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We present a molecular dynamics study of the solvation properties of the tetrahedral AsPh4
+ and BPh4- ions

in water and chloroform solutions. According to the “extrathermodynamic” TATB (tetraphenylarsonium
tetraphenylborate) hypothesis, these nearly isosterical ions have identical free energies of solvation in any
solvent, as the latter are generally assumed to display little dependence on the details of the charge repartition,
provided that the total( charge is delocalized and that the ion’s periphery is relatively inert. We compare
eight different sets of charges obtained consistently for both ions and find that the anion is always better
hydrated than the cation, as evidenced by ion-solvent interaction energies and changes in free energies of
ion charging. This is explained by specific OH-π bridging interactions in the anion and the positive electrostatic
potential at the center of the fictitious AsPh4

0 and BPh40 all-neutral species. With all models, the cation is
also predicted to be more easily transferred from water to dry chloroform. The conclusions obtained with
standard solvent models (TIP3P water and OPLS chloroform) are validated by tests with the polarizable
Wallqvist and Berne water model and the Chang et al. chloroform model, and with computer simulations on
a “wet chloroform” solution. The recently developed TIP5P water model yields, however, much closer hydration
energies of AsPh4+ and BPh4-. The importance of “long-range” electrostatic interactions on the charge
discrimination by solvent is demonstrated by the comparison of standard vs corrected methods to calculate
the Coulombic interactions. These results are important in the context of the “TATB hypothesis” and for our
understanding of solvation of large hydrophobic ions in pure liquids or in heterogeneous liquid environments.

Introduction

The tetrahedral AsPh4
+ and BPh4- ions play an important

role in physical chemistry, as they are often used as reference
states in solvation scales of individual ions.1-3 It is indeed gen-
erally assumed that the solvation properties of large hydrophobic
ions are mostly determined by their size and the magnitude of
their chargeQ, but not by the( sign of Q. Thus, according
to the extrathermodynamic TATB (tetraphenylarsonium tetra-
phenylborate) hypothesis, the nearly isosteric AsPh4

+ and BPh4-

ions are equally solvated in pure aqueous or in mixed water-
liquid solvents, and have identical free energies of transfer from
water toany solVent (s):

On the basis of this hypothesis, the free energies of transfer of
individual anions and cations from water to all kinds of solvents
(polar/apolar, protic/aprotic, etc.) have been put on the same
scale.3 Although free energies of solvation result from the
interplay of solute-solvent and solvent-solvent interactions,
including entropy and enthalpy components, most of the argu-
ments in favor of the TATB hypothesis deal with the electro-
static solute-solvent interaction energy only. According to the
continuum Born model, the excess free energy of solvation of
a sphere of radiusr and ionic chargeQ, embedded in a con-
tinuum of dielectric constantε, is ∆GBorn ) (Q2/2r)(1/ε - 1),

and thereforeindependent of the sign of Q.4 As discussed by
Marcus,5 the TATB hypothesis depends on the expectations that
the interactions of the cation and anion with their solvent
environments “should beindependent of the sign of the charge,
provided that these ions meet certain criteria: they should (i)
have unit charge, (ii) be similar in most respects, (iii) have the
same size, (iv) be very large, (v) be as nearly spherical as
possible and (vi) have an inert periphery”.

This hypothesis represents a challenge for computer simula-
tions. On the basis of free energy perturbation simulations with
explicit representations of the ionic solutes and the solvents, it
is possible to calculate the free energies of charging the neutral
fictitious AsPh40 and BPh40 solutes (with all atomic charges
imposed to be zero) to their charged AsPh4

+ or BPh4
-

counterparts:

According to the TATB hypothesis,∆G0+ should be equal to
∆G0- in any solvent. Thus, the∆Gs

+- free energy, which
corresponds to the mutation of AsPh4

+ to BPh4
- should be zero

in any solvent. These two ions should also have the same energy
of transfer from water to any solvent. We recently reported
molecular dynamics (MD) and free energy perturbation (FEP)
results on AsPh4+ and BPh4- in water, chloroform, and
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acetonitrile.6 It was found that the solvation of these ions and
their free energies of transfer are very different, in contradiction
with the TATB hypothesis. Other calculations on large spherical
species S+ and S- of identical radii which meet the above
criteria i-vi led also to the conclusion that the sign of the charge
greatly determines the solvation and transfer properties of these
ions, again in contradiction with the TATB hypothesis. These
simulations6 used a standard methodology (residue-based cutoff)
to calculate the nonbonded electrostatic and van der Waals
energies and only one charge distribution on AsPh4

+ and BPh4-.
As similar energies were obtained with different cutoff distances,
we concluded that the differentiation between the cation and
the anion resulted mostly from short-range interactions and
specific solvation patterns. As the treatment of boundaries may
introduce deleterious artifacts,7-11 we more recently reinvesti-
gated the S0, S-, and S+ spherical species in solution, using
improved treatments of electrostatics:12 the reaction field (RF),
the particle mesh Ewald (PME), and the residue-based cutoff
based on the “M3 point” defined in refs 7 and 11. It was found
that the treatment of boundaries and “long-range” interactions
play a major role in the( sign discrimination. With the RF-,
PME-, or M3-based methods, the S- anion was found to be
better hydrated than S+, whereas S+ was better solvated in
chloroform and acetonitrile solutions.

In this paper we report recent investigations on AsPh4
+ and

BPh4
- ions, with a main focus on their solvation properties as

a function of the details of charge distribution. We compare
eight sets (set1 to set8) of atomic charges on each ion and
calculate the corresponding solvation patterns and energies in
TIP3P water and OPLS chloroform. Five sets have been fitted
from the quantum mechanically calculated electrostatic poten-
tials, using different basis sets and fitting procedures, while three
other sets correspond to “handmade” models. As previous
studies demonstrated that the largest differences in solvation
energies∆G+- are observed in the aqueous phase,6,12 most of
the simulations deal with water as solvent. We want to determine
the role of charge distribution of a given ion and how the two
ions compare with a consistent methodology in a given solvent
model. One important issue is whether one of these electrostatic
representations will lead to similar solvation properties of
AsPh4

+ and BPh4-. Comparison of the results obtained on these
tetrahedral ions to those obtained with spherical S+ and S-

models will give insight into the effect of the ion’s shape on
the consequences of charge reversal. Given the importance of
treatment of electrostatics at the boundaries, we also compare
results obtained with a standard cutoff, as used in AMBER, to
those obtained with the RF correction. The choice of solvent
model may also be important to possibly discriminate AsPh4

+

from BPh4
-. We therefore decided to repeat some simulations

using other water and chloroform models, including an explicit
polarization energy term, in conjunction with two “extreme”
charge representations of AsPh4

+ and BPh4-.

Methods

We used the modified AMBER5.0 software13 with the
following representation of the potential energy:

The parameters used to calculateU came from the AMBER
force field.14 The atom types for AsPh4

+ and BPh4- are given
in Figure 1. The torsion around the B-C and As-C dihedrals
was modeled with zeroVn terms, to allow for “free rotation”.
Indeed, according to HF quantum mechanical calculations we
performed with a 6-311G(df,p) basis set on Me3B-Ph- and
Me3As-Ph+ (i.e., in the absence of steric phenyl-phenyl
repulsions), the barriers are low (0.5 and 0.1 kcal/mol, respec-
tively).15

Unless otherwise specified, the water and chloroform solvents
were represented explicitly with the TIP3P16 and OPLS17

models, respectively. Some test simulations were repeated with
the polarizable RER(pol) water model of Wallqvist and Berne
(referred to later as WB)18 and with the all-atom polarizable
chloroform model of Chang et al.,19 based on the methodology
outlined in ref 20. The nonbonded interactions were calculated
with a cutoff of 11 Å in water and 15 Å in chloroform. The
solute, considered as a single residue, was immersed at the center
of a cubic box. The water box was of 30 Å length and contained
873 water molecules, while the chloroform box was of 38 Å
length and contained 390 solvent molecules, represented with
periodic boundary conditions in the three directions (Figure 2).

The MD simulations were performed at 300 K, atP ) 1
atm. All O-H, H‚‚‚H, C-Cl, and Cl‚‚‚Cl “bonds” were
constrained with SHAKE, using a time step of 2 fs. After 1000
steps of energy minimization, each MD was run for 200 ps.

Long-Range Electrostatic Interactions.Long-range elec-
trostatics contributes to the solvation energy of ionic species.21

As far asdifferencesin solvation energies of like-charged solutes
are concerned, these long-range energy contributions can
generally be neglected. For ion charging processes, or for
comparison of( charged solutes, the problem is more complex.
With Ewald summation, the electrostatic interactions between
the solute and the neutralizing background have the same
magnitude for( charged solutes, and thedifferencein free
energies of charging the cation/anion cancels out. An alternative
and computer less demanding procedure is to use the RF
correction for the electrostatics near the cutoff boundaries. We
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Figure 1. Atom labels (left) and AMBER atom types (right) used in
both AsPh4+ and BPh4- ions.

Figure 2. Simulation box: the AsPh4+ cation in water.
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thus calculated the electrostatic interactions with an atom-based
cutoff and the RF method, as described in ref 22. It considers
a sphere of radiusdcut around the molecule, surrounded by a
continuum medium of dielectric constantεs, polarized by the
charges within the sphere. The interaction energy between the
charge distribution inside the sphere and the polarized medium
is calculated using the image charge method. With the RF
method, the contribution of the peripheral solvent molecules to
the electrostatic potentialφ at the solute is zero. This is correct
for neutral solutes (ifdcut is large enough), but not for charged
ones, due to the nonrandom orientation of the solvent at the
cutoff distance. However, thedifferencein φ(S+) and φ(S-)
potentials is correctly accounted for.12 On the basis of a
comparison with Ewald results, we checked that this RF method
correctly calculates the electrostatic potentialφ at the center of
a neutral sphere S0, as well as thedifference∆φ in electrostatic
potentials betweenφ(S+) andφ(S-) at the center of S+ and S-.
Similarly, thedifferencein solvation free energies∆G+- of S+

and S- ions was found to be nearly identical with the RF and
Ewald methods.12

For comparison, we also report some results of “standard
calculations” which use a residue-based cutoff, where interac-
tions between all atoms of molecules A and B (“residues”) are
calculated if the distance between the corresponding “tested
atoms” (OH2O for water, CCHCl3 for chloroform, and any atom
of the solute) is shorter than thedcut distance.

Charge Fitting Procedures.Ab initio quantum mechanical
calculations were performed at the Hartree-Fock level on
AsPh4

+ and BPh4- with the Gaussian95 program23 and the
3-21G*, 6-311G*, and 6-311G(df,p) basis sets. For each basis
set, four sets of atomic charges were obtained using, respec-
tively, the Mulliken partition scheme, the electrostatic potential
fitting procedures of Merz-Kollman (MK-ESP), and the

CHELP and CHELPG procedures implemented in Gaussian95.
Charges were calculated after 6-31G* energy minimization,
starting from the X-ray structures of AsPh4

+ and BPh4-. The
optimized As-C (1.908 Å) and B-C (1.673 Å) distances are
close to those in the crystal state (average values, retrieved from
the Cambridge Crystallographic database,24 are 1.91 and 1.66
Å, respectively). Another set of 3-21G* charges was derived
from electrostatic potentials with the SPARTAN sofware.25

Strictlty speaking, these ions have no symmetry, but display
pseudotetrahedral symmetry upon free rotation of the As-Ph
and B-Ph bonds. The atomic charges were thus averaged on
atom groups which become equivalent. The results are presented
in Table 1.

Free Energy Calculations.The difference in free energies of
solvation between two states was obtained using the statistical
perturbation FEP theory and the windowing technique, with

The potential energyUλ was calculated using a linear combina-
tion of parameters (generally the charges) of the initial state
(λ ) 1) and final state (λ ) 0): qλ ) λq1 + (1 - λ)q0. The
number of intermediate steps (“windows”) was 21 in water and
51 in chloroform. At each window, 2 ps of equilibration was
followed by 3 ps of data collection, and the change of free
energy ∆Gλ was averaged from the forward and backward
cumulated values.

Analysis of Results.Average structures, radial distribution
functions (RDFs), solute-solvent (Esx) and solvent-solvent
(Ess) interaction energies and their electrostatic/van der Waals
components were calculated from the trajectories saved every
0.5 ps.26

TABLE 1: Atomic Charges on AsPh4
+ and BPh4

- Obtained with Different Basis Sets and Fitting Proceduresa

ion method basis X C1/C5 C2/C4 C3 C6 H1/H5 H2/H4 H3

AsPh4
+ ESPb 3-21G* set1 0.76 -0.12 -0.16 -0.07 -0.12 0.15 0.18 0.15

MK-ESP 3-21G* -0.92 -0.27 -0.18 -0.09 0.47 0.22 0.19 0.18
6-311G* set2 -0.86 -0.23 -0.19 -0.055 0.43 0.20 0.18 0.17
6-311G(df,p) -0.90 -0.24 -0.17 -0.06 0.455 0.19 0.18 0.16

CHELP 3-21G* 1.12 0.01 -0.12 0.01 -0.25 0.03 0.14 0.09
6-311G* 1.10 0.03 -0.13 0.035 -0.24 0.02 0.13 0.08
6-311G(df,p) set3 1.28 0.07 -0.17 0.11 -0.34 0.02 0.13 0.06

CHELPG 3-21G* -0.04 -0.10 -0.17 -0.05 0.12 0.12 0.17 0.15
6-311G* set4 -0.02 -0.10 -0.17 -0.05 0.115 0.12 0.16 0.15
6-311G(df,p) 0.10 -0.05 -0.15 -0.01 0.065 0.08 0.14 0.13

Mulliken 3-21G* 1.44 -0.25 -0.23 -0.20 -0.33 0.28 0.28 0.29
6-311G* set5 1.33 -0.22 -0.20 -0.19 -0.33 0.26 0.25 0.26
6-311G(df,p) Handmade 1.16 -0.13 -0.125 -0.11 -0.32 0.18 0.18 0.18

set6 0.5 0.011 0.011 0.011 0.011 0.011 0.011 0.011
set7 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
set8 0.024 0.022 0.022 0.022 0.022 0.022 0.023 0.022

BPh4
- ESPb 3-21G* set1 -0.48 -0.29 -0.15 -0.24 0.30 0.14 0.13 0.15

MK-ESP 3-21G* -1.72 -0.36 -0.17 -0.25 0.69 0.19 0.14 0.14
6-311G* set2 -1.51 -0.32 -0.17 -0.23 0.61 0.17 0.13 0.13
6-311G(df,p) -0.52 -0.30 -0.17 -0.23 0.63 0.16 0.12 0.11

CHELP 3-21G* 0.12 -0.07 -0.10 -0.20 0.06 -0.02 0.08 0.08
6-311G* 0.18 -0.02 -0.14 -0.125 0.02 -0.03 0.07 0.05
6-311G(df,p) set3 0.20 -0.01 -0.13 -0.11 0.01 -0.04 0.06 0.04

CHELPG 3-21G* -0.84 -0.21 -0.14 -0.22 0.39 0.08 0.11 0.11
6-311G* set4 -0.54 -0.15 -0.14 -0.19 0.285 0.05 0.09 0.09
6-311G(df,p) -0.52 -0.13 -0.13 -0.18 0.26 0.04 0.08 0.08

Mulliken 3-21G* 1.74 -0.29 -0.24 -0.265 -0.39 0.23 0.19 0.19
6-311G* set5 1.08 -0.28 -0.21 -0.24 -0.27 0.22 0.18 0.17
6-311G(df,p) Handmade 1.22 -0.18 -0.13 -0.18 -0.36 0.15 0.10 0.105

set6 -0.5 -0.011 -0.011 -0.011 -0.011 -0.011 -0.011 -0.011
set7 -1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
set8 -0.024 -0.022 -0.022 -0.022 -0.022 -0.022 -0.023 -0.022

a See Figure 1 for atom definitions.b Charges calculated with SPARTAN.20

∆G ) ∑∆Gλ and ∆Gλ ) RTLog〈exp
(Uλ - Uλ+∆λ)

RT 〉
λ
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The analysis of specific water hydrogen-bonding patterns to
AsPh4

+ and BPh4- was based on geometry considerations and
used consistently for all systems. For each set of coordinates,
we first selected all water molecules whose oxygen atom sits
at less than 4.5 Å from the central atom X (As or B) and
calculated the distances from the center of mass Mi of each
phenyl ringi to Hwaterand Owater. The O-H π interactions were
characterized by H-M i < 3 Å < O-M i. “Bridging” water was
identified by two O-H π interactions per water molecule with
two different rings. If one proton only was involved, the O-H
π bond was “exo”. We checked on the graphics system that
this procedure correctly selects the water molecules.

Results

Unless otherwise specified, all results correspond to the
standard solvent models (TIP3P water and OPLS chloroform).
We first describe the atomic charges obtained by the different
models and the resulting solvation patterns and energies. The
interaction energies in AsPh4

+‚‚‚H2O and BPh4-‚‚‚H2O super-
molecules are compared from ab initio QM and molecular
mechanics calculations. Finally, the differences in free energies
of solvation between the two ions and in free energies of transfer
from water to chloroform are assessed with the different models.

Charge Distributions in the AsPh4
+ and BPh4

- Ions. From
the QM calculations, 13 different sets of atomic charges were
derived for each ion. They are reported in Table 1, together
with the three handmade models.

The first question concerns theqX charge on the central atom.
According to Pauling’s scale of electronegativities, both As
(ø ) 2.18) and B (ø ) 2.04) are somewhat less electronegative
than C (ø ) 2.55) and H (ø ) 2.20), and should be therefore
somewhat more positively charged. Table 1 shows that this is
not always the case as the charges are highly basis set and model
dependent. For instance,qAs is negative (-0.9 e) with the MK-
ESP model, but positive (1.1-1.2 e) with CHELP, and close
to zero with CHELPG, while the Mulliken charges are the most
positive ones (1.1-1.4 e). Similarly, theqB charge ranges from
-1.5 to -1.7 e with MK-ESP, from-0.5 to -0.8 with
CHELPG, from 0.1 to 0.2 e with CHELP, and from 1.1 to 1.7
e with Mulliken. Thus,changes as a function of the fitting
method are generally much larger than those due to the choice
of basis set. Similar changes are observed with the other atoms.
For instance theqC6 charge on thepara carbon ranges from
-0.3 to+0.4 e in AsPh4+ and from-0.4 to+0.7 e in BPh4-.
The aromatic protons are generally positively charged in both
ions.

A second issue concerns the change in group polarities from
AsPh4

+ to BPh4
-. For a given basis set and derivation method,

there is no systematic sign inversion on the corresponding atoms
of AsPh4

+ and BPh4- (Table 1). Thus,in no case does the sign
inVersion of the total charge correspond to an inVersion of
atomic charges.

Because of computer time limitations, eight typical sets were
selected to simulate AsPh4

+ and BPh4- in solution. The selection
was based on a “diversity” criterion, as some of them (e.g., those
obtained with the 3-21G*, 6-311G*, and 6-311G(df,p) basis sets
and the same fitting procedure) were quite similar.Set1to set5
are QM derived charges (Table 1). Handmade models areset6,
where the total charge is split on the central atom (50%) and
on the four aryl groups (50%),set7, where the(1 charge is
localized on the central atom only, andset8, where the(1
charge is equally distributed on all atoms. With these three
models, the ions have an inert (set7) or nearly inert (set6and
set8) periphery.

Ion Hydration and HO -H‚‚‚π Interactions. The average
structure of water around the central atom of the ions is
characterized by the RDFs. They are represented in Figure 3
for the eight sets of charges. With most models, a clear
difference is observed between the cation’s and anion’s hydra-
tion. At short distances (<5.0 Å) the As‚‚‚Hw and As‚‚‚Ow

curves for AsPh4+ are nearly superposed, as typically observed
for spherical hydrophobic solutes, while for BPh4

- the shortest
B‚‚‚Hw contacts are always shorter than the B‚‚‚Ow ones. This
is indicative of hydrogen-bonding interactions with BPh4

-,
which acts as a proton acceptor. Most of the anion’s and cation’s
RDFs display a first peak at about 5 Å, which corresponds to
solvent atoms sitting between phenyl rings, and a second one
at about 8 Å, corrresponding to the solvation of peripheral
protons. There is thus no marked difference between the
different models, except forset5(Mulliken charges) andset7
(neutral aryl groups). In water, the phenyl groups of BPh4

- do
not rotate, while those of AsPh4

+ undergo several rotations (see
typical examples in Figure S1 in the Supporting Information).
As such a difference in internal dynamics is also observed
in the gas phase, it does not result from specific solvation
effects.27

A close look at the structures on the graphics system reveals
typical “inner shell” hydrogen-bonding patterns (see Figure 4),
where one O-H bond of water is nearly perpendicular to an
aryl group. The geminal O-H bond is either turnedexo(single
OH-π interaction; Figure 4, left) or may also interact with the
π system of the adjacent aryl group (bridging interaction). The
two types of water molecules may be found simultaneously
around BPh4-, while bridging water is never found around
AsPh4

+. Figure 5 summarizes the results of a statistical analysis
of OH-π interactions with the eight models and confirms the
marked difference between AsPh4

+ and BPh4-, as far as OH-π
interactions are concerned. For the cation, with all models
(exceptset5) non-hydrogen-bonded species are dominant, while
the OH-π interactions areexoand involve one ring only. For
the anion, the majority of configurations involve hydrogen-
bonded water, with variable contributions of the monobridged
and bisbridged arrangements. The latter are more important in
the handmade than in the QM derived sets of charges. Due to
specific interactions, reversing the total charge does not invert
the first shell water dipoles. For BPh4

-, π bridging water
corresponds to the optimal orientation of the water dipole with
respect to a negatively charged B center. Bridging water can
further hydrogen bond to “second shell” water molecules. The
expected inversed orientation around AsPh4

+ is not observed,
however, presumably because this would disrupt the connection
with the second shell. Solvation of peripheral protons is more
complex to analyze, as it is determined by the (generally weakly
positive) charge of these atoms, as well as by interactions with
the “inner shell” water molecules.

The polarizable WB water model has been tested in conjunc-
tion with theset1andset8representations of the ions. It leads
to hydration patterns similar to those of the TIP3P water model.
The RDFs are similar (Figure 3), although the Ow peak is more
pronounced, and WB water makes somewhat closer contacts
than does the TIP3P water. The statistical analysis of hydrogen-
bonding patterns with WB water confirms that AsPh4

+ forms
only exo OH-π interactions, while BPh4- forms additional
bridging hydrogen bonds in about 30% of the configurations
(Figure 5).

The effect of ion charge on the solvation patterns can be seen
in Figure 5, which shows that the all-neutral AsPh4

0 and BPh40

species display less OH-π interactions (about 15% with TIP3P
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water and 40% with WB water) than BPh4
- but more than

AsPh4
+.

AsPh4
+‚‚‚H2O and BPh4

-‚‚‚H2O Supermolecules.The
importance of OH-π interactions is further demonstrated by

exploratory QM calculations (3-21G* basis set) of the interaction
energy∆E between each ion and a water molecule, as a function
of the As‚‚‚Ow and B‚‚‚Ow distances, with two orientations of
water (Figure 6). The first orientation (protons pointing to the

Figure 3. AsPh4
+, BPh4

- ions in TIP3P water simulated with different charge distributions and 11+ RF conditions. RDFs around the central atom
(As or B) of Ow (dotted line) and Hw (full line). The “WB” results are obtained with the polarizable water model of Wallqvist and Berne.18

Figure 4. Typical positions of water molecules forming OH-π interactions with AsPh4+ (left) and BPh4- (center and right).
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ion) allows for bridging OH‚‚‚π contacts. The corresponding
energy curve shows a flat energy minimum for BPh4

- of about
-10 kcal/mol at a B‚‚‚Ow distance of 4.5-4.7 Å, while at
similar distances∆E is nearly zero for AsPh4+. The second
orientation of water is inversed (the oxygen atom points to the

ion) and yields repulsive interactions with BPh4
- at all distances,

and small attractions (about 1 kcal/mol) with AsPh4
+ between

4 and 8 Å (Figure 6).
The interaction energy∆E of bridging water with the ions

was recalculated in the AsPh4
+‚‚‚H2O and BPh4-‚‚‚H2O super-

molecules (rigid geometry), forming aπ bridging arrangement,
at As‚‚‚Ow and B‚‚‚Ow distances of 4.6 Å (see Figure 4, middle),
using different methods. The resulting BSSE corrected∆E
values are reported in Table 2, from ab initio calculations using
the 3-21G*, 6-311G*, and 6-311G(df,p) basis sets, and from
molecular mechanics calculations withset1to set8.The ab initio
results confirm that bridging solvation is attractive for BPh4

-

(∆E ranges from-6.7 to-8.4 kcal/mol), but slightly repulsive
for AsPh4

+ (∆E ranges from 1.8 to 2.6 kcal/mol).
The ab initio results may be used as a reference to assess the

performance ofset1to set8. All sets correctly yield attractive
water interactions with BPh4-. Theset5(Mulliken) values (-13
to -15 kcal/mol) are clearly exaggerated. As noted above, the
choice of basis set has less effect on∆E than the fitting
procedure, and∆E is more attractive with ESP (set1) and MK-

Figure 5. AsPh4
+, BPh4

- ions and AsPh40, BPh4
0 simulated in TIP3P water withset1to set8. Statistical analysis of OH-π interactions: single

(exo), one bridging water, two bridging waters (see Figure 4). The WB results are obtained with the polarizable model of Wallqvist and Berne.18

TABLE 2: Ion ‚‚‚Water Supermolecule: Interaction Energy (kcal/mol) between the Ion and H2O Calculated by MM with
Different Charge Distributions and ab Initio with Different Basis Setsa

AMBERb GAUSSIANc

basis set ESP MK-ESP CHELP CHELPG Mulliken Handmade

∆E(AsPh4
+) 3-21G* -2.7 (set1) -2.3 -0.8 -1.6 -7.4 3.6 (set6) 1.84

6-311G* -1.3 (set2) -0.2 -1.4 (set4) -6.9 (set5) 4.8 (set7) 2.61
6-311G(df,p) -1.7 -0.4 (set3) -0.7 -4.3 2.4 (set8) 2.64

∆E(BPh4
-) 3-21G* -12.3 (set1) -11.8 -9.4 -10.5 -15.8 -8.5 (set6) -8.38

6-311G* -11.5 (set2) -8.7 -9.7 (set4) -15.6 (set5) -9.7 (set7) -7.46
6-311G(df,p) -10.7 -8.4 (set3) -9.5 -13.1 -7.5 (set8) -6.67

a The B‚‚‚O and As‚‚‚O distances are fixed at 4.6 Å (the bridging structure is shown in Figure 4, middle).b Molecular mechanical results.
c Quantum mechanical results with BSSE correction.

Figure 6. Interaction energy (kcal/mol) among AsPh4
+, BPh4

-, and
H2O, with two orientations of the water dipole (3-21G* basis set).

11164 J. Phys. Chem. A, Vol. 104, No. 47, 2000 Schurhammer and Wipff



ESP (set2) models than with CHELP (set3) and CHELPG (set4)
models. Concerning the AsPh4

+‚‚‚H2O interactions, agreement
between force field and QM results is less good, as∆E is
repulsive with the ab initio calculations (1.8-2.6 kcal/mol), as
well as with theset6 to set8charges (2.4-4.8 kcal/mol), but
attractive with the QM derived charges ofset1 to set5. The
largest deviation is again found with the Mulliken charges (∆E
ranges from-4.3 to -7.3 kcal/mol). Surprisingly, the best
agreement with both BPh4

- and AsPh4+ is obtained with the
handmadeset8model, where the charge is equally spread on
all atoms (Table 2). Whetherset8 also best describes other
solvent configurations is unclear and requires additional inves-
tigations. This is why we consistently compareset1 to set8
representations of the ions in the following.

Interaction Energies of AsPh4
+ and BPh4

- with the
Solvents, as a Function of the Charge Distribution.The total
solute-solvent interaction energiesEsx and their electrostatic
Esx,elec and van der WaalsEsx,vdw components, calculated in
TIP3P water and OPLS chloroform, are reported in Table 3.
The Esx energies are model dependent. However,in both
solVents and with all eight models, the anion displays larger
attractions than the cation with the solVent.

In aqueous solution, the difference∆Esx stems mostly from
the difference∆Esx,elec in electrostatic contributions, which
ranges from 39 to 90 kcal/mol (set1to set5QM models) and
from 23 to 28 kcal/mol (set6 to set8 models). Again, the
Mulliken charges (set5) give the largest ion differentiation (90
kcal/mol), due to exaggerated interactions of the anion with
water. The van der WaalsEsx,vdw component is nearly model
independent, and about 2 kcal/mol more attractive for AsPh4

+

than for BPh4-. These contributions are nearly the same in the
ions as in the AsPh40 and BPh40 all-neutral species (-32.3 and
-30.7 kcal/mol, respectively). The anion also interacts better
than the cation with the WB water model, by 17 kcal/mol (set8
charges) and 46 kcal/mol (set1charges).

In chloroform solution, electrostatic interactions are weaker
than in water, while van der Waals attractions are larger. The
differences inEsx energies of AsPh4+ vs BPh4- are smaller (1-
20 kcal/mol) than in water and are again the largest withset5.
The anion solvation is (slightly) favored by both electrostatic
and van der Waals components.28 In water, theset8model which

best fits the ab initio results of the ion-water dimer yields the
smallest, although still significant, difference in interaction
energies with water (∆Esx ) 20 kcal/mol), while in chloroform
the corresponding difference is 1 kcal/mol only.

Differences in Free Energies of Solvation of AsPh4+ and
BPh4

- in Water and Chloroform Solutions, as a Function
of the Charge Distribution. The difference in free energies of
solvation between AsPh4

+ and BPh4- can be calculated stepwise
as∆G+- ) ∆G+0 + ∆G00 + ∆G0-, using the definitions given
in eqs 2-5. The results obtained with the corrected RF method
are given in Table 4.

We first notice that the∆G00 energy, which corresponds to
the solvation energy difference between the all-neutral AsPh4

0

and BPh40 species, is small (-0.4 kcal/mol in water and-0.1
kcal/mol in chloroform) and negative, as suggested by the Born
model and the somewhat smaller size of BPh4

0. Thus, differences
in solvation energies are determined by the changes in free
energies of ion charging∆G0+ and∆G0-. With all models this
process is favorable (∆G < 0), and more favorable in water
than in chloroform. Most important is the difference in cation
vs anion solvation energies.

Table 4 shows that, in water,all sets of charges yield the
same conclusion: the BPh4

- anion is better hydrated than
AsPh4+, by about 20-44 kcal/mol. The three handmade models
yield similar∆G+- values (-21 to-23 kcal/mol), close to those
obtained withset3(-27 kcal/mol), while Mulliken charges give
intermediate values (-32 kcal/mol).

The results obtained with the TIP3P water model are con-
firmed with the polarizable WB model, tested with theset1and
set8charges:∆G+- is -32.5 and-18.2 kcal/mol, respectively,
which is somewhat less negative than with the TIP3P water,
but still indicates a marked preference for the anion’s hydration.

In OPLS chloroform solution, the∆G+- energies are smaller
than in water and model dependent. No firm conclusion can be
drawn as∆G+- ranges from positive to negative values (+4.2
to -4.5 kcal/mol).∆G+- is positive with the handmade models
and with set3(1.5-4.2 kcal/mol), while QM derived models
yield either positive or negative∆G+- values. Using the all-
atom polarizable model of chloroform in conjunction with the
most delocalized (set8) charges yields a better solvation of the
cation (∆G+- ) 12.3 kcal/mol).

TABLE 3: AsPh4
+ and BPh4

- Species Simulated in TIP3P Water and Chloroform Solutions with the RF Correction: Average
Solute-Solvent Interaction EnergiesEsx and their Electrostatic Esx,elecand van der WaalsEsx,vdw Components (kcal/mol)a

Water

set1 set1WB set2 set3 set4 set5 set6 set7 set8 set8WB

AsPh4
+

Esx,vdw -31.9 -68.2 -31.7 -32.3 -32.3 -27.5 -33.5 -31.8 -33.3 -69.5
Esx,elec -33.0 -28.2 -35.3 -29.4 -29.5 -67.7 -43.7 -65.0 -34.5 -28.0
Esx -64.9 -96.8 -67.0 -61.8 -61.8 -95.2 -77.1 -96.8 -67.8 -97.6

BPh4
-

Esx,vdw -27.7 -65.9 -27.7 -29.9 -29.1 -23.4 -31.0 -29.7 -30.3 -68.6
Esx,elec -109.9 -76.8 -103.8 -67.6 -79.0 -157.5 -68.8 -92.6 -57.1 -48.0
Esx -137.6 -142.8 -131.4 -97.5 -108.0 -180.9 -99.8 -122.3 -87.4 -114.7

Chloroform

set1 set2 set3 set4 set5 set6 set7 set8

AsPh4
+

Esx,vdw -46.9 -45.1 -45.8 -46.2 -48.2 -46.4 -47.9 -46.5
Esx,elec -21.1 -22.8 -21.7 -22.2 -20.0 -24.3 -24.5 -24.6
Esx -68.0 -67.9 -67.5 -68.4 -68.2 -70.7 -73.2 -71.3

BPh4
-

Esx,vdw -48.1 -46.7 -47.9 -47.6 -48.7 -47.9 -48.1 -47.5
Esx,elec -32.7 -29.8 -27.6 -29.3 -39.5 -28.1 -30.3 -25.3
Esx -80.8 -76.5 -75.5 -76.9 -88.3 -75.9 -78.4 -72.8

a Fluctuations are about 5 kcal/mol. The WB results are obtained with the polarizable model.18
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With the standard calculations (Table S1), the∆G0+ values
are too large, while the∆G0- ones are too weak, due to artifacts
in the treatment of boundaries.12 Thus, as noticed for spherical
solutes,12 the ∆G+- results obtained with the standard cutoff
lead to conclusions opposite those obtained with the RF method.

Differences in Free Energies of Transfer of AsPh4+ vs
BPh4

- Ions from TIP3P Water to OPLS Chloroform, as a
Function of the Charge Distribution. The difference in free
energies of transfer of AsPh4

+ vs BPh4- from water to another
solvent can be, in principle, assessed by computations, using
the thermodynamic cycle shown in Scheme 1. According to this
cycle, thedifference∆∆Gt between the free energies of transfer
∆Gt

+ of the cation and∆Gt
- of the anion can be obtained by

∆∆Gt ) ∆Gt
+ - ∆Gt

- ) ∆Gwat
+- - ∆Gchlor

+- .
The ∆Gwat

+- and ∆Gchlor
+- energies have been reported

above in pure solvent phases.
Combining the∆Gwat

+- and ∆Gchlor
+- energies leads to a

difference ∆Gt
+- in free energies of transfer. The values

reported in Table 4 yield the same conclusions with all sets of
charges, with the two water models:the AsPh4+ cation is more
easily transferred than BPh4

- from water to chloroform.This
is observed with the standard TIP3P and OPLS solvent models,
as well as with the polarizable WB water and Chang and Dang
chloroform models. Asset1 charges on the ions somewhat
overestimate the anion affinity for water, the corresponding
value of ∆∆Gt (-40.2 kcal/mol) is likely exaggerated. It
remains, however, that the smallest calculated value of∆∆Gt

is still quite large (-24.1 kcal/mol).
Again, using standard treatment of the boundaries instead of

the RF correction yields the inverse conclusion (Table S1).

Discussion and Conclusion

MD and FEP simulations on model tetrahedral AsPh4
+ and

BPh4
- hydrophobic ions, using eight different charge distribu-

tions, show thatsign reVersal of the ionic charge leads to
marked differences in solVation properties in pure water and
chloroform solutions. The largest sign discrimination is found
in water, where BPh4- is better hydrated than AsPh4

+. This is
found with two water representations: the widely used TIP3P
model and the polarizable WB model. The conclusions obtained
with the tetrahedral ions are qualitatively similar to those
obtained with large hydrophobic spherical ones.12 According
to the simulations, the preferred hydration of the anion stems
from two main features. First, the AsPh4

0 and BPh40 all-neutral
species are “electrostatically preorganized” for anion charging,
as the electrostatic potentialφ at their center is positive (about
8.0 kcal/mol) with both TIP3P and WB water models and 11
Å + RF as well as PME Ewald calculations.29 Second, the anion
displays, with both water models, specific hydration patterns
(OH-π interactions). Thus, the effect of charge reversal cannot
be simply assessed by solvent continuum models.

There are many factors that contribute to the solvation
thermodynamics of ions, and the effect of sign inversion is
unclear.30 Discussions on computational aspects can be found
in refs 31-39. Our conclusion obtained with corrected treatment
of the boundaries is consistent with previous theoretical results.
Using polarizable Langevin dipoles or explicit solvent mol-
ecules,40 Luzhkov and Warshel concluded that BPh4

- is better
hydrated than PPh4

+, due to the differences in charge distribution
and to “steric factors”. In the case of small spherical ions (e.g.,
Cl-/“Cl+”), RISM-HNC calculations also suggest that cations
are less hydrated than anions, due to differences in their
“effective size”.31 Hummer et al. also calculated “negative ions
to be solvated more strongly, compared to positive ions of equal
size”.38 Lynden-Bell and Rasaiah simulated ions in SPC/E water
and presented “direct evidence of the asymmetry in the free
energy, enthalpy and entropy of hydration of ions on charge
inversion arising from the asymmetry in the charge distribution

TABLE 4: Free Energy Results (kcal/mol) in Pure Water and Chloroform Obtained with the RF Corrected Treatment of
Electrostatics

SCHEME 1
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in a water molecule”.41 Charge inversion also modifies dynamics
features, as the fictitious I+ cation was calculated to be less
mobile than the iodide I- anion in water.42

Combining the results obtained in the two solvents leads to
the important conclusion thatAsPh4+ is more easily transferred
than BPh4- from water to chloroform.This is trend is the same
as for the spherical S+ and S- isosterical analogues.12 For the
latter, we showed that RF results were nearly identical to those
obtained with Ewald and different integration schemes (thermo-
dynamic integration vs windowing FEP). The results are in
contradiction with the TATB assumption, but qualitatively
consistent with electrochemical measurements by Girault et al.,
who found that AsPh4+ is more easily transferred than BPh4

-

from water to 1,2-dichloroethane across the interface (the
corresponding standard Gibbs energies are-9.6 and-8.6 kcal/
mol, respectively).43 We notice that, in the latter case, the organic
solvent is different from chloroform and may not be dry.

The marked difference in calculated hydration patterns of
the two tetrahedral ions is also consistent with a number of
experimental results in the solid state and in solution. We
analyzed the hydration of AsPh4

+ and BPh4- in solid-state
structures retrieved from the Cambridge crystallographic struc-
tural database.24 In no case was water bound to AsPh4

+, while
several examples of bridging water, identical to the simulated
ones, were found for BPh4

-. Structures are reported in ref 44.
In the aqueous solution, spectroscopy studies of the HDO water
molecules surrounding BPh4

- and the PPh4+ analogue of AsPh4+

revealed distinct differences in their hydration. They concluded
that the anion interacts more with water than the cation and
that “the effect of BPh4- is determined by the anion-water
interactions, while the effect of PPh4

+ is determined by water-
water interactions around the cation”.45

Our results are quite disturbing in the context of the “TATB
hypothesis”, as we calculate that the ions displaymarked
differences of solVation properties, which depend on the sign
of the ionic charge and on the nature and hydrogen-bonding
capabilities of the solVent.

On the computational side, we previously addressed a number
of issues concerning the treatment of boundaries, “long-range
electrostatics”, and the energy representation of the systems.6,12

The cutoff value of 11 Å used here in water may seem small,
but is not critical, as using a larger cutoff (15 Å) led to nearly
identical∆G+- differences in free energies of solvation of S+

vs S- analogues.12 Other simulations in chloroform also gave
identical values with 15 and 20 Å cutoffs.6 The treatment of
boundaries is crucial, as standard calculations using a residue-
based cutoff led to artifacts and conclusions opposite those
obtained with corrected treatments. Another issue concerns the
choice of atomic charges on the ions, which stimulated this
study. Although many other choices of atomic charges can be
repeatedly tested (see for instance refs 46-48), we believe that
there is no major artifact, as the eight very different sets tested
lead to the same qualitative conclusion concerning the preferred
anion hydration, and to reasonable interactions within the ion-
water supermolecules. According to the TATB hypothesis, the
details of charge distribution should not be so crucial. However,
we find energy differences of up to 20 kcal/mol for∆G+- in
TIP3P water, as a function of the charge distribution. In WB
water, the value of∆G+- is comparable (18.2 kcal/mol with
set8). It seems unlikely that some other choice of charges would
lead to identical solvation energies of the cation and the anion.

Other critical parameters may concern the solvent. The ones
we used were derived from pure liquid-phase properties, and
may not accurately describe their mutual competition with the

solutes, or their interactions with hydrophobic species. Explicit
representation of nonadditivity and polarization effects may be
crucial in the context of the TATB hypothesis, as shown for
ions in chloroform19,49 and in water,20,49-51 as well as for
hydrophobic interactions in water.49,52,53Classical water models
hardly account for the dielectric properties of water (see for
instance re 54) and may be too polar to depict aqueous
interfaces.55 We previously compared the solvation of S+ and
S- spheres with Chang’s polarized models of water56 and of
chloroform19 and came to the same conclusions as with the
unpolarized ones.12 Here, the comparison of the TIP3P with
the polarizable WB model, which accounts for the dipole
moment of the H2O in the gas phase and in solution, leads to
the same conclusions: two consistently derived models of
AsPh4

+ and BPh4- are found to interact very differently with a
given model of solvent, and the anion is better hydrated than
the cation. Whether other solvent models (e.g., recently devel-
oped TIP5P57 or Guillot models)58 lead to identical free energies
of solvation and of transfer from water to another solvent
remains to be investigated.

Another possible source of( ion discrimination relates to
the “humidity” of the organic phase. We feel that some care
should be taken concerning the interpretation of experiments.
On the basis of partition coefficients, Osakai et al. concluded
that no water is extracted with such ions to nitrobenzene, which
is more polar than chloroform.59 However, according to
computer simulations6 and to NMR60 and conductivity measure-
ments on related systems,61 such ions form intimate ion pairs
or aggregates, which should display less affinity for water than
the “naked” ions, transferred in electrochemical experiments.43

Our simulations in pure water, as well as in wet chloroform
solutions62 indicate that the naked anion interacts more than
the naked cation with water. Considering a BPh4

-,nH2O
supermolecule in the organic phase thus may contribute to the
reduction in the difference in free energies of transfer between
the anion and the cation, it is not enough, however, to
compensate for the difference of more than 20 kcal/mol in free
energies of transfer.

Our study should stimulate further theoretical treatments with
a particular focus on polarization and nonadditivity effects, as
well as experiments on the effect of the charge of ions and
properties in solution. The TATB problem represents a chal-
lenging test for other solvent models. Fundamentally, our results
have bearing on our understanding of the hydrophilic/hydro-
phobic character of neutral and large ionic solutes and on their
behavior at aqueous interfaces as well as in heterogeneous
environments. One important question concerns the solution
state of such hydrophobic ions. As the AsPh4BPh4 salt has a
very low solubility in water (about 10-8.5 mol/L),2 AsPh4

+ and
BPh4

- are generally studied with more hydrophilic counterions,
whose role remains to be investigated. Another issue relates to
the surfactant behavior of AsPh4

+ and BPh4-, revealed by
simulations6,63 and experiment.64 As surfactants may form in
solution supramolecular assemblies which may range from
aggregates to micelles, it remains to be assessed whether the
solutions where experimental studies on the TATB assumption
have been carried out can be modeled by pure homogeneous
solutions as those simulated here.
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