the carbon-carbon bond rather than toward the heteroatom or the carbon-
heteroatom bond. The calculated CHelpG charges suggest that the charge distribution of a free heterocyclic
may be used to predict the geometry of its complex. Charge population and electrostatic interaction estimations
show that the NH4+-π interaction has the largest nonelectrostatic interaction fraction (∼47%) of the total
binding energy, while the NH4+-aromatic hydrogen bond interaction has the largest electrostatic fraction
(∼90%). A good correlation between binding energy and electrostatic interaction in the NH4

+-π complexes
is found, which shows that nonelectrostatic interaction is important for cation-π binding. The results calculated
with basis sets from 6-31G to 6-311++G(2df, 2dp) show that∆Ecorr and∆Hcorr do not require a basis-set
superposition error (BSSE) correction, in view of experimental error, if a larger basis set is used in the
calculation. The calculated∆Hcorr values for the NH4+-C6H6 complex with different basis sets suggest that
the experimental∆H may be overestimated.

Introduction

Extensive experimental and theoretical investigations in the
past decade have revealed that the interaction between cations
and aromatic groups, the cation-π interaction, plays an
important role in biological processes.1-5 Such interactions may
be several times stronger than other noncovalent interactions,
such as hydrogen bonding and hydrophobic interactions.4 Thus,
they may be important in molecular recognition, drug action,
and protein-folding. Recently, Dougherty and co-workers used
energy-based criteria to search a protein database composed of
593 proteins. They found that over 25% of all tryptophans in
their database experience an energetically significant cation-π
interaction.6 Thus the cation-π interaction is indeed prevalent
in biomacromolecules. A detailed understanding of this interac-
tion might, therefore, be helpful in evaluating its biological
significance, in designing new drugs and engineering modified
proteins as well as in developing improved molecular force
fields.

Our interest in cation-π binding stems from our efforts to
design new enzyme inhibitors and channel blockers that
selectively interact with acetylcholinesterase (AChE) and with
potassium ion channels (PICs), respectively, with the eventual
aim of developing new drugs for the treatment of Alzheimer’s
disease (AD) and cardiovascular diseases. In both these systems,
cation-π interactions play an important role.7-11 The X-ray
structures of various AChE-inhibitor complexes clearly
indicate that the cation-π interaction is essential for ligand
binding.5,7,8,11-15 Site-directed mutagenesis and, more recently,
X-ray crystallography have shown the importance of cation-π
interactions in PICs.9-10

However, to the best of our knowledge, and unlike other
enzyme targets such as HIV-1 protease,16 no new lead com-
pounds for AChE inhibitors or for PIC blocking agents have
been found with the use of the available structure-based drug
design (SBDD) methods such as DOCK.17 One reason may be
that such drug-design and molecular modeling methods are
based on a simplified set of interatomic interactions, which do
not include the cation-π interaction between ligands and pro-
teins containing aromatic-rich binding sites. Thus, development
of improved force fields, capable of reproducing the interactions
between cation and aromatics, is a task of top priority.

Theoretical investigations are an excellent complement to
experimental studies on cation-π interactions. Numerous
quantum chemistry studies have been carried out, focusing
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especially on the electronic and geometrical structures of
cation-π complexes.4,18-24 The calculated results are, in general,
in agreement with the experimental results.

Like other noncovalent interactions, cation-π binding can
be divided into two parts: electrostatic and nonelectrostatic,
including polarization, dispersion, and charge transfer.4,25

Dougherty found that if one simply wants to predict the trend
in a cation-π interaction across a series of aromatics, one need
only consider electrostatics.4 In particular, an excellent correla-
tion was found between the self-consistent field (HF/6-31G**)
binding energies and the molecular electrostatic potential (MEP)
for a series of 11 derivatives of benzene.26 However, it was
also found that the fraction of the total binding energy that is
electrostatic varies from 60 to 0%, depending on the aromatic
core.4,26 The Cubero group performed a quantum mechanical
study on the polarization contribution to cation-π interactions
using the GMIPp (Generalized Molecular Interaction Potential
with Polarization) method, which showed the importance of the
polarization contribution that explains most of the “missed
energy term” in Dougherty’s correlations.25

We performed calculations earlier for some model systems
in which ammonium (NH4+) was complexed with four nitrogen-
containing heterocyclic aromatics at the B3LYP/6-31G* level,
so as to investigate their geometry characteristics and thermo-
dynamic parameters, without considering either the basis-set
superposition error (BSSE) or the zero-point vibrational energy
(ZPVE).20 This study demonstrated that other interactions exist
in cation-aromatic systems, in addition to the cation-π
interaction. To address the diversity of interactions between
cations and aromatics, and as a first step toward force-field
parametrization of cation-aromatic interactions, various geo-
metrical and thermodynamic parameters are needed. In the
following, we present a comprehensive density functional theory
(DFT) study of cation-aromatic interactions between ammonium
and eight aromatics, namely benzene, phenol, pyrrole, imidazole,
pyridine, indole, furane, and thiophene. To the best of our
knowledge, although limited studies for the complexes of NH4

+-
benzene, NH4+-phenol, and NH4+-indole have been carried
out,4,18-24,27 no systematic analysis of this type has been made
using a sophisticated quantum chemical method. Our objective
was not only to determine the geometries and thermodynamic
parameters of the complexes formed by NH4

+ with these eight
unsubstituted aromatics, but also to gain further insight into the
nature and diversity of cation-aromatic interactions, which, as
mentioned, may provide valuable information for understanding
molecular recognition in biological systems and for developing
force field. We also paid close attention to the contributions of
electrostatic and nonelectrostatic interactions to the total binding
energy. To accomplish these goals, we also estimated BSSE
and ZPVE terms. In addition, different basis sets from 6-31G
to 6-311++G(2df, 2pd) were used to investigate the effect of
the basis set on BSSE and ZPVE.

Computational Details. Density functional theory has re-
cently been recognized as an efficient quantum chemistry
method for studying molecular properties.28 Our previous
studies, using the B3LYP29 method with different basis sets,
showed that DFT provides a satisfactory tool to investigate
cation-π interactions, especially to make thermodynamic,
geometry, and vibrational spectrum calculations in comparison
with MP2 and experimental results.19-23 Hence, the DFT/
B3LYP method was employed throughout this study.

We designed 35 possible initial structures for NH4
+-aromatic

complexes, so as to obtain the real minimum energy structures
(Figure 1). These initial structures could be broadly divided into

two types: cation-π complexes and hydrogen-bond complexes.
In the case of NH4+-π complexes, the NH4+ was located above
the plane of the aromatic ring, with one, two, or three hydrogen
atoms directed toward the ring. These hydrogen atoms might
tilt toward either a heteroatom or a carbon atom. The B3LYP/
6-31G* method was employed for full optimization of these
initial structures. The optimized structures were then subjected
to further optimization with B3LYP/6-31G**, followed by
frequency calculations to verify the reasonability of the opti-
mized structures and to determine the thermal energy, ZPVE,
and entropies. After that, BSSE and electrostatic interaction
calculations were performed on the basis of optimized geom-
etries. BSSE was estimated by use of the following equation:30

whereEA(AB) (or EB(AB)) is the energy of fragment A (or B),
based on the geometry extracted from the optimized structure,
with its own basis set augmented by the basis set of B (or A).
EA (or EB) is the energy of isolated fragment A (or B), with
just its own basis set. Estimates of the electrostatic interaction
were obtained on the basis of

Here,Echarge is the energy using CHelpG atomic charges31

located at the atomic nuclei of the cationic atoms,E0 is the
energy without CHelpG charges, andEself is the self-energy of
the CHelpG charges. Hence,Eele is the electrostatic energy in
a broad sense, which includes all interactions between aromatics
and the positive charges of ammonium.

All B3LYP/6-31G* calculations were carried out using
Gaussian9432 software on a Power Challenger R-10000 super-
computer. All B3LYP/6-31G** calculations, including BSSE
and electrostatics, were performed using Gaussian98 software32

on the same computer. Molecular modeling was carried out on
an SGI workstation using the SYBYL6.2 software package.33

Results and Discussion

Geometries.Figure 2 depicts the B3LYP/6-31G** optimized
geometries, which show that three types of complexes are
formed between NH4+ and the aromatics: NH4+-aromatic
cation-π complexes, aromatic-NH4

+ hydrogen-bond com-
plexes, and protonated heterocyclic-NH3 hydrogen-bond com-
plexes, in which proton transfer occurs from NH4

+ to the
heterocyclic aromatic. For benzene, pyrrole, and indole, the
binding product is only the cation-π complex. For imidazole
and pyridine, the final result is only the protonated heterocycle-
NH3 hydrogen-bond complex, no matter what initial structures
are used during the geometry optimization. With respect to
phenol, furane, and thiophene, the binding complexes could be
categorized as either NH4+-π or aromatic-NH4

+ hydrogen-
bond complexes. These optimized geometries suggest that the
energetically favorable interaction model of cationic ligands,
such as the protonated side chains of lysine and arginine, with
phenylalanine or tryptophan, is a cation-π interaction. Energeti-
cally, a hydrogen-bond interaction is the most probable interac-
tion model of these cationic ligands with the side chain of
histidine at physiological pH, accompanied by proton transfer
from the protonated amino group to the aromatic ring. Both
hydrogen-bond and cation-π interactions are possible between
these cationic ligands and tyrosine. The optimized geometries
also suggested that both cation-π and hydrogen-bond interac-
tions are possible between these groups and the heterocyclic
aromatics, furane and thiophene. However, hydrogen-bond

BSSE) [EA - EA(AB)] + [EB - EB(AB)] (1)

Eele ) Echarge- (E0 + Eself) (2)
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binding is the most probable interaction between such cations
and pyridine.

Table 1 summarizes some distances between the H of NH4
+

and the aromatic rings in the NH4
+-π complexes. The

perpendicular distances,r2 in Figure 2, are about 2.1 Å between
NH4

+ and nitrogen heterocyclics and phenol, about 2.2 Å
between NH4+ and oxygen- and sulfur-containing heterocyclics,
and 2.3 Å between NH4+ and benzene. They are always a little
shorter than at the B3LYP/6-31G* level by 0.01 to 0.10 Å
(Table 1), suggesting that adding the polarization function to
the basis set results in a decrease in the interaction distance.
All the distances are rather short for a noncovalent intermo-
lecular interaction, suggesting that the NH4

+-π interaction is
quite strong. They also show that, among the cation-π
complexes, NH4+-nitrogen heterocyclic interactions are most

probably the strongest, because the distances calculated for them
are the shortest (Table 1). The projection of the H of NH4

+ on
the aromatic ring plane is always closer to the carbon atoms
than to the heteroatoms. Furthermore, the projection is always
nearer to the carbon-carbon rather than to the carbon-
heteroatom bond (Figure 2).

Table 2 presents the hydrogen-bond lengths of the hydrogen-
bond complexes. They range from 1.6 to 1.7 Å, except for the
NH4

+-thiophene hydrogen-bond complex, for which the value
is 2.23 Å. The distances between the two heavy atoms
participating in these hydrogen bonds are 2.6-2.8 Å, except in
the NH4

+-thiophene hydrogen-bond complex, for which the
value is 3.28 Å. A slight decrease in hydrogen-bond length is
observed after a polarization function is added to B3LYP/6-
31G*. In all these complexes, except the NH4

+-thiophene

Figure 1. Thirty-five initial structures of the complexes constructed from NH4
+ and eight different aromatics.
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complex, the distances are quite short compared with usual
hydrogen-bond lengths, indicating that these hydrogen bonds
are unusually strong.

Our optimized geometries also indicate that in all NH4
+-π

complexes, the N-H bonds of NH4
+ that face the aromatics

are 0.01-0.03 Å longer than in free NH4+, suggesting that the
interaction between NH4+ and the aromatic ring weakens these
bonds. The calculated bond angles also show that complexation
results in the hydrogen atoms of the aromatics bending out of
the plane of the ring, and moving away from NH4

+; the out-
of-plane angles range from 2 to 6°. This may be due to repulsion
between these hydrogens and NH4

+. However, the dihedral
angles of the ring hydrogens do not change significantly in the
hydrogen-bond complexes. This may be due to the lateral
binding of the two fragments.

Charge Population Analysis.CHelpG charges31 were cal-
culated at the B3LYP/6-31G** level on the optimized structure.
We divided the complexes into two parts, aromatic and NH4

+/
NH3, to investigate possible charge transfer between them during
complex formation. Table 3 summarizes the sum of total atomic
charges of these two parts for each complex. It is clear that the
single unit of positive charge is delocalized onto the two parts
in all complexes, suggesting that NH4

+-aromatic interaction
is accompanied by charge transfer.

For cation-π complexes, the positive charge is obviously
still distributed mainly on the NH4+ side. Among all the
cation-π complexes, charge transfer was strongest for the
NH4

+-indole pair, and weakest for the NH4
+-furane pair,

suggesting that binding between NH4
+ and indole is the

strongest in the series, and between NH4
+ and furane the

weakest. As might be predicted, in the NH4
+-aromatic hydrogen-

bond complexes, most of the unit charge is located on the NH4
+,

whereas in the protonated heterocyclic-NH3 hydrogen-bond
complexes, most of the positive charge is located on the
protonated aromatics (Table 3).

Our previous calculation at the 6-31G* basis set level revealed
that the protonated heterocyclic-NH3 hydrogen-bond complex
is the energetically favorable product if the heteroatom has
localized lone-pair electrons.20 The calculated results at the
B3LYP/6-31G** level for nitrogen-containing heterocyclic
complexes (see Figure 2) are in agreement with this conclusion.
However, for the oxygen- and sulfur-containing heterocyclic
complexes, the calculated results show that there is no tendency
for proton transfer to occur between NH4

+ and these hetero-
cyclics, even if they also have localized lone-pair electrons.
Thus, the products for oxygen- and sulfur-containing hetero-
cyclics are NH4

+-aromatic hydrogen-bond complexes (Figure
2g,i). The reason for this is unclear, and further theoretical and
experimental studies are required.

As Table 3 shows, the amount of transferred charge in
NH4

+-π complexes is larger than in hydrogen-bond complexes.
Thus electron transfer plays a more important role in NH4

+-π
complexes than in hydrogen-bond complexes. This conclusion
is discussed more quantitatively in the Electrostatic Interactions
section.

Figure 3 depicts the CHelpG charge distribution on free
aromatics. Regarding NH4+-π complexes, the projection of the
H of NH4

+ onto the aromatic plane is near to that carbon atom
with the most negative charge, except in the case of furane
(Figure 2a,b,e,f,h, and j; and Figure 3a,b,e-h). In addition, the
two carbon atoms of the double bond near the H of NH4

+ are
always negatively charged in NH4

+-π complexes (Figure
3a,b,e-h). However, the two atoms of each carbon-carbon
bond in free imidazole and pyridine bear opposite charges
(Figure 3c,d). Hence, the charge distribution of a free aromatic
may have an intrinsic effect on the final geometry of the
complex formed with NH4+.

Thermodynamic Parameters.Table 4 presents the calcu-
lated thermodynamic parameters at the B3LYP/6-31G** level,
including the change of internal energy,∆Einter; the thermal
energy,∆Ethermal; the entropy,∆S; and the enthalpy of formation,
∆H. Obviously,∆Einter and ∆H for protonated heterocyclic-
NH3 hydrogen bond complexes are much larger than for other
complexes. Using protonated heterocyclics and NH3 as the
reactants, we estimated the changes of internal energy as 25.117
and 25.312 kcal/mol for NH3-imidazolium and NH3-pyri-
dinium complexes, respectively. These results suggest that
binding of NH3 to these two protonated nitrogen heterocyclics
is very strong.

TABLE 1: Distances (Å) between NH4
+ and Aromatic Groups in Cation-π Complexes

NH4
+-benzene NH4+-phenol NH4

+-pyrrole NH4
+-indole NH4

+-furane NH4
+-thiophene

6-31G* r1
a 2.4434 2.2997 2.0989 2.2057 2.3585 2.3129

r2 2.3910 2.1934 2.0460 2.0996 2.3216 2.2303
6-31G** r1

b 2.4358 2.1842 2.0621 2.1938 2.2718 2.2985
r2 2.3221 2.1021 2.0101 2.0893 2.2284 2.2149

a r1: The nearest distance between the H of NH4
+ and the heavy atom of the aromatic.b r2: The perpendicular distance between the H of NH4

+

and the aromatic plane.

Figure 2. Optimized structures of the complexes formed by NH4
+

and eight different aromatics at the B3LYP/6-31G** level.
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For NH4
+-π complexes, the nitrogen-containing heterocyclic

complexes have the largest thermochemical parameters; the
benzene and phenol complexes have intermediate values, and
the furane and thiophene complexes have the smallest values
(Table 4). Thus the aromatic core affects the binding strength
in cation-π complexes significantly. Dougherty and co-workers
found that replacing two benzene rings of their synthetic receptor
with “electron-rich” furane or thiophene rings led to a decrease
in cation binding.4,34 Our calculated result is consistent with

their experimental observation. In addition, our result also shows
that thiophene interacts with NH4+ more strongly than does
furane, by 0.67 kcal/mol. Nevertheless, the hydrogen-bond
interaction represents an energetically favorable binding model
for furane and NH4+ (Table 4). The reason for this is unclear,
and further investigation is required.

Deakyne and Meot-Ner35 utilized the high-pressure mass
spectrometer (HPMS) method to determine the binding enthalpy
of the NH4

+-C6H6 complex, and they reported a value of 19.3
kcal/mol. Our calculated∆H is -17.03 kcal/mol, 2.3 kcal/mol
less than their experimental value. However, Kim et al.36 have
suggested that the van’t Hoff plots of the experimental data may
be interpreted as yielding a value of-17.1 kcal/mol, very close
to our calculated value.

Because we did not know the effects of BSSE and ZPVE on
∆H, we performed BSSE and ZPVE calculations to correct the
values for enthalpy of formation, and these corrected values
are also listed in Table 4. The ZPVE ranges from 0.57 to 0.96
kcal/mol, with an average value of 0.81 kcal/mol. In the case
of BSSE, the correction is less than 1.0 kcal/mol for NH4

+-π
complexes, but larger than 1.0 kcal/mol for hydrogen-bond
complexes, except for the NH4

+-thiophene complex, which has
the smallest BSSE, 0.36 kcal/mol. Comparing the BSSE with
the calculated interaction distances (Tables 1, 2, and 4), we find
that interaction distance has a substantial effect on BSSE. This
effect may be one reason the BSSE of NH4

+-π complexes is
not important to their total binding energy.

Another question arising from the above discussion is whether
the basis set has a significant effect on either the BSSE or the
ZPVE of the various complexes. To clarify this point, we carried
out ZPVE and BSSE correlation calculations on the NH4

+-
C6H6 complex using different basis sets, viz. 6-31G, 6-31G(d),
6-31G(d,p), 6-31++G(d,p), 6-311++G(d,p), and 6-311++G-
(2df,2dp) (Table 5). It is clear that BSSE has a tendency to
decrease as the basis-set scale increases. The 6-31G basis set
has the largest BSSE, 0.952 kcal/mol; the 6-311++G(2df, 2pd)
basis set has the smallest BSSE, just 0.294 kcal/mol. It is,
therefore, better to add diffuse and polarization functions to the
basis set if one does not want to estimate BSSE when using
B3LYP method to calculate the binding energy or enthalpy for
a NH4

+-π complex.
Calculated values of∆Hcorr for the NH4

+-C6H6 complex,
taking into account both BSSE and ZPVE corrections, with basis
sets from 6-31G to 6-311++G(2df,2pd), are-15.34 to-14.30
kcal/mol (Table 5). These values, on the average, are lower than

TABLE 2: Distances (Å) in Hydrogen-Bond Complexes Formed by NH4+ and Aromatics

NH4
+-phenol NH3-imidazolium NH3-pyridinium NH4

+-furane NH4
+-thiophene

6-31G* R1a 1.6079 1.6757 1.6909 1.6750 2.2480
R2b 2.6727 2.7591 2.7724 2.7403 3.2970

6-31G** R1 1.5592 1.6469 1.6660 1.6313 2.2293
R2 2.6353 2.7361 2.7518 2.7008 3.2777

a R1: Hydrogen-bond length.b R2: The distance between two heavy atoms of a hydrogen bond.

TABLE 3: Sum of Atomic CHelpG Charges (Q/e) at the B3LYP/6-31G** Level

a. Cation-π Complexes Formed by NH4+ and Aromatics

NH4
+-benzene NH4+-phenol NH4

+-pyrrole NH4
+-indole NH4

+-furane NH4
+-thiophene

aromatic 0.265 0.259 0.275 0.291 0.250 0.267
NH4

+ 0.735 0.740 0.725 0.709 0.750 0.733

b. Hydrogen-Bond Complexes Formed by NH4
+ and Aromatics

NH4
+-phenol NH3-imidazolium NH3-pyridinium NH4

+-furane NH4
+-thiophene

aromatic 0.157 0.779 0.777 0.158 0.107
NH4

+/NH3 0.843 0.221 0.223 0.842 0.893

Figure 3. CHelpG charge distribution of free aromatics.
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the experimental values given by Deakyne and Meot-Ner35 by
∼4.5 kcal/mol, and lower by∼2.3 kcal/mol than the same
experimental data interpreted by Kim et al.36 To investigate the
possible effect of the optimization process on the final structure
of the NH4

+-C6H6 complex and on its∆H value, we reopti-
mized its structure from different initial structures, using the
6-31G** basis set. As a result, in addition to the structure
depicted in Figure 2a, we found another optimized complex
structure in which the NH4+ tilts toward the benzene plane,
mainly via one of its hydrogen atoms. However, its energy is
higher than that of the structure with the geometry depicted in
Figure 1, suggesting that the structure in which the two hydrogen
atoms interact with benzene equally should be the minimum
energy structure (Figure 2a). This result is in accord with other
investigators’ theoretical results.4,27,36Hence, the difference in
∆H between our calculations and the experimental results is
not due to our optimized geometry. Recently, Hoyau and co-
workers pointed out that binding enthalpies obtained by HPMS
or threshold collision-induced dissociation (CID) techniques are
normally overestimated by up to 5 kcal/mol.37 This might also
be true for the NH4+-C6H6 complex, and thus might explain
the discrepancy between the experimental and calculated values
of ∆H.

Electrostatic Interactions. The calculatedEele, and its
contributions to∆Ecorr, are also presented in Table 4. Contribu-
tions in the range of 52.2-56.6% correspond to the NH4

+-π
complexes; values of 64.1-65.3% correspond to protonated
heterocyclic-NH3 hydrogen-bond complexes; and values of
85.7-94.2% correspond to aromatic-NH4

+ hydrogen-bond
complexes. Thus, binding in the aromatic-NH4

+ hydrogen-bond
complexes is almost purely electrostatic, whereas nonelectro-
static interactions are as important as electrostatic interactions
in the NH4

+-π complexes. This finding is consistent with our

discussion in the section on charge population analysis. It is
also in agreement with our earlier conclusion, from highest
occupied molecular orbital (HOMO) analysis, that binding
between NH4+ and heterocyclic groups in their NH4

+-π
complexes is related to s-p interactions.20 To confirm the nature
of the interaction in aromatic-NH4

+ hydrogen-bond complexes,
we performed, as an example, a molecular orbital coefficient
analysis on the five highest occupied molecular orbitals of the
NH4

+-phenol complex. This analysis reveals that, in contrast
to what was found for the NH4+-π complex,20 the 10 largest
atomic orbital coefficients in each of these five highest occupied
molecular orbitals of the hydrogen-bond complex do not involve
any atoms of the NH4+ ion. This result supports the conclusion
that electrostatic interactions are a dominant component of the
binding in NH4

+-heterocyclic hydrogen-bond complexes.
Table 4 also shows that the more negative the electrostatic

interaction energy, the stronger the overall interaction in the
NH4

+-π complexes. By use of the Partial Least-Squares (PLS)
method, we examined the correlation between the corrected
binding energy at the B3LYP/6-31G** level and the electrostatic
interaction for different aromatic core complexes ranging from
benzene to thiophene. The correlation equation is∆Ecorr ) 0.492
+ 1.896Eele (r2 ) 0.978,F ) 175.8, ands ) 0.510). Dougherty
and co-workers found an excellent correlation between self-
consistent field (SCF) binding energies and MEPs for 11
derivatives of benzene (r ) 0.991, slope) 1.01, intercept)
11.6 kcal/mol).26 Cubero and co-workers showed that GMIPp
is a powerful tool for predicting cation-binding of aromatic
compounds (ESCF ) -5.0 + 0.984EGMIPp, r ) 0.995).25 The
slopes of their corrections are about 1.0. In contrast to their
results, our slope, 1.896, indicates the importance of nonelec-
trostatic interactions in cation-π complexes. Because our
correlation is obtained by comparing different aromatic cores,

TABLE 4: Thermochemical Parameters Obtained from the B3LYP/6-31G** Calculations (∆E, ∆H, ZPVE, and BSSE, kcal/
mol; ∆S, cal/mol/K)

initial system complexa ∆Einter ∆Ethermal ∆S ∆H ZPVE BSSE ∆Ecorr b ∆Hcorr b ∆H Eele % of ∆Ecorr

NH4
+-benzene CP -17.499 1.061 -27.339 -17.03 0.797 0.893-15.809 -15.34 -19.3c, -17.1d -8.548 54.07

NH4
+-pyrrole CP -22.050 1.462 -30.218 -21.22 0.964 0.964-20.122 -19.29 -10.510 52.23

NH4
+-imidazole HB -45.871 1.089 -30.506 -45.37 0.848 1.357-43.666 -43.16 -14.956 65.28h

NH4
+-furane CP -15.439 0.873 -33.611 -15.16 0.756 0.962-13.721 -13.44 -7.450 54.30

HB -17.408 1.256 -22.755 -16.74 0.642 1.152-15.614 -14.95 -13.381 85.69
NH4

+-thiophene CP -16.691 1.515 -28.338 -15.77 0.844 0.817-15.030 -14.11 -8.170 54.36
HB -10.240 0.336 -35.469 -10.47 0.573 0.364 -9.303 -9.53 -8.352 89.78

NH4
+-pyridine HB -42.492 0.655 -35.855 -42.43 0.859 1.491-40.142 -40.80 -14.710 64.06i

NH4
+-indole CP -23.453 1.551 -29.839 -22.49 0.932 0.933-21.588 -20.62 -25.9e -11.741 54.39

NH4
+-phenol CP -18.553 1.582 -29.876 -17.69 0.957 0.856-16.740 -15.88 -17.5f, -18.5g -9.468 56.56

HB -22.831 1.186 -28.758 -22.37 0.744 1.312-20.775 -20.31 -21.7f, -22.3g -19.571 94.20

a CP represents a cation-π complex; HB represents a hydrogen-bond complex.b ∆Ecorr, ∆E corrected for both BSSE and ZPVE;∆Hcorr, ∆H
corrected for both BSSE and ZPVE.c Experimental result, the NBS pulsed high-pressure mass spectrometer (HPMS) method (ref 35).d Experimental
result (ref 36).e MP2/6-31G*//3-21G raw binding energy (ref 27).f B3LYP/6-31G*//B3LYP/6-31G* result (ref 19).g MP2/6-31G**//MP2/6-31G**
result (ref 19).h Estimated based on the∆Ecorr(-22.912 kcal/mol) from imidazolium and NH3. i Estimated based on the∆Ecorr(-22.962 kcal/mol)
from pyridinium and NH3.

TABLE 5: B3LYP Results for the NH 4
+-C6H6 Complex Using Different Basis Setsa

basis set 6-31G 6-31G(d) 6-31G(d,p) 6-31++G(d,p) 6-311++G(d,p) 6-311++G(2df,2pd)

∆Einter -17.025 -17.566 -17.499 -15.738 -15.878 -15.812
∆Ethermal 1.095 1.737 1.061 1.044 1.054 0.576
∆S -25.489 -19.259 -27.339 -23.386 -23.509 -28.796
∆H -16.522 -16.421 -17.030 -15.286 -15.416 -15.828
∆G -8.922 -10.679 -8.879 -8.313 -8.407 -7.243
ZPVE 0.839 0.941 0.797 0.664 0.676 0.752
BSSE 0.952 0.950 0.893 0.327 0.371 0.294
∆Ecorr -15.234 -15.675 -15.809 -14.747 -14.831 -14.766
∆Hcorr -14.731 -14.530 -15.340 -14.295 -14.369 -14.782

a Units are kcal/mol except for∆S, which is cal/mol/K.
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it could be used to study NH4+-π complexes formed by
different aromatic systems.

Based on determination of the binding affinity of quaternary
ammonium cations to macrocyclic and acyclic “phane esters”,
Roelens and Torriti38 concluded that the basic driving force is
a purely electrostatic attraction between the permanent charge
of the cation and the aromatic ring. Here we find that, for
NH4

+-heterocyclic hydrogen-bond complexes, the electrostatic
interactions appear to drive the two partners together. For
NH4

+-π complexes, if electrostatic interaction is the driving
force when the two partners are well-separated, then both
electrostatic and nonelectrostatic interactions, such as electron
transfer, may play a role when the two partners are close to
each other.

Conclusions

We have presented a comprehensive theoretical study of
cation-aromatic interactions between NH4

+ and various aro-
matic groups by use of the DFT method DFT/B3LYP. Our
calculations using basis set 6-31G** reveal the diversity of the
binding of NH4

+ to these aromatics. We find that nitrogen
heterocyclics with localized lone-pair electrons tend to react with
NH4

+ to form protonated heterocyclic-NH3 hydrogen-bond
complexes. Benzene, pyrrole, and indole tend to form cation-π
complexes. Phenol, as well as oxygen and sulfur heterocyclics,
can produce both NH4+-π and NH4

+-aromatic hydrogen-bond
complexes. We also find that each of these types of complexes
corresponds to different types of CHelpG charge distribution
of their aromatics in the free state. The NH4

+-π complex is
probably the final product if the two atoms of a carbon-carbon
bond of a free aromatic are both negatively charged (CHelpG
charges). However, a protonated heterocyclic-NH3 hydrogen-
bond complex is formed if the two atoms of each carbon-carbon
bond of a free aromatic have opposite CHelpG charges. Our
optimized geometries also show that the NH4

+-π complex
normally has the longest interaction distance among these three
types of complexes.

The calculated results show that the protonated heterocyclic-
NH3 hydrogen-bond complexes produce the largest enthalpies
of formation (∆H). For the NH4

+-π complexes, the nitrogen
heterocyclic complexes have the largest∆H, whereas oxygen
and sulfur heterocyclic complexes have the smallest values. All
the calculated∆Hcorr values for the NH4+-C6H6 complex,
corrected by both BSSE and ZPVE for the different basis sets,
from 6-31G to 6-311++G(2df, 2pd), suggest that experimental
∆H values might be overestimated and should be redetermined.
In addition, our results suggest that BSSE may not be needed
to correct the binding energy if a basis set including polarization
and diffuse functions is used in calculation. The calculated
electrostatic interaction results reveal that the binding for
hydrogen-bonding complexes is electrostatic in nature. However,
the good correlation between∆Ecorr and Eele for NH4

+-π
complexes demonstrates that nonelectrostatic forces contribute
significantly to the NH4

+-π interaction.
The binding diversity and parameters observed in this study

should provide valuable information for evaluating interactions
between the side chains of cationic residues such as Lys and
Arg, and those of aromatic residues such as Trp, Phe, and Tyr,
as well as for molecular recognition between cationic ligands
and their targets. These results may strengthen our insight into
biological processes such as protein-folding and drug-receptor
interaction. They will also be useful for force-field parametriza-
tion of cation-π interactions.
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