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Abstract: We have examined the interaction between the ammonium cation and the aromatic face of toluene in
water, by means of potential of mean force (PMF) calculations. Considering that (i) typical two-body additive
molecular mechanical models cannot represent the energetics ofπ-cation interactions accurately and (ii) employing
nonadditive force fields increases the computational effort significantly, we have incorporated a short-range “10-
12” term in our potential function, ensuring that the magnitude of the attraction between ammonium and toluene
reproduces the value estimated from high-level quantum mechanical calculations. Interestingly, the PMF curve
generated in water clearly demonstrates that association is favorable in a polar aqueous medium, with a minimum
of the free energy equal toca. 3 kcal/mol, and an association constant of 6.5 M-1sconsistent with experimental data
on relatedπ-cation systems. This association appears to be even stronger when the approach of ammonium toward
the toluene ring is axially constrained, hence indicating that, in addition to non-negligible entropic effects, the magnitude
and the directionality of ammonium-aromatic interactions might be intimately related. A comparison of the free
energy profiles obtained in aVacuumand in water suggests that “contact” configurations should be stabilized in
nonpolar environments. This observation concurs with the analysis of Phe-Lys interactions in several protein crystal
structures.

1. Introduction

Twenty years ago, Kier and co-workers1,2 observed that, in
addition to the negatively charged amino acid side chains Asp-

and Glu-, the aromatic residues (e.g. Phe, Trp, and Tyr) in an
active site might also take part in the binding of the onium group
of a given substrate. It has been subsequently shown, with both
experimental measurements in the gas phase and STO-3G ab
initio calculations,3 that the prototypical ammonium ion forms
a strong complex with benzenesthe theoretical calculations
revealing that the most stable dimer corresponds to a bidentate
complex where the nitrogen and the center of the benzene ring
areca. 3.0 Å apart.
At the same time, these interactions, prosaically called “π-

cation” interactions, between protonated amines and aromatic
residues have also been recognized as favorable stabilizing
elements in proteins. From a statistical geometrical analysis
of X-ray protein structures, Burley and Petsko4 and Singh and
Thornton5 noticed that the positively charged amino groups were

preferentially localized near theπ-electron cloud of the aromatic
ring of the Phe, Trp, or Tyr side chains.

π-Cation interactions are also likely to play a key role in the
formation of complexes between quaternary ammonium systems
and small synthetic or protein receptors,6,7 thereby providing
an additional force for intermolecular recognition. An “aromatic
triggering mechanism” has been proposed, reflecting an emerg-
ing trend which suggests that, in these receptors, the positively
charged ammonium can be surrounded by aromatic compounds.
This motif has received recent support with regard to amine-
based neutrotransmitters8-12 and G-protein coupled receptors.13

The underlying hypothesis has been strengthened by a recent
statistical analysis of the interactions between phenyl rings and
R-N+(CH3)3 cations in X-ray structures extracted from the
Cambridge Structural Database.10 Additional studies carried out
on similar protein receptors have suggested that the magnitude
of π-cation interactions can be substantial, even in aqueous
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(2) Höltje, H. D.; Kier, L. B. J. Pharm. Sci. 1975, 64, 418.
(3) Deakyne, C. A.; Meot-Ner (Mautner), M.,J. Am. Chem. Soc. 1985,

107, 474.
(4) Burley, S. K.; Petsko, G. A.FEBS Lett. 1986, 203, 139.
(5) Singh, J.; Thornton, J. M.J. Mol. Biol. 1990, 211, 595.

(6) Schneider, H. J.; Blatter, T.Angew. Chem., Int. Ed. Engl. 1988, 27,
1163.

(7) Schneider, H. J.; Blatter, T.; Simova, S.; Theis, I.J. Chem. Soc.,
Chem. Commun. 1989, 580.

(8) Petti, M. A.; Shepodd, T. J.; Barrans, R. E.; Dougherty, D. A.J.
Am. Chem. Soc. 1988, 110, 6825.

(9) Dougherty, D. A.; Stauffer, D. A.Science1990, 250, 1558.
(10) Verdonk, M. L.; Boks, G. J.; Kooijman, H.; Kanters, J. A.; Kroon,

J. J. Comput.-Aided Mol. Des. 1993, 7, 173.
(11) Kearney, P. C.; Mizoue, L. S.; Kumpf, R. A.; Forman, J. E.;

McCurdy, A.; Dougherty, D. A.J. Am. Chem. Soc. 1993, 115, 9907.
(12) Pang, Y. P.; Kozikowski, A. P.J.Comput.-Aided Mol.Des. In press.
(13) Trumpp-Kallmeyer, S.; Hoflack, J.; Bruinvels, A.; Hibert, M.J.Med.

Chem. 1992, 35, 3448.

2998 J. Am. Chem. Soc.1996,118,2998-3005

0002-7863/96/1518-2998$12.00/0 © 1996 American Chemical Society



media, where a competition between the onium-water and
onium-aromatic interactions may exist.11

The essential stabilization effects between onium cations and
neutral aromatic groups are now interpeted as a directional 1/r3

charge-quadrupole attraction14 between a positive charge and
the “anionic” face of the aromatic ring,15,3,16supplemented by
dispersion attraction and polarization.17,18 Interestingly enough,
recent ab initio calculations on the archetypical benzene-
ammonium dimer have indicated that the bidentate complex is
slightly energetically favored over those geometries where a
single N-H bond points toward theπ cloud (i.e., monodentate
motif), or where three N-H bonds are equidistant from the
center of the ring (i.e., tridentate motif).11

In this study, we quantitatively determine the magnitude of
the π-cation interaction between toluene and ammonium
embedded in an explicit solvent, by means of potential of mean
force (PMF) calculations. Since it has been observed that adding
an organic solvent to an aqueous medium diminishes the binding
of the onium group to the aromatic ring,11 we calculate the free
energy profilein Vacuoand in an aqueous medium, in order to
determine the influence of the surroundings on theπ-cation
interaction.

2. Methods: Computational Details

The emphasis in the present work is on the computation of free
energy profiles, characterizing the approach of two solutes as a function
of an intermolecular distance. Among the most frequently utilized
methods for evaluating the free energy change between two given points
on such profiles are the “umbrella sampling” technique,19-22 free energy
perturbation23-25 (FEP), and thermodynamic integration24-27 (TI).
While the two latter alternative computational methods have proven
to yield results of comparable quality, TI has appeared to constitute,
under certain circumstances, a slightly more efficient protocol for the
derivation of PMF.24-28 This approach, which will be employed herein,
relies on the following master equation:

where the potential energy function is of the form29,30

We have demonstrated recently that the TI method generally leads
to a better convergence of the free energy when the integrand is
evaluated at a limited number of points involving extensive sampling31,28

(assuming a reasonably slowly varying∆G Versusλ curve), rather than
at numerousλ points with less sampling. In the PMF simulations
reported here, no more than 100 points were employed to change from
8.0 to 2.5 Å the distance between nitrogen and the center of the aromatic
ring (see Figure 1). At eachλ point, this distance was kept fixed using
an appropriate holonomic constraint.32 Because experimental X-ray
observations suggest that the positively charged amino group approaches
the “anionic” face of the ring axially,4 we have defined six additional
angular constraints{N, D, Ci} set to the fixed value of 90.0° (see Figure
1), preventing the ammonium ion from drifting around the 6-foldC6

symmetry axis of the aromatic ring. Theλ-dependence of the
constrained distance separating the nitrogen atom from the noninter-
acting centroid of the toluene ring is introduced in the TI formulation
Via the potential force (PF) method,31 allowing a fast and accurate
determination of the holonomic constraint contribution to the free
energy,∂Hconstr(r ; λ)/∂λ.
In the case of the PMF simulation in water, at eachλ-point of the

integrand, 20 ps of classical constant pressure molecular dynamics (MD)
was used to generate the statistical ensemble33 over which the quantity
∂H(r ; λ)/∂λ was averaged. This amount of MD sampling is decomposed
into 5 ps of equilibration and 15 ps of data collection. Employing 50
windows, the overall simulation time corresponds to 1 ns. It is
necessary that the molecular system be equilibrated thoroughly in order
to ensure that the system does not lag the Hamiltonian when data
collection starts.28,34-36

All the PMF computations were carried out using the molecular
simulation package GIBBS/AMBER 4.137 and the standard Weineret
al.30 and Hagleret al.38 van der Waals parameters, supplemented by
atomic charges calculated using a least-squares fit to the quantum
mechanically derived potential39,40(see Table 1). The standard AMBER
mixing rules were employed for the Lennard-Jones contribution to the
free energy,i.e., r*ij ) (r*ii + r*jj)/2 andεij ) (εiiεjj)1/2. The geometries
of the two solutes were optimized at the Hartree-Fock (HF) level of
approximation, using the split-valence 6-31G** basis set41 (see Figure
1), and the point charge distributions were determined from the
corresponding wave functions. Except for the aromatic torsions,42,43

standard AMBER force constants30 were employed to evaluate the
intramolecular interactions. It is worth noting that the molecular
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mechanics model adopted to describe the solutes has proven to lead to
absolute free energies of hydration in reasonable agreement with
experimental data.44,45 In the particular case of toluene and ammonium,
we obtained, respectively,-1.4646 and-81.0344 kcal/mol (-101.31
kcal/mol if a Born47 correction term is incorporated to take into account
the long-range electrostatic effects), to be compared to the experimental
values of-0.8848 and -78.649 kcal/mol. While the accord with
experiment falls roughly within “chemical accuracy” for toluene, the
Born corrected free energy of hydration of ammonium is significantly
overestimated.
In fact, the example of ammonium perfectly illustrates the shortcom-

ings of molecular mechanics calculations conducted in the framework
of pure two-body additive models. Recently, Menget al.50 have
demonstrated that an accurate reproduction of the hydration free
energies of ions is possible under thesine qua noncondition that
nonadditive effects be taken into account appropriately. Unfortunately,
free energy calculations involving explicit polarizabilities are extremely
CPU demanding (i.e., increasing 4- to 5-fold the cost of a standard
free energy calculation) and, in spite of the continuous decrease of the
computer price/performance ratio, still remain very expensive in the
context of PMF simulations. In the present work, we consider two

different additive models to represent theπ-cation interaction between
toluene and ammonium,Viz. a standard one, using the aforementioned
intra- and intermolecular parameters, and a modified one, presenting
all the features of the latter, but including a specific short-range 10-
12 potentialsbetween the nitrogen of ammonium and the carbon atoms
constitutive of the aromatic ringsin order to reproduce semiquantita-
tively both the energetics and the equilibrium geometry obtained at
the ab initio MP2/6-31G**//HF/6-31G** level of approximation. This
led to the optimized repulsion and attraction terms:CN-C ) 11 335 498.2
kcal Å12/mol andDN-C ) 1 174 346.7 kcal Å10/mol. Similar terms,
part of the standard AMBER force field,30were included for the water-
cation interactions,Viz. CH-OW ) 7557.0 Å12/mol andDH-OW )
2385.0 Å10/mol, in order to ensure an appropriate balance with the
π-cation interactions. It should be clearly understood that, by including
a short-range 10-12 potential function to describe the interactions
between toluene and ammonium, we do not imply that we have reached
an optimal representation of charge-dipole or charge-quadrupole
interactionssas a genuine nonadditive force field would havesbut
rather that we have found an economical way to correct underestimated
binding free energiesVia a simple two-body potential.17,18 It should
be also understood that, in doing so, water-cation or water-toluene
interactions are not affected by the improvement of the toluene-
ammonium pair potentialsas they would have been if explicit polar-
izabilities, and, hence, “multibody” effects, were involved. The
incorporation of short-range 10-12 terms for a correct description of
π-cation interactions in molecular dynamics simulations is currently
being tested on systems of biological interest, such as the binding of
tetrahydroacrydine (THA)sa synthetic drug for the Alzheimer’s
diseaseswith acetylcholinesterase (AChE).51

For the PMF simulation in an aqueous medium, a parallelepipedic
periodic box containing 527 TIP3P52 water molecules was used to
describe the solvent (i.e., approximately 28.1× 24.6× 23.1 Å3). The
dielectric constant in eq 2 was set to 1.0.
All the PMF simulations were performed using a hard cutoff of 9.0

Å to truncate both the solute-solvent and solvent-solvent interactions.
Duffy et al. have shown, employing similar conditions on related
molecular systems, that increasing the intersolute separation (hence,
the nonbonded cutoff) does not modify the PMF curve significantly.53

To put the free energy profiles on an absolute scale, the free energy of
interaction was set to zero at 8.0 Å. The time step for integrating the
MD trajectories was set to 1.0 fs, and the average pressure was kept at
1 atm.54 In the case of the simulation in TIP3P water, the average
temperature was maintained at 300 K using the Berendsen algorithm,54

with a separate coupling to an external heat bath for the solute and for
the solvent.
All the chemical bonds were constrained to their equilibrium value

by means of the SHAKE55,56procedure. In addition to the computations
in TIP3P water, we have generated free energy profilesin Vacuo,
employing both the standard and the modified (i.e., including an
additional 10-12 term) models. All the PMF simulations presented
in this paper were preceded by an appropriate equilibration of the
molecular system.

3. Results: Discussion

1. Gas-Phase Simulations.The free energy profiles rep-
resenting the approach of the ammonium ion toward the
aromatic ring of toluene, in the gas phasesusing the two
previously described additive modelssare shown in Figure 2.
The deep minimum of these curves suggests a strong nonco-
valent interaction between the cation and the “anionic”π-system.
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Figure 1. Geometrical parameters used for the molecular simulations.
All bond lengths in Å and valence angles in deg. A pseudo-atom “D”,
located at the center of the ring, is used to define the constrained
distance “R” for the potential of mean force calculations.

Table 1. Nonbonded Parameters Used in the Molecular
Simulations

Lennard-Jones parameters

moleculea charges (ecu) r*ii(Å) εii(kcal/mol)

toluene CA -0.189 1.8500 0.1200
HR

b 0.151 1.3750 0.0380
CB -0.128 1.8500 0.1200
Hâ

b 0.147 1.3750 0.0380
CC -0.279 1.8500 0.1200
Hγ

b 0.158 1.3750 0.0380
CD 0.353 1.8500 0.1200
CE -0.574 1.8000 0.0600
Hε

b 0.154 1.3750 0.0380
D 0.000 0.0000 0.0000

NH4
+ N -0.911 1.8500 0.0800

H 0.478 1.0000 0.0200
H2O (TIP3P52) OW -0.834 1.7680 0.1520

HW 0.417 0.0000 0.0000

aSee Figure 1.bModification of the original AMBER all-atom force
field.38
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This minimum occurs at an intermolecular distance of 3.05 or
2.94 Å, with a corresponding free energy of-16.99 or-11.97
kcal/mol, respectively, depending on whether the specific N-C
10-12 potential was added, or not (see Table 2). Characterizing
the directionality of the presentπ-cation interaction is not
obvious: examination of several snapshots, extracted from the
two trajectories and corresponding to a fixed equilibrium
distance of 3.05 and 2.94 Åsi.e., with and without the extra
10-12 termsreveals that the complex oscillates between a
monodentate and a bidentate motif. It is worth noting, however,
that upon classical minimization, we found the monodentate
complex to be energetically more favorable, regardless of the
model adopted. For these minimum energy structures, which
correspond to an intermolecular distance of 2.99 and 2.93 Å, a
binding energy of-18.96 and-13.74 kcal/mol was obtained
respectively in the presence and in the absence of the 10-12
potential.

As has been highlighted above, our choice to coerce the
approach of ammonium toward toluene along its 6-fold sym-
metry axis finds its justification in earlier experimental observa-
tions, suggesting that aromatic rings are perpendicular to the
N+ groups of basic amino acids.4,5 It would be instructive,
however, to estimate the magnitude of the changes induced in
the gas-phase free energy profile, when the cation approaches
the toluene centroid in an orientationally-averaged manner. To
this end, we have repeated the preceding simulation, using the
force field that includes the short-range 10-12 term, but
removing the set of angular holonomic constraints{N, D, Ci}.
As can be observed in Figure 2, the modifications entailed by
the removal of these constraintssmostly related to entropic
effectssare very minor. In particular, compared to the con-
strained profile, the depth of the minimum is raised by less than
0.5 kcal/mol (see Table 2).
In order to provide a rationalization of theπ-cation interaction

in the toluene-ammonium dimer, we have carried out a number
of additional high-quality ab initio calculations. These com-
putational studies of the three potentially most stable complexes
(Viz. the mono-, bi-, and tridentate motives) involve a complete
geometry optimization at the Hartree-Fock level of approxima-
tion, using the split-valence 6-31G** basis set,41 followed by a
single point energy evaluation at the second-order Møller-
Plesset57 (MP2) level to take into account correlation effects.
Closely related to the choice of an adequate basis set is the
treatment of the basis set superposition error (BSSE). In the
most general case, this is achieved by evaluating the counter-
poise correction.58 The frequent overestimation of the BSSE,
however, has made this approach questionable, so that several
authors have suggested increasing the basis set to the maximum
affordable size rather than performing counterpoise correction
calculations.59,60 Since we are interested in relativesrather than
absolutesbinding energies, and assuming that the BSSE is
approximately constant for the three configurations studied, these
corrections will not be introduced. Moreover, Kearneyet al.11

have demonstrated that, on the related benzene-ammonium
complex, the absolute BSSE correction was negligible. As may
be seen in Table 3, the general trend of our ab initio calculations
is in quantitative agreement with the recent theoretical studies
of Kearneyet al.11 and Kimet al.,117 and the pioneering work
of Deakyne and Meot-Ner3 on the benzene-ammonium dimer.
In particular, the bidentate motif, in which two hydrogens point
down toward the “anionic” face of the toluene ring, is found to
be energetically preferred, with a corresponding relative binding
energy of-19.42 kcal/mol (see Figure 3). This value isca.
1.5 kcal/mol larger in magnitude than that observed with the
ammonium-benzene complex, in similar conditions.
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Figure 2. Toluene-ammonium free energy profiles in the gas phase:
axially constrained along theC6 symmetry axis of the aromatic ring,
using (solid line) or not (dashed line) a short-range 10-12 potential
between the nitrogen atom of ammonium and the carbon atoms of the
aromatic ring; unconstrained and using a 10-12 potential (dotted line).

Table 2. Estimation Relative Free Energies of the “Contact” and
the “Solvent-Separated” Complexes of Toluene and Ammonium,in
Vacuoand in TIP3P Water

“contact” “solvent-separated”

minimum
RN-D
(Å)

w(RN-D)
(kcal/mol)

RN-D
(Å)

w(RN-D)
(kcal/mol)

in Vacuo
constrained 3.05a -16.99a

2.94 -11.97
unconstrained 3.05a -16.53a
TIP3Pwater
constrained 3.05a -5.47a 5.69a -0.45a

3.16 -0.76 5.69 -1.02
unconstrained 3.16a -2.99a

a Inclusion of an additional 10-12 term between the nitrogen and
the carbon atoms of the aromatic ring.

Table 3. Estimation Relative Binding Energies for the Potentially
Three Most Stable 1:1π-Complexes of Toluene with the
Ammonium Cation

ab initiob molecular mechanics

complexa
RN-D
(Å)

∆EMP2
(kcal/mol)

RN-D
(Å)

εEAMBER

(kcal/mol)

monodentate 3.14 -18.23 3.00c -18.96c
2.93 -13.74

bidentate 3.03 -19.42 2.99c -18.53c
tridentate 3.05 -17.64 2.99c -17.81c

a See Figure 3.bNon-BSSE MP2/6-31G**//HF/6-31G** ab initio
calculations.c Inclusion of an additional 10-12 term between the
nitrogen and the carbon atoms of the aromatic ring.
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A comparison of the structures predicted to be most stable
using molecular mechanics and ab initio geometry optimization
reveals that, whereas the former predicts the monodentate motif
to be most stable, the latter suggests the bidentate configuration
is lowest in energy. However, the ab initio energy differences
between the mono-, bi-, and tridentate structures are quite
small.61 The largest discrepancy between molecular and
quantum mechanics lies in the absolute value of the binding
energies, and, to a lesser extent, to the equilibrium intermolecular
distances when the standard pure two-body additive model is
used (see Tables 2 and 3).
So far, it would seem that the ab initio data described herein

agree reasonably well with the molecular mechanics results
obtained employing an artificial representation of polarization
effectssat least, in the vicinity of the energy minimum, from
which the short-range 10-12 potential between the nitrogen
atom of ammonium and the carbon atoms of the aromatic ring
(see Figure 1) was fitted. It is, however, not quite obvious
whether the asymptotical behavior of the modified potential is
totally satisfactory. In order to address this issue, we have
plotted the potential energy difference∆EAMBER as a function
of the distance separating the centroid of the toluene ring from
the nitrogen atom of ammonium and compared the resulting
profile (not represented here) with the ab initio energy differ-
ences∆EMP2 estimated from a series of MP2/6-31G**//HF/6-
31G** single points. The deviation between the two sets of
data is relatively minor, and tends to suggest that, at least in a
vacuum, the molecular mechanics potential involving the extra
10-12 term offers an acceptable, albeit simplistic, representation
of the toluene-ammoniumπ-cation interaction.
2. Toluene-Ammonium Association in Water. The PMFs

depicted in Figure 4 represent the free energy profiles for
bringing the two solutes toward each other in an aqueous
solution, using the two aforementioned additive models. From
the onset, it appears that this process in TIP3P water is
thermodynamically favorable. While the PMF profiles obtained
in Vacuohave a single deep minimum located at 3.05 and 2.94
Åswhether the 10-12 term was included, or notsthe curves

generated in solution are not monotonic, and actually have two
local minima at 3.05 and 5.69 Å, and at 3.16 and 5.69 Å,
respectively with and without the N-C 10-12 potential (see
Table 2). On account of the unquestionable qualitatively
incorrect representation ofπ-cation interactions allowed by the
standard two-body additive model, only the free energy minima
obtained with the specific 10-12 term will be described in what
follows:
(a) The first minimum (at 3.05 Å), referred to as the “contact”

minimum, corresponds to an unconventional hydrogen bond (Viz.
2.73 and 2.95 Å) between two of the ammonium hydrogens
and the center of the aromatic ring (see Figure 5a). This local
minimum occurs with a free energy of-5.47 kcal/molsmuch
lower than that estimated in the absence of the short-range 10-
12 potential (Viz. -0.76 kcal/mol). As may be observed in
Figure 5a, the particular “close-contact” structure (Viz. a
quasibidentate motif) reflects a balance in sampling of the
potentially two most stable dimers: the mono- and the bidentate
complexes. This fact has been suggested previously by Duffy
et al. for relatedπ-cation interactions.53 Interestingly, one may
also note the presence, on the opposite face of toluene, of another
hydrogen bond (Viz. 2.43 Å) between one of the hydrogens of
a water molecule and the center of the ring, hence further
supporting that aromatic rings effectively behave as hydrogen
bond acceptors.62,63

(61) Rodham, D. A.; Suzuki, S.; Suenram, R. D.; Lovas, F. J.; Dasgupta,
S.; Goddard, W. A., III; Blake, G. A.Nature1993, 362, 735.

(62) Levitt, M.; Perutz, M. F.J. Mol. Biol. 1988, 201, 754.
(63) Suzuki, S.; Green, P. G.; Bumgarner, R. E.; Dasgupta, S.; Goddard,

W. A., III; Blake, G. A. Science1992, 257, 942.

Figure 3. Ab initio HF/6-31G** optimized 1:1 complexes of toluene
with ammonium: mono- (a), bi- (b), and tridentate (c) motives. All
bond lengths in Å.

Figure 4. Toluene-ammonium potential of mean force in TIP3P52

water, axially constrained along theC6 symmetry axis of the aromatic
ring, using (solid line) or not (dashed line) a short-range 10-12 potential
between the nitrogen atom of ammonium and the carbon atoms of the
toluene ring.

Figure 5. Random configuration of the hydrated toluene-ammonium
dimer in the vicinity of the “contact distance” (a) and “solvent-
separated” (b) minima. These snapshots were generated from individual
25 ps MD simulations, using the extra 10-12 potential.
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(b) The second minimum (5.69 Å), a “solvent-separated”
minimum, should be considered more carefully. This minimum,
with a corresponding free energy of-0.45 kcal/mol, is about 5
kcal/mol higher than the one arising at a “contact distance”.
The barrier separating the two minima isca. 6.17 kcal/mol high,
and occurs at 4.81 Å. A closer look at the configurations
generated when ammonium and toluene areca. 5.69 Å away
from each other reveals that designating the minimum “solvent-
separated” is certainly appropriate.31 As may be seen in Figure
5b, there is a distinct water molecule located roughly half-way
between the aromatic ring and the ammonium ion, forming
hydrogen bonds to both solutes (Viz. 2.07 and 1.88 Å,
respectively).
Just like for the gas-phase free energy calculations, we have

performed two additional PMF simulations in TIP3P water,
removing the{N, D, Ci} angular holonomic constraints. The
resulting PMF curve generated with the modified potential
energy functioni.e., N-C 10-12 term), and depicted in Figure
6, reveals that only the “contact” minimum is stable, and that
it occurs at 3.16 Å, with a free energy ofca. -2.99 kcal/mol
(see Table 2). This observation is not really surprising, since
the removal of the angular holonomic constraints contributes
to increase the entropy of the system, hence reducing noticeably
the depth of the “contact” free energy minimum. In contrast,
when no specific 10-12 term is added to the standard potential,
the derived free energy profile (see Figure 6) is conspicuously
repulsive, albeit presenting traces of both the “contact” and the
“solvent-separated” minima witnessed in the constrained PMF
(see Figure 4).
Clearly, the above results suggest that toluene-ammonium

association is far from negligible in TIP3P water. In addition,
the free energy profile described herein unambiguously confirms
that, when the onium group axially approaches toward the
anionic face of the aromatic ring, a strongπ-cation is observed
at a “contact” distance, rather than at a “solvent-separated”
one.4,5 Considering both solvent effects and the entropic factors
associated with thermal/configuration averaging, it is not totally
surprising to witness such a considerable diminution of the well
depths obtainedin Vacuo. We note, however, that the magnitude
of the presentπ-cation interaction is consistent with the binding
free energies in excess of-1 kcal/mol reported in the literature
for similar interactions involving onium and guanidinium groups
in the neighborhood of aromatic ligands or amino acid side
chains.8,7,64 In this respect, Duffyet al. have emphasized that,
in such systems, concurrent interactions may occur, so that
distinguishing the exact contribution ofπ-cation interactions

from others, likeπ-stacking or ion pairing, may be difficult.53
Nevertheless, an estimation of the association constantKa

between toluene and ammonium, obtained by integration65,66

of the PMF to an adequate separation distanceRcut, such as

leads toKa) 6.53 M-1 for the unconstrained free energy profile
(Rcut ) 4.92 Å) and 224.71 M-1 for the constrained one (Rcut
) 4.15 Å), including the short-range 10-12 term in the potential
energy function. The former is not out of line with the estimate
of 2.7-3.3 M-1, derived by Schneideret al.64 from spectro-
scopic analysis of tetramethylammonium-benzene-like interac-
tions. Besides, it should be noted, that, as has been reported
by Kim et al.,17 in the gas phase, the simply ammonium cation
binds benzene stronger than tetramethylammonium (Viz. ap-
proximately 7 kcal/mol), hence suggesting that the estimate
provided by Schneideret al. should constitute a lower bound
of the actual association constant for toluene and ammonium
in water.
In an attempt to trace the origin of the reduced stability of

the π-cation interaction in an aqueous solutionscompared to
what can be witnessed in a vacuum, we have derived the free
energy profile (not represented here) corresponding to the
approach of the ammonium ion toward water, in a gaseous state
and under the conditions described above. The minimum for
this complex, emerging at 2.67 Å with a free energy of-17.96
kcal/mol, is ca. 1 kcal/mol lower than that for the toluene-
ammonium dimer, if use is made of the short-range 10-12
potential between nitrogen and the carbon atoms of the aromatic
ring. Interestingly enough, standard minimization leads to an
equilibrium distance separating ammonium from water equal
to 2.77 Å, in excellent accord with the value of 2.772 Å
estimated by Del Bene67 at the MP4/6-31+G(2d,2p) level of
approximation, and an energy difference of-22.46 kcal/mol,
slightly lower than that recently reported by Kimet al.17 (Viz.
-20.73 kcal/mol) and by Del Bene67 (Viz. -20.3 kcal/mol).
From this, it may be inferred that water-ammonium and
toluene-ammonium interactions are of comparable magnitude,
and thatsespecially when the intersolute distance between the
ion and the aromatic species is greatsammonium could interact
preferentially with water, at the expense of theπ-cation
interaction.
3. Analysis of π-Cation Interactions in Proteins. The

results presented herein support the view that the magnitude of
the π-cation interaction is quite sensitive to its immediate
environment. An examination of 404 nonredundant structures68

of biological interest, provided by the Brookhaven Protein Data
Bank69,70(PDB), supports the suggestion that the aromatic ring
of Phe will form aπ-interaction with the onium group of Lys.
In addition, it appears that, among the 647 Phe-Lys interactions
indexed, the great majority occur with the distance from the
nitrogen to the center of the aromatic ring in the range of 4.5 to

(64) Schneider, H. J.; Schiestel, T.; Zimmermann, P.J. Am. Chem. Soc.
1992, 114, 7698.

(65) Prue, J. E.J. Chem. Educ. 1969, 46, 12.
(66) Shoup, D.; Szabo, A.Biophys. J. 1982, 40, 33.
(67) Del Bene, J. E.J. Comput. Chem. 1989, 10, 603.
(68) Hobohm, U.; Scharf, M.; Schneider, R.; Sander, C.Protein Sci. 1992,

1, 409.
(69) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Mayer, G. F.;

Brice, M. D.; Rodgers, M. D.; Kennard, O.; Shimanouchi, T.; Tasumi, M.
J. Mol. Biol. 1977, 112, 535.

(70) Abola, E. E.; Bernstein, F. C.; Bryant, S. H.; Koetzle, T. F.; Weng,
J. InCrystallographic DatabasessInformation Content, Software Systems,
Scientific Application;Allen, F., Sievers, R., Eds.; Data Commission of
the International Union of Crystallography: Bonn/Cambridge/Chester, 1978;
p 107.

Figure 6. Toluene-ammonium potential of mean force in TIP3P52

water, orientationally averaged, using (solid line) or not (dashed line)
a short-range 10-12 potential between the nitrogen atom of ammonium
and the carbon atoms of the toluene ring.

Ka ) 4π∫0Rcutr2e-w(r)/RTdr (3)
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6.0 Å, with a large angular scattering about the 6-fold symmetry
axis of the aromatic ring (Viz. 20.0-60.0°). In the few examples
where the distance falls betweenca. 3.1 and 4.0 Å, the approach
of the positively charged functional group toward the center of
the ring is almost perpendicular [see, for instance, the Phe174-
Lys259 interaction in the influenza virus hemagglutinin (1HGE)].
In Figure 7, we have plotted the normalized nitrogen-aromatic
ring centroid distribution functions corresponding to three
different angles of approach of the onium group toward the
aromatic ring:

where 〈ND(r + δr)〉 representssfor the chosen angle of
interactionsthe average number of Lys onium-Phe aromatic
groups separated by a distance in the ranger to r + δr (distances
measured between centroids), and∂D is the average density of
Phe aromatic rings in the same sample set.
Whereas the studies of Burley and Petsko, and Singh and

Thornton, considered the possible interactions between either
Phe, Trp, or Tyr or Asn, Arg, Gln, or Lys, our statistical analysis
focuses its attention on Phe-Lys interactions exclusively. We
find that when the onium group approaches the center of the
Phe ring within a 10.0°-aperture cone (i.e., angle between the
C6 symmetry axis of the aromatic ring and the nitrogen-ring
centroid bond), the maximum occurs slightly below 3.0 Å. Such
contacts, characterizing “true”π-cation interactions, are still
present when the aperture of the cone is increased to 20.0°, but
an additional diffuse peak emerges around 4.5 Å. This
secondary maximum of the normalized distribution function
corresponds to concomitant interactions between the onium
group, the “anionic” face of the aromatic ring, water molecules,
and neighboring polar groups [see, for instance, the Phe204-
Lys209 interaction in the inorganic pyrophosphatase (1PYP)].
As may be seen in Figure 7, a further increase of the aperture
reveals that the essential Phe-Lys interactions occur between
4.5 and 6.0 Å. While the first portion of the peak could actually
correspond to pseudo-π-cation interactions, its maximum is not
representative ofπ-cation interactions. In fact, around 6.0 Å,
and beyond, we can consider that the side chains of Phe and
Lys are not interacting anymore, but preferentially interact with
neighboring functional groups. At such interatomic distances,

even in the case of small angles of approach of nitrogen toward
the ring centroid, there are a number of hydrophobic interactions
between methylene groups of Lys and the aromatic ring of Phe
[see, for instance, the Phe69-Lys54 interaction in the glutare-
doxin mutant (1ABA)]. This fact is in agreement with the recent
work of Karlin et al.71

4. Conclusion

The simulations reported here demonstrate the role of the
environment onπ-cation interactions between two solutes. While
aqueous solvation effects, together with thermal/configurational
averaging, reduce the attractive well depth relative to the value
observedin Vacuo, the favorableness of association in water in
clearly demonstrated.
The free energy calculations reported in this paper also

ascertain that the magnitude and the directionality ofπ-cation
interactions are closely related. Toward this end, we have
derived two types of PMFs, incorporating, or not, a set of
appropriate angular holonomic constraints to maintain the
ammonium cation consistently perpendicular to the plane of the
aromatic ring. While the axially constrained PMF shows in
TIP3P water a deep “contact” minimum supplemented by a
shallow “solvent-separated” one, the fully unconstrained free
energy profile possesses only one “contact” minimum of reduced
depth. It is our opinion that only the latter profile should be
compared directly with experimental free energies of association,
since, in essence, axial approachsas postulated from experi-
mental observations4sis likely to occur at relatively moderate
intersolute distances, rather than over the entire reaction path.
Besides, it should be underlined that, in comparison with high-
level ab initio calculations in the literature,3,67,17the magnitude
of the water-ammonium interaction reported in this survey is
overestimated byca. 1.7 kcal/mol, whereas that of toluene-
ammonium is underestimated by less than 0.5 kcal/mol. For
this reason, theca. 3.0 kcal/mol well depth of the unconstrained
free energy profile could be viewed as a lower bound of the
“real” value.
A comparison of our free energy profiles with the results of

both Duffyet al.53 and Gaoet al.,72 on the hydrated tetrameth-
ylammonium-benzene complex, using Monte Carlo and com-
bined Quantum Mechanical/Molecular Mechanical (QM/MM)
Monte Carlo simulations, respectively, shows a rough qualitative
agreement. It is important to note that, although theπ-cation
interaction examined by these authors is different from the one
analyzed here, their computed association constants in water
turn out to be not too dissimilar from ours. The general shape
of the PMF derived by Duffyet al., however, is significantly
different from that of Gaoet al.sthe first possessing a single
strong “contact” minimum, and the second, a shallow “contact”
minimum supplemented by a deep, broad “solvent-separated”
one. In addition, their derived association constants of 33.8
and 0.76 M-1, respectively, reflect a discrepancy likely to be
rooted in their choice of energy function to reproduce the
tetramethylammonium-benzene interaction. At this stage, it
should be pointed out that the gas-phase molecular mechanics
energy minima of-6.61 kcal/mol found by Duffyet al. and of
-4.1 kcal/mol found by Gaoet al. are respectively about 3 and
6 kcal/mol lower in magnitude than the value obtained from
high-level ab initio calculations17 and from experiment.73

Despite this, the integration of their PMFs led to association
constants (Viz. 33.8 and 0.76 M-1) that bracket our estimate of

(71) Karlin, S.; Zuker, M.; Brocchieri, L.J. Mol. Biol. 1994, 239, 227.
(72) Gao, J.; Chou, L. W.; Auerbach, A.Biophys. J. 1993, 65, 43.
(73) Meot-Ner (Mautner), M.; Deakyne, C. A.J. Am. Chem. Soc. 1985,

107, 469.

Figure 7. Nitrogen-aromatic ring centroid (N-D) distribution func-
tions obtained from a statistical analysis of the Phe-Lys interactions
in the Protein Data Bank.69 Four different angles of approach of
nitrogen toward the aromatic ring are considered (i.e. angle between
the C6 symmetry axis of the ring and the N-D bond): 10.0 (solid
line), 20.0° (long dashed line), 40.0° (short dashed line), and 60.0°
(dotted line).

gN-D )
〈ND(r + δr )〉

∫4π∂Dr
2 dr

=
〈ND(r + δr )〉

4πr2δr
(4)
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6.53 M-1 for toluene-ammonium. Of equal interest, the curve
obtained by Duffyet al. closely resembles the one of our study
that characterizes an orientationally-averaged mutual approach
of the two solutes; in particular, the minima of the two PMF
profiles are of comparable depth (Viz. approximately 3.0 kcal/
mol). Alternatively, the inclusion of a series of appropriate
angular holonomic constraintssensuring a perpendicular ap-
proach of the cation toward the aromatic ringsleads to a free
energy profile that is somewhat similar to the one derived by
Gao et al., who, incidently, also incorporated such types of
constraints. Nevertheless, as has been noted,53 the weak
“contact” minimum found by Gaoet al. in their PMF may be
ascribed to the suboptimal reproduction of the tetramethylam-
monium-benzene gas-phase interaction energy by the AM1
method, which these authors employed in their QM/MM
simulation. In all, although an approximate qualitative agree-
ment can be found between our results and those of the
aforementioned authors, we are still facing a lack of quantitative
consensus; it is our hope that this paper will catalyze the
determination of experimental quantities on simpleπ-cation
complexes, such as the one presented here.
A problematic, yet unanswered question concerns the treat-

ment of instantaneous polarization, especially in the case of
molecular systems where polarization effects are envisioned to
be far from negligible.9,50,18 A closer look at the partitioning
of the total interaction energy,17 at the ab initio level of
approximation, has provided a quantitation of the magnitude
of the induction term in the toluene-ammonium complex. Such
inductive effects can be incorporated in “classical mechanical”
molecular models but, unfortunately, at considerably greater
expense.50,18 On the other hand, charge transfer effects can only
be fully studied at quantum mechanical level. Nevertheless,

although the use of a simple two-body additive model may not
be completely adequate and rigorous to describe satisfactorily
charge-dipole and charge-quadrupole interactionssand, in a
more general sense, polarization effectsscorrect binding free
energies betweenπ-systems and cations may still be obtained,
as has been reported in this study. The approach adopted for
the present work, which consists of including a simple “short-
range” attractive term in the potential energy functionsalthough
arguable, since it neglects “multibody” effectssis economical
and provides quantitative agreement with both high-quality ab
initio calculations and experimental data; but, more important,
it ensures a balance between the strengths of water-cation and
π-cation interactions. This balance is, in our view, thesine
qua non condition for generating realistic PMF curves in
aqueous solutions.
Finally, we note that, herein, we have presented novel

applications of the TI/PF method31 for calculating a PMF for
nontrivial systems. The smooth appearance of the resulting free
energy profiles confirms that PMF/TI constitutes a qualitatively
correct and practical computational protocol for this kind of
application.
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