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We present a molecular dynamics study of the solvation properties of the tetrahedrat AsBHBPR™ 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 totat- 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-isalvent interaction energies and changes in free energies of
ion charging. This is explained by specific ©tt bridging interactions in the anion and the positive electrostatic
potential at the center of the fictitious AsPtand BPRC 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
Wallgvist 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 AsPfi and BPh~. 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 and thereforéndependent of the sign of QAs discussed by
5 X i
The tetrahedral AsRf and BPt™ ions play an important chgr(i:ﬁtsérZ](ii-(l)—':;— I?)fh ){Egtr::?t:(s)r? e;e; d;n?gnthv?/i?rfFlﬁfeﬁ?tlggliéz?t
role in physical chemistry, as they are often used as referenceenvironments “should biadependent of the sign of the charge

states in solvation scales of individual ion$.It is indeed gen- rovided that these ions meet certain criteria: thev should (i
erally assumed that the solvation properties of large hydrophobicp vided > ! R In cnteria. Y uld (i)
have unit charge, (ii) be similar in most respects, (iii) have the

ions are mostly determined by their size and the magnitude of . . .

their chargeQ, but not by thet+ sign of Q. Thus, according same size, ('V). be very 'a.“ge’ (V). be af nearly spherical as
to the extrathermodynamic TATB (tetraphenylarsonium tetra- poTS_f]'iglEy%%?hg’gshz;;ne'rﬂ:r; Eﬁgﬁzﬁéﬁ .for computer simula-
phenylborate) hypothesis, the nearly isosteric Asfind BPh tions. On the basis of free energy perturbation simulations with

ions are equally solvated in pure aqueous or in mixed water - ) 27 .

liquid solvents, and have identical free energies of transfer from _epr|C|t_representat|ons of the ionic sc_)lutes and the solvents, it

water toany sé)lzent (s) is possible to calculate the free energies of charging the neutral
fictitious AsPh? and BPRC solutes (with all atomic charges

N _ imposed to be zero) to their charged AsPhor BPh~
AGyq-o(ASPh,") = AG, 5 (BPh, ) = counterparts:

1/2Aewat—-s(ASP hlB P hA) (1)

AsPh’— AsPht AG2 =-AG™ 2)
On the basis of this hypothesis, the free energies of transfer of 0 _ o— _ 0
individual anions and cations from water to all kinds of solvents BPh” — BPh AGs = —AG ®3)
(polar/apolar, protic/aprotic, etc.) have been put on the same Asth’—» BPh40 AGY @)

scale? Although free energies of solvation result from the
interplay of solute-solvent and solventsolvent interactions, +_ - - +0 00 0-
including entropy and enthalpy components, most of the argu- AsPhy BPh, AGS =AGTHAGTHAGS (5)
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 o
a sphere of radius and ionic charge&, embedded in a con-
tinuum of dielectric constant, is AGgom = (Q%2r)(1/e — 1),

According to the TATB hypothesisA\G®" should be equal to
fAGO* in any solvent. Thus, th\Gs™~ free energy, which

corresponds to the mutation of AsPho BPh,~ 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

*To whom correspondence should be addressed. E-mail: wipff@ Mmolecular dynamics (MD) and f_ree energy perturbation (FEP)
chimie.u-strasbg.fr. results on AsPii and BPRh~ in water, chloroform, and
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acetonitrile® It was found that the solvation of these ions and H; HC

their free energies of transfer are very different, in contradiction | |

with the TATB hypothesis. Other calculations on large spherical HZ\CZ/C3%C4/H4 HC~C A/CA\\C A/HC
species S and S of identical radii which meet the above Il | II |
criteria i—vi led also to the conclusion that the sign of the charge PN c ¢C5\H Hc'CA‘ 4CA\HC
greatly determines the solvation and transfer properties of these Hy !" 5 C|A

ions, again in contradiction with the TATB hypothesis. These WAS B
simulationg used a standard methodology (residue-based cutoff) % ¢ ) ¢

to calculate the nonbonded electrostatic and van der WaalsFigure 1. Atom labels (left) and AMBER atom types (right) used in
energies and only one charge distribution on AgRind BPh~. both AsPh" and BPh~ ions.

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!! we more recently reinvesti-
gated the § S, and S spherical species in solution, using
improved treatments of electrostatiéthe 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 thet sign discrimination. With the RF-,
PME-, or M3-based methods, the @&nion was found to be TE
better hydrated than*S whereas S was better solvated in L A e
chloroform and acetonitrile solutions. LA e )
In this paper we report recent investigations on AgPind et
BPh,~ ions, with a main focus on their solvation properties as Figure 2. Simulation box: the AsP# cation in water.

a function of the details of charge distribution. We compare

eight sets getlto set§ of atomic charges on each ion and The parameters used to calculdfecame from the AMBER
calculate the corresponding solvation patterns and energies inforce field!* The atom types for AsRh and BPh~ are given
TIP3P water and OPLS chloroform. Five sets have been fitted in Figure 1. The torsion around the- and As-C dihedrals

from the quantum mechanically calculated electrostatic poten- was modeled with zer¥, terms, to allow for “free rotation”.

tials, using different basis sets and fitting procedures, while three Indeed, according to HF quantum mechanical calculations we
other sets correspond to “handmade” models. As previous performed with a 6-311G(df,p) basis set on JdePh~ and
studies demonstrated that the largest differences in solvationMesAs—Ph* (i.e., in the absence of steric pherylhenyl
energiesAG*~ are observed in the aqueous pha&&most of repulsions), the barriers are low (0.5 and 0.1 kcal/mol, respec-
the simulations deal with water as solvent. We want to determine tively).*>

the role of charge distribution of a given ion and how the two  Unless otherwise specified, the water and chloroform solvents
ions compare with a consistent methodology in a given solvent were represented explicitly with the TIP3Pand OPL$’
model. One important issue is whether one of these electrostaticmodels, respectively. Some test simulations were repeated with
representations will lead to similar solvation properties of the polarizable RER(pol) water model of Wallgvist and Berne
AsPh;™ and BPh~. Comparison of the results obtained on these (referred to later as WBj and with the all-atom polarizable
tetrahedral ions to those obtained with sphericalé®d S chloroform model of Chang et &f based on the methodology
models will give insight into the effect of the ion’s shape on outlined in ref 20. The nonbonded interactions were calculated
the consequences of charge reversal. Given the importance ofvith a cutoff of 11 A in water and 15 A in chloroform. The
treatment of electrostatics at the boundaries, we also comparesolute, considered as a single residue, was immersed at the center
results obtained with a standard cutoff, as used in AMBER, to of a cubic box. The water box was of 30 A length and contained
those obtained with the RF correction. The choice of solvent 873 water molecules, while the chloroform box was of 38 A
model may also be important to possibly discriminate ASPh  length and contained 390 solvent molecules, represented with
from BPh,~. We therefore decided to repeat some simulations periodic boundary conditions in the three directions (Figure 2).
using other water and chloroform models, including an explicit ~ The MD simulations were performed at 300 K, Rt= 1
polarization energy term, in conjunction with two “extreme” atm. All O—H, H---H, C—Cl, and C}--Cl “bonds” were

i
U e
N o P
: g "I S I Pe
T s

charge representations of AsPrand BPh ™. constrained with SHAKE, using a time step of 2 fs. After 1000
steps of energy minimization, each MD was run for 200 ps.
Methods Long-Range Electrostatic Interactions.Long-range elec-
We used the modified AMBER5.0 softwadfewith the trostatics contributes to the solvation energy of ionic spedies.
following representation of the potential energy: As far asdifferencesn solvation energies of like-charged solutes
are concerned, these long-range energy contributions can
U= K,(r — req)2 + Ky(6 — 9eq)2 + general_ly be neglected. For ion charging processes, or for
vhms afgles comparison oft charged solutes, the problem is more complex.
With Ewald summation, the electrostatic interactions between
Z z V(1 + cosng) + the solute and the neutralizing background have the same
difiedrals n magnitude for+ charged solutes, and thfferencein free
R*\® Ry*\*? energies of charging the cation/anion cancels out. An alternative

a4
— = 2¢(— €il— and computer less demanding procedure is to use the RF
<] Rij i Rij correction for the electrostatics near the cutoff boundaries. We
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TABLE 1: Atomic Charges on AsPhy™ and BPh,~ Obtained with Different Basis Sets and Fitting Procedure3

ion method basis X C1/C5 C2/C4 C3 C6 H1/H5 H2/H4 H3
AsPh ESP 3-21G* setl 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* setd —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* setb 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

BPh,~ ESP 3-21G* setl —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* setd —-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* setb 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 -05 -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

2 See Figure 1 for atom definition& Charges calculated with SPARTAN.

thus calculated the electrostatic interactions with an atom-basedCHELP and CHELPG procedures implemented in Gaussian95.
cutoff and the RF method, as described in ref 22. It considers Charges were calculated after 6-31G* energy minimization,
a sphere of radiug.; around the molecule, surrounded by a starting from the X-ray structures of AsPhand BPh~. The
continuum medium of dielectric constany polarized by the optimized As-C (1.908 A) and B-C (1.673 A) distances are
charges within the sphere. The interaction energy between theclose to those in the crystal state (average values, retrieved from
charge distribution inside the sphere and the polarized mediumthe Cambridge Crystallographic datab&sare 1.91 and 1.66

is calculated using the image charge method. With the RF A, respectively). Another set of 3-21G* charges was derived
method, the contribution of the peripheral solvent molecules to from electrostatic potentials with the SPARTAN sofwate.

the electrostatic potentigl at the solute is zero. This is correct ~ Strictlty speaking, these ions have no symmetry, but display
for neutral solutes (it is large enough), but not for charged pseudotetrahedral symmetry upon free rotation of the Pis
ones, due to the nonrandom orientation of the solvent at theand B—Ph bonds. The atomic charges were thus averaged on
cutoff distance. However, thdifferencein ¢(S") and ¢(S") atom groups which become equivalent. The results are presented
potentials is correctly accounted f&r.On the basis of a in Table 1.

comparison with Ewald results, we checked that this RF method Free Energy Calculationshe difference in free energies of
correctly calculates the electrostatic potentiat the center of solvation between two states was obtained using the statistical
a neutral sphere®Sas well as thelifferenceAg in electrostatic perturbation FEP theory and the windowing technique, with
potentials betweep(S") and¢(S™) at the center of Sand S..
Similarly, thedifferencein solvation free energieAG™ of S™
and S ions was found to be nearly identical with the RF an
Ewald method4?

For comparison, we also report some results of “standard The potential energy; was calculated using a linear combina-
calculations” which use a residue-based cutoff, where interac- tion of parameters (generally the charges) of the initial state
tions between all atoms of molecules A and B (“residues”) are (A = 1) and final stateA = 0): g, = Aq1 + (1 — A)qo. The
calculated if the distance between the corresponding “testednumber of intermediate steps (“windows”) was 21 in water and
atoms” (Qu,o for water, Gnci, for chloroform, and any atom 51 in chloroform. At each window, 2 ps of equilibration was
of the solute) is shorter than tltl,; distance. followed by 3 ps of data collection, and the change of free

Charge Fitting Procedures.Ab initio quantum mechanical  energy AG, was averaged from the forward and backward
calculations were performed at the Hartréeock level on cumulated values.

AsPh" and BPh~ with the Gaussian95 progratand the Analysis of ResultsAverage structures, radial distribution
3-21G*, 6-311G*, and 6-311G(df,p) basis sets. For each basisfunctions (RDFs), solutesolvent Esy) and solventsolvent

set, four sets of atomic charges were obtained using, respec<{Es9 interaction energies and their electrostatic/van der Waals
tively, the Mulliken partition scheme, the electrostatic potential components were calculated from the trajectories saved every
fitting procedures of MerzKollman (MK-ESP), and the 0.5 ps?®

N N (U, — U/1+AA)D
4 AG= zAG,1 and AG, = RTLongpT
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The analysis of specific water hydrogen-bonding patterns to  lon Hydration and HO —H---& Interactions. The average
AsPht and BPh~ was based on geometry considerations and structure of water around the central atom of the ions is
used consistently for all systems. For each set of coordinates,characterized by the RDFs. They are represented in Figure 3
we first selected all water molecules whose oxygen atom sits for the eight sets of charges. With most models, a clear
at less than 4.5 A from the central atom X (As or B) and difference is observed between the cation’s and anion’s hydra-

calculated the distances from the center of masieach
phenyl ringi to Hyaterand Quater The O—H x interactions were
characterized by HM; < 3 A < O—M;. “Bridging” water was
identified by two O-H & interactions per water molecule with
two different rings. If one proton only was involved, the-81

o bond was &xd. 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 Asgh--H,O and BPh---H,0 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 AsPh," and BPh,~ lons. 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 tlgg charge on the central atom.
According to Pauling’s scale of electronegativities, both As
(x = 2.18) and B ¢ = 2.04) are somewhat less electronegative
than C § = 2.55) and H ¢ = 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 modél!

dependent. For instanagys is negative 0.9 e) with the MK-
ESP model, but positive (1-11.2 e) with CHELP, and close
to zero with CHELPG, while the Mulliken charges are the most
positive ones (1.421.4 e). Similarly, theys 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 setSimilar changes are observed with the other atoms.
For instance thejcs charge on thepara carbon ranges from
—0.3t0+0.4 e in AsPi™ and from—0.4 to+0.7 e in BPha™.

The aromatic protons are generally positively charged in both
ions.

A second issue concerns the change in group polarities from

tion. At short distances<5.0 A) the As--H,, and As--O,
curves for AsPl™ are nearly superposed, as typically observed
for spherical hydrophobic solutes, while for BPtihe shortest
B---H,, contacts are always shorter than the-B,, ones. This

is indicative of hydrogen-bonding interactions with BPh
which acts as a proton acceptor. Most of the anion’s and cation’s
RDFs display a first peak at about 5 A, which corresponds to
solvent atoms sitting between phenyl rings, and a second one
at about 8 A, corrresponding to the solvation of peripheral
protons. There is thus no marked difference between the
different models, except faset5(Mulliken charges) andet?
(neutral aryl groups). In water, the phenyl groups of BPto

not rotate, while those of Asghundergo 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?’

A close look at the structures on the graphics system reveals
typical “inner shell” hydrogen-bonding patterns (see Figure 4),
where one G-H bond of water is nearly perpendicular to an
aryl group. The geminal ©H bond is either turnedxo(single
OH—u interaction; Figure 4, left) or may also interact with the
7 system of the adjacent aryl group (bridging interaction). The
two types of water molecules may be found simultaneously
around BPh~, while bridging water is never found around
AsPht. Figure 5 summarizes the results of a statistical analysis
of OH—u interactions with the eight models and confirms the
arked difference between AsPtand BPh, as far as OHx
interactions are concerned. For the cation, with all models
(exceptsety non-hydrogen-bonded species are dominant, while
the OH-x interactions ar@xoand 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 BRPh & 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 AsPls not observed,
however, presumably because this would disrupt the connection

AsPh;* to BPh,~. For a given basis set and derivation method, with the second shell. Solvation of peripheral protons is more

there is no systematic sign inversion on the corresponding atoms

of AsPhy™ and BPR~ (Table 1). Thusin no case does the sign
inversion of the total charge correspond to arvémsion of
atomic charges

Because of computer time limitations, eight typical sets were
selected to simulate AsiPhand BPh~ in solution. The selection

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 thesetlandset8representations of the ions. It leads
to hydration patterns similar to those of the TIP3P water model.

was based on a “diversity” criterion, as some of them (e.g., those The RDFs are similar (Figure 3), although thg @eak is more

obtained with the 3-21G*, 6-311G*, and 6-311G(df,p) basis sets
and the same fitting procedure) were quite simi&etlto set5

are QM derived charges (Table 1). Handmade modelsetf:
where the total charge is split on the central atom (50%) and
on the four aryl groups (50%}%et7 where the+1 charge is
localized on the central atom only, as&t§ where the+1
charge is equally distributed on all atoms. With these three
models, the ions have an inedet? or nearly inert éet6and
set§ periphery.

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 AgPlorms
only exo OH— interactions, while BPjT 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 AsPand BPR°
species display less OHr interactions (about 15% with TIP3P
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set 8 WB

Figure 3. AsPhi*, BPh,~ ions in TIP3P water simulated with different charge distributions angt RF conditions. RDFs around the central atom
(As or B) of Q, (dotted line) and K (full line). The “WB” results are obtained with the polarizable water model of Wallgvist and Bérne.

Figure 4. Typical positions of water molecules forming GOkt interactions with AsPH (left) and BPh~ (center and right).

water and 40% with WB water) than BPhbut more than
AsPht.

AsPhyt+-:H,O and BPh; --*H,O Supermolecules. The
importance of OH- interactions is further demonstrated by

exploratory QM calculations (3-21G* basis set) of the interaction
energyAE between each ion and a water molecule, as a function
of the As--O,, and B--O, distances, with two orientations of
water (Figure 6). The first orientation (protons pointing to the
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Figure 5. AsPh", BPh,~ ions and AsPi, BPh? simulated in TIP3P water withetlto set8 Statistical analysis of OHx interactions: single
(ex0, one bridging water, two bridging waters (see Figure 4). The WB results are obtained with the polarizable model of Wallqvist atfd Berne.

TABLE 2: lon ---Water Supermolecule: Interaction Energy (kcal/mol) between the lon and HO Calculated by MM with
Different Charge Distributions and ab Initio with Different Basis Sets?

AMBER®P GAUSSIAN®
basis set ESP MK-ESP CHELP CHELPG Mulliken Handmade
AE(AsPht)  3-21G* —2.7 (set) -2.3 -0.8 -1.6 -7.4 3.6 et 1.84
6-311G* —-1.3@etd 0.2 —1.4 set) —6.9 (seth 4.8 (set?) 2.61
6-311G(df,p) -1.7 —0.4 (setd -0.7 —4.3 2.4 get§ 2.64
AE(BPh") 3-21G* —12.36et) -—11.8 —9.4 —-10.5 —15.8 —8.5 (setf —8.38
6-311G* —11.56et3 8.7 —9.7@cetd —15.66et§) —9.7 (set) —7.46
6-311G(df,p) —-10.7 —8.4 (setd —95 —-13.1 —7.5 (set§ —6.67

aThe B--O and As--O distances are fixed at 4.6 A (the bridging structure is shown in Figure 4, middiglecular mechanical results.

¢ Quantum mechanical results with BSSE correction.

Figure 6. Interaction energy (kcal/mol) among AsPhBPh,~, and
H20, with two orientations of the water dipole (3-21G* basis set).

ion) allows for bridging OH--r contacts. The corresponding
energy curve shows a flat energy minimum for BPbf about
—10 kcal/mol at a B0, distance of 4.54.7 A, while at
similar distancesAE is nearly zero for AsPj{t. The second

ion) and yields repulsive interactions with BPfat all distances,
and small attractions (about 1 kcal/mol) with AgPlbetween
4 and 8 A (Figure 6).

The interaction energAE of bridging water with the ions
was recalculated in the Asih--H,O and BPl+--H,0 super-
molecules (rigid geometry), formingzabridging arrangement,
at As--O,, and B--0O,, distances of 4.6 A (see Figure 4, middle),
using different methods. The resulting BSSE correcids
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 witkt1to set8.The ab initio
results confirm that bridging solvation is attractive for BPh
(AE ranges from—6.7 to—8.4 kcal/mol), but slightly repulsive
for AsPhy" (AE ranges from 1.8 to 2.6 kcal/mol).

The ab initio results may be used as a reference to assess the
performance oketlto set8 All sets correctly yield attractive
water interactions with BRh. Theset5(Mulliken) values 13
to —15 kcal/mol) are clearly exaggerated. As noted above, the
choice of basis set has less effect A than the fitting

orientation of water is inversed (the oxygen atom points to the procedure, andE is more attractive with ESPsét]) and MK-
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TABLE 3: AsPh," and BPh,~ Species Simulated
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in TIP3P Water and Chloroform Solutions with the RF Correction: Average

Solute—Solvent Interaction EnergiesEs and their Electrostatic Eg elecand van der Waals Esy vqw Components (kcal/mol}

Water
setl setWB set2 set3 set4 setb set6 set7 set8 YB3
AsPht
Esx.vdw —-31.9 —68.2 —-31.7 —-32.3 —-32.3 —-27.5 —-33.5 —-31.8 —-33.3 —69.5
Esxelec —-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
BPh~
Esx.vaw —=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
setl set2 set3 set4 setb set6 set7 set8
AsPh™

Esx.vaw —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

s —68.0 —67.9 —67.5 —68.4 —68.2 —-70.7 —73.2 —-71.3

BPh~

Esx.vaw —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

aFluctuations are about 5 kcal/mol. The WB results are obtained with the polarizable ¥hodel.

ESP 6etd models than with CHELPsgt3 and CHELPG getd
models. Concerning the AspPh--H,0 interactions, agreement
between force field and QM results is less good,Ads is
repulsive with the ab initio calculations (8.6 kcal/mol), as
well as with theset6to set8charges (2.44.8 kcal/mol), but
attractive with the QM derived charges sétlto sets The
largest deviation is again found with the Mulliken charg&g (
ranges from—4.3 to —7.3 kcal/mol). Surprisingly, the best
agreement with both BRh and AsPh" is obtained with the
handmadeset8 model, where the charge is equally spread on
all atoms (Table 2). Whetheset8 also best describes other
solvent configurations is unclear and requires additional inves-
tigations. This is why we consistently compasetlto set8
representations of the ions in the following.

Interaction Energies of AsPhyt and BPh,~ with the
Solvents, as a Function of the Charge DistributionThe total
solute-solvent interaction energigssx and their electrostatic
Esxelec @nd van der Waal&sy vaw COMponents, calculated in
TIP3P water and OPLS chloroform, are reported in Table 3.
The Es energies are model dependent. Howeuer,both
solvents and with all eight models, the anion displays larger
attractions than the cation with the sent

In aqueous solution, the differendeEs, stems mostly from
the differenceAEselec in electrostatic contributions, which
ranges from 39 to 90 kcal/mosétlto set5QM models) and
from 23 to 28 kcal/mol get6 to set8 models). Again, the
Mulliken charges get9 give the largest ion differentiation (90
kcal/mol), due to exaggerated interactions of the anion with
water. The van der Waals;y vqw COMponent is nearly model
independent, and about 2 kcal/mol more attractive for ASPh
than for BPh~. These contributions are nearly the same in the
ions as in the AsPA and BPR° 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/ms#t@
charges) and 46 kcal/mosétlcharges).

In chloroform solution, electrostatic interactions are weaker
than in water, while van der Waals attractions are larger. The
differences irEsx energies of AsPit vs BPh~ are smaller (&

20 kcal/mol) than in water and are again the largest wétb
The anion solvation is (slightly) favored by both electrostatic
and van der Waals compone#ftsn water, theset8model which

best fits the ab initio results of the ietwater dimer yields the
smallest, although still significant, difference in interaction
energies with waterAEsx = 20 kcal/mol), while in chloroform
the corresponding difference is 1 kcal/mol only.

Differences in Free Energies of Solvation of AsPH and
BPh,~ in Water and Chloroform Solutions, as a Function
of the Charge Distribution. The difference in free energies of
solvation between AsRhand BPh~ can be calculated stepwise
asAGt~ = AGT0 4+ AG + AGP-, 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 theAG® energy, which corresponds to
the solvation energy difference between the all-neutral ASPh
and BPR° 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 BPThus, differences
in solvation energies are determined by the changes in free
energies of ion chargingG®" andAG°~. With all models this
process is favorableAG < 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 wateall sets of charges yield the
same conclusion: the BRh anion is better hydrated than
AsPht, by about 26-44 kcal/mol. The three handmade models
yield similarAG™™ 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 thetland
set8charges:AG'~ 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, thAG"~ energies are smaller
than in water and model dependent. No firm conclusion can be
drawn asAG*~ ranges from positive to negative valueis4(2
to —4.5 kcal/mol).AG™~ is positive with the handmade models
and with set3(1.5—-4.2 kcal/mol), while QM derived models
yield either positive or negativAG*™~ values. Using the all-
atom polarizable model of chloroform in conjunction with the
most delocalizedsetd charges yields a better solvation of the
cation AG*~ = 12.3 kcal/mol).
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TABLE 4: Free Energy Results (kcal/mol) in Pure Water and Chloroform Obtained with the RF Corrected Treatment of
Electrostatics

—-AG™ AG® —AG”
Solvent AsPhs" —AsPh,— BPh,” — BPh, AG," AAG”
TIP3P Water set 1 8.0 -0.4 -51.9 -44.3 -
set 2 8.0 0.4 -50.0 424 -
set 3 6.1 0.4 2323 -26.6 -
set4 6.4 0.4 -37.7 317 -
set5 46.1 0.4 710 313 -
set6 12.1 0.4 -34.1 224 -
set 7 20.1 0.4 -42.3 226 -
___________________________________ sl T9.04 287 1 w2 -
WB Water + pol set | 438 -0.4 -37.5 -325 -
set 8 8.8 0.4 -26.6 -18.2 -
OPLS Chloroform set 1 9.3 -0.1 -13.3 -4.1 -40.2
set 2 10.4 0.1 -10.8 0.5 -41.9
set 3 11.1 0.1 6.8 42 -30.8
setd 9.9 0.1 9.6 0.3 -320
sets 10.0 0.1 -14.8 -4.5 26.8
set6 11.2 0.1 8.3 2.6 25.0
set7 12.3 -0.1 -10.7 1.5 -24.1
S st M0 81 35247
5 pts Chloroform + pol | set8 11.6 -0.1 0.8 12.3 -30.5
SCHEME 1 Discussion and Conclusion
AsPh 4+wat._A_G.‘i->ASPh4+chlor MD and FEP simulations on model tetrahedral AsPand
BPh,~ hydrophobic ions, using eight different charge distribu-
AGyatt l l AGehiort tions, show thatsign reversal of the ionic charge leads to
AG.- marked differen(_:es in sgation pro_pertiQS ir_1 pure water and
BPhogywar ——= BPhachlor chloroform solutionsThe largest sign discrimination is found

in water, where BPJT is better hydrated than AsPh This is

With the standard calculations (Table S1), thé®" values found with two water representations: the widely used TIP3P
are too large, while thAG-~ ones are too weak, due to artifacts model and the polarizable WB model. The conclusions obtained
in the treatment of boundari@3Thus, as noticed for spherical ~ with the tetrahedral ions are qualitatively similar to those
solutest? the AG™~ results obtained with the standard cutoff obtained with large hydrophobic spherical oAg#ccording
lead to conclusions opposite those obtained with the RF method.to the simulations, the preferred hydration of the anion stems

Differences in Free Energies of Transfer of AsP" vs from two main features. First, the AsPtand BPRP all-neutral
BPh,~ lons from TIP3P Water to OPLS Chloroform, as a species are “electrostatically preorganized” for anion charging,
Function of the Charge Distribution. The difference in free as the electrostatic potentialat their center is positive (about
energies of transfer of Asghvs BPh~ from water to another 8.0 kcal/mol) with both TIP3P and WB water models and 11
solvent can be, in principle, assessed by computations, using® + RF as well as PME Ewald calculatioffsSecond, the anion
the thermodynamic cycle shown in Scheme 1. According to this displays, with both water models, specific hydration patterns
cycle, thedifferenceAAG; between the free energies of transfer (OH—z interactions). Thus, the effect of charge reversal cannot
AG(" of the cation andAG;~ of the anion can be obtained by be simply assessed by solvent continuum models.

AAG; = AGT — AGy = AGyat'™ — AGghior' ™ . There are many factors that contribute to the solvation
The AGuai™™ and AGehior~ energies have been reported thermodynamics of ions, and the effect of sign inversion is
above in pure solvent phases. unclear?® Discussions on computational aspects can be found

Combining theAGyait~ and AGgnior™ ™ energies leads to a  in refs 31-39. Our conclusion obtained with corrected treatment
difference AG"~ in free energies of transfer. The values of the boundaries is consistent with previous theoretical results.
reported in Table 4 yield the same conclusions with all sets of Using polarizable Langevin dipoles or explicit solvent mol-
charges, with the two water modelthe AsPh* cation is more ecules® Luzhkov and Warshel concluded that BPlis better
easily transferred than BRh from water to chloroformThis hydrated than PRh, due to the differences in charge distribution
is observed with the standard TIP3P and OPLS solvent models,and to “steric factors”. In the case of small spherical ions (e.g.,
as well as with the polarizable WB water and Chang and Dang CI=/“CI*"), RISM-HNC calculations also suggest that cations
chloroform models. Assetl charges on the ions somewhat are less hydrated than anions, due to differences in their
overestimate the anion affinity for water, the corresponding “effective size”$ Hummer et al. also calculated “negative ions
value of AAG; (—40.2 kcal/mol) is likely exaggerated. It to be solvated more strongly, compared to positive ions of equal
remains, however, that the smallest calculated valuanG; size”38 Lynden-Bell and Rasaiah simulated ions in SPC/E water
is still quite large (24.1 kcal/mol). and presented “direct evidence of the asymmetry in the free

Again, using standard treatment of the boundaries instead ofenergy, enthalpy and entropy of hydration of ions on charge
the RF correction yields the inverse conclusion (Table S1). inversion arising from the asymmetry in the charge distribution
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in a water molecule*! Charge inversion also modifies dynamics solutes, or their interactions with hydrophobic species. Explicit
features, as the fictitious"Ication was calculated to be less representation of nonadditivity and polarization effects may be
mobile than the iodide™ anion in water2 crucial in the context of the TATB hypothesis, as shown for
Combining the results obtained in the two solvents leads to ions in chloroform?4® and in watef4951 as well as for
the important conclusion thasPh is more easily transferred  hydrophobic interactions in waté¥>253Classical water models
than BPh~ from water to chloroformThis is trend is the same  hardly account for the dielectric properties of water (see for
as for the spherical'Sand S isosterical analoguéd.For the instance re 54) and may be too polar to depict aqueous
latter, we showed that RF results were nearly identical to those interfaces’® We previously compared the solvation of &nd
obtained with Ewald and different integration schemes (thermo- S~ spheres with Chang’s polarized models of wéftend of
dynamic integration vs windowing FEP). The results are in chloroformt® and came to the same conclusions as with the
contradiction with the TATB assumption, but qualitatively unpolarized one¥ Here, the comparison of the TIP3P with
consistent with electrochemical measurements by Girault et al.,the polarizable WB model, which accounts for the dipole
who found that AsP4t is more easily transferred than BPh moment of the HO in the gas phase and in solution, leads to
from water to 1,2-dichloroethane across the interface (the the same conclusions: two consistently derived models of
corresponding standard Gibbs energies-a@e6 and—8.6 kcal/ AsPh™ and BPh™ are found to interact very differently with a
mol, respectively}3 We notice that, in the latter case, the organic given model of solvent, and the anion is better hydrated than
solvent is different from chloroform and may not be dry. the cation. Whether other solvent models (e.g., recently devel-
The marked difference in calculated hydration patterns of oped TIP5P’ or Guillot models)® lead to identical free energies
the two tetrahedral ions is also consistent with a number of of solvation and of transfer from water to another solvent
experimental results in the solid state and in solution. We remains to be investigated.

analyzed the hydration of Askhand BPh~ in solid-state Another possible source af ion discrimination relates to
structures retrieved from the Cambridge crystallographic struc- the “humidity” of the organic phase. We feel that some care
tural databasé In no case was water bound to AsPhwhile should be taken concerning the interpretation of experiments.

several examples of bridging water, identical to the simulated On the basis of partition coefficients, Osakai et al. concluded
ones, were found for BRh. Structures are reported in ref 44. that no water is extracted with such ions to nitrobenzene, which
In the aqueous solution, spectroscopy studies of the HDO wateris more polar than chloroforf?. However, according to
molecules surrounding Bhand the PP{ analogue of AsPf computer simulatiorfsand to NMF and conductivity measure-
revealed distinct differences in their hydration. They concluded ments on related systerfissuch ions form intimate ion pairs
that the anion interacts more with water than the cation and or aggregates, which should display less affinity for water than
that “the effect of BPir is determined by the anierwater the “naked” ions, transferred in electrochemical experiméhts.
interactions, while the effect of PPhis determined by water Our simulations in pure water, as well as in wet chloroform
water interactions around the catiot¥. solution&? indicate that the naked anion interacts more than
Our results are quite disturbing in the context of the “TATB the naked cation with water. Considering a BBPhH,O
hypothesis”, as we calculate that the ions disptagrked supermolecule in the organic phase thus may contribute to the
differences of sehtion properties, which depend on the sign reduction in the difference in free energies of transfer between
of the ionic charge and on the nature and hydrogen-bonding the anion and the cation, it is not enough, however, to
capabilities of the soelent. compensate for the difference of more than 20 kcal/mol in free

On the computational side, we previously addressed a numberenergies of transfer.
of issues concerning the treatment of boundaries, “long-range  Our study should stimulate further theoretical treatments with
electrostatics”, and the energy representation of the sy$t&ins. a particular focus on polarization and nonadditivity effects, as
The cutoff value of 11 A used here in water may seem small, well as experiments on the effect of the charge of ions and
but is not critical, as using a larger cutoff (15 A) led to nearly properties in solution. The TATB problem represents a chal-
identical AG*~ differences in free energies of solvation of S lenging test for other solvent models. Fundamentally, our results
vs S analogueg? Other simulations in chloroform also gave have bearing on our understanding of the hydrophilic/hydro-
identical values with 15 and 20 A cutoffsThe treatment of phobic character of neutral and large ionic solutes and on their
boundaries is crucial, as standard calculations using a residuebehavior at aqueous interfaces as well as in heterogeneous
based cutoff led to artifacts and conclusions opposite thoseenvironments. One important question concerns the solution
obtained with corrected treatments. Another issue concerns thestate of such hydrophobic ions. As the AsBRh, salt has a
choice of atomic charges on the ions, which stimulated this very low solubility in water (about 16> mol/L),2 AsPh* and
study. Although many other choices of atomic charges can be BPh,~ are generally studied with more hydrophilic counterions,
repeatedly tested (see for instance refs-48), we believe that  whose role remains to be investigated. Another issue relates to
there is no major artifact, as the eight very different sets testedthe surfactant behavior of AsPhand BPh~, revealed by
lead to the same qualitative conclusion concerning the preferredsimulation§63 and experimerft* As surfactants may form in
anion hydration, and to reasonable interactions within the-ion  splution supramolecular assemblies which may range from
water supermolecules. According to the TATB hypothesis, the aggregates to micelles, it remains to be assessed whether the
details of charge distribution should not be so crucial. However, solutions where experimental studies on the TATB assumption
we find energy differences of up to 20 kcal/mol faG*~ in have been carried out can be modeled by pure homogeneous
TIP3P water, as a function of the charge distribution. In WB  splutions as those simulated here.
water, the value oAG™~ is comparable (18.2 kcal/mol with
setd. It seems unlikely that some other choice of charges would
lead to identical solvation energies of the cation and the anion. Acknowledgment. We are grateful to IDRIS and the
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BPh,~ simulated with “long” B-C bonds (As-C distances) displays nearly
identical hydration patterns as with “real” bond distances.
(28) This corresponds to different solvation patterns of the anion,

standard and RF-corrected treatments of electrostatics antompared to the cation. According to the RDFs (Figure S2) all models yield

figures showing the angles around the-/4%h and B-Ph bonds
as a function of time from simulations in water wikt], set4
andset5and AsPl™ and BPl~ ions in chloroform simulated
with different charge distributions. This material is available
free of charge via the Internet at http://pubs.acs.org.
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