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Based on molecular dynamics (MD) and free energy (FEP) simulations, we investigate the e†ect of ]/[ charge on
the solvation properties of large ““ symmetrical ÏÏ ions in water, acetonitrile and chloroform solutions. The nearly
isostructural and tetrahedral ions, which have been assumed to display identical energies of transferAsz4` Bz4~
from water to any solvent (““TATB hypothesis ÏÏ), are found to display marked di†erences in solution. The anion
interacts more than the cation with water, chloroform and acetonitrile, due to short-range electrostatic interactions,
in relation to the solvent granularity and shape of the ion. The importance of charge distribution is demonstrated
by the simulations on four di†erent models of and on Ðctitious and ions, and on neutralAsz4` Bz4~, Bz4` Asz4~

and analogues. The role of ion shape is demonstrated by MD and FEP simulations on isovolumicBz40 Asz40
spherical S` and S~ ions, which also display marked di†erences in solvation properties, but opposite to those of

and In water, S` is much better hydrated than S~, due to clathrate-type hydration around S`, whileAsz4` Bz4~.
in acetonitrile, S` and S~ display similar solvation energies. The question of ion pairing is also examined in the
three solvents. At a liquidÈliquid waterÈchloroform interface represented explicitly, the anion is found to beBz4~
more surface active than A number of methodological issues are addressed in the paper. These results areAsz4`.
important in the context of the TATB hypothesis and for our understanding of solvation of large hydrophobic ions
in pure liquids or in heterogeneous environments like aqueous interfaces.

The precise determination of solvation properties of electro-
lytes represents a problem of utmost importance in physical
chemistry. An inherent difficulty in this problem is our inabil-
ity to measure individual solvation energies of ions,1 corre-
sponding to their transfer from a Ðxed point in the gas phase
to a Ðxed point in solution.2 Experiments provide thermody-
namic solvation functions of salts, which are generally
assumed to be the sum of the cation and anion contributions,
but assignment of individual ion contributions rests on
““extrathermodynamic assumptions ÏÏ, pioneered by Bjerrum
and Larsson in 1927.3 As reviewed by Kim4 and Marcus,5,6
the most widely practiced method is ““based on the assump-
tion that the medium e†ect for a large reference cation can be
equated to that of a reference anion of molecular similarity ÏÏ.
After the introduction of as a reference electrolytePz4`Bz4~by Grunwald et al.,7 other pairs of reference ions were sug-
gested, involving the TAB` quaternary ammonium
(TAB`\ triisoamyl-n-butylammonium8) or TA`
(TA\ tetraphenylarsonium cations and theAsz4` 9) Bz4~anion. It is indeed generally assumed that bulk cations and
anions of the same charge display similar solvation properties
in pure aqueous or in mixed waterÈliquid solvents.7 Accord-
ing to the TATB (TATB\ TetraphenylArsonium
TetraphenylBorate) hypothesis5,10 and the anionAsz4` Bz4~have the same free energy of transfer from water to any solvent
s :

*Gwat?s(Asz4`)\ *Gwat?s(Bz4~)\ 1/2*Gwat?s(Asz4Bz4)

(1)

¤ Non-SI units employed : 1 atm B 101 kPa; 1 a.u.B 2.63] 106 J
mol~1 ; 1 kcalB 4.184 kJ.

Based on this hypothesis, the free energies of transfer of single
anions and single cations from water to all kinds of solvents
(polar/apolar, protic/aprotic, etc. . . .) have been put on the
same scale.5 According to Marcus, this reference electrolyte
concept ““depends on the expectations that the interactions of
its cation and its anion with their solvent environments
should be equal and independent of the sign of the charge, pro-
vided that these ions meet certain criteria. These are that the
ions 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 ÏÏ.10 Free energies of solvation involve soluteÈsolvent
and solventÈsolvent interactions, including entropy and enth-
alpy components, which cannot be assessed from experiment.
However, most of the arguments in favour of the TATB
hypothesis deal with one of these components, that is speciÐc
electrostatic soluteÈsolvent interactions. They are inspired
from the continuum Born model, according to which the
excess free energy of solvation of a sphere of radius r and ionic
charge Q, imbedded in a continuum of dielectric constant e, is

and therefore independent of the sign*GBorn \ (Q2/2r)(1/e [ 1),
of Q. According to other electrostatic models where a spher-
ical ion interacts with a neutral solvent molecule, a charge
reversal of the ion does not change the ionÈdipole interaction
energy, but reverses the sign of the ionÈquadrupole inter-
actions,11 which are generally assumed to be negligeable.4,5
Based on the fact that the cation is somewhat largerAsz4`than the anion, it has been argued, based on the BornBz4~model, that the anion might be better solvated than the cation
(see discussions in refs. 4 and 5). Another aspect and conse-
quence of the TATB hypothesis concerns the interfacial
behaviour of two large ions of opposite charge at a liquidÈ
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liquid interface : if they are solvated in a similar fashion in the
two adjacent liquid phases, they also should display similar
properties at the interface between these two liquids, be they
““alone ÏÏ or in interaction.

Here we report a series of molecular dynamics (MD) simu-
lations in explicit solvents, in relation with the TATB hypoth-
esis. They deal with two series of model ions that are likely to
meet the above criteria (i) to (vi). The Ðrst ions are tetrahedral

and and the second ones are spherical (S` and(Asz4` Bz4~)
S~). For comparison, we also consider their neutral analogues
of tetrahedral and and of spherical (S0) type, where(Asz40 Bz40)all atomic charges have been set to zero. As solvents, we con-
sider water, chloroform and acetonitrile. Water corresponds
to the reference state for free energies of transfer If*Gwat?s .the latter are the same for two ions of opposite charge, the
hydration properties of these two ions should be very similar,
if not identical. Chloroform and acetonitrile are ““ receiving
phases ÏÏ, of the weakly polar and polar aprotic type, respec-
tively.

Two series of analyses are performed. The Ðrst one deals
with the solvation properties of individual species. Structural
features are characterized by the ionÈsolvent radial distribu-
tion functions (RDFs) and typical snapshots extracted from
the MD trajectories. Energy component analysis is also
reported with a particular focus on the electrostatic contribu-
tions of the soluteÈsolvent interactions, and on short-range
(““Ðrst shell ÏÏ)/long-range contributions. Although the corre-
sponding numbers are not physically observable quantities,
they are important for our understanding of di†erences in
solvent interactions when the sign of the ionic charge is
reversed. Beyond single ion behaviour, we also investigate, in
relation with the TATB hypothesis, the question of ion pairing
between the and ions in the three solvents, andAsz4` Bz4~the interfacial behaviour of these ions at a waterÈchloroform
interface represented explicitly. The second series of computa-
tions addresses the di†erences in solvation free energies
between a given cation and the related anion in a given
solvent. These simulations start with the neutral tetrahedral

or spherical S0 species in a given solvent, that isAsz40 , Bz40where the cavitation energy12,13 contribution of the solvation
process is already paid for. Based on statistical perturbation
calculations, we calculate the changes in Gibbs free energy
corresponding to the electrostatic charging processes to the
anion (*G0~) and to the cation (*G0`). According to the
TATB hypothesis, these two quantities, which involve enthal-
pic and entropic components, should be equal and independent
of the solvent. We Ðnd that this is far from being the case. The
calculations also allow to predict di†erences in free energies of
transfer of a given cation/anion from water to a given solvent.
From a computational point-of-view, a number of important
issues are also addressed and four models of andAsz4` Bz4~are compared.

Methods
We used the modiÐed AMBER4.1 software14 with the follow-
ing representation of the potential energy :
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The geometries of the and ions (see Fig. 1) wereAsz4` Bz4~taken from a statistical analysis of 479 and 1073Asz4` Bz4~ions in the Cambridge crystallographic data base. The average
BwC distance (1. 66 is somewhat shorter than the AswCA� )
distance (1.91 The parameters used to calculate U comeA� ).

Table 1 Charge distributions in and See Fig. 1 forAsz4` Bz4~.
atom deÐnitions

Asz4` Bz4~

ESP a set-1 b set-2 b set-3 b ESP a

As/B 0.76 0.5 1.0 0.024 [0.48
C1/C5 [0.12 0.0113 0.0 0.022 [0.29
C2/C4 [0.16 0.0113 0.0 0.022 [0.15
C3 [0.07 0.0114 0.0 0.022 [0.24
C6 [0.12 0.0114 0.0 0.022 0.30
H1/H5 0.15 0.0114 0.0 0.022 0.14
H2/H4 0.18 0.0114 0.0 0.023 0.13
H3 0.15 0.0114 0.0 0.022 0.15

a Charges obtained from a 3-21G basis set. b In these models, the
atomic charges of and are identical but of opposite sign.Asz4` Bz4~

from the AMBER force Ðeld,15 allowing for internal ion Ñex-
ibility and dynamics. The atomic charges used throughout the
whole study were derived from ab initio 3-21G electrostatic
potentials (““ESP charges ÏÏ ; Table 1). Additional tests were
performed with three other electrostatic models (set-1 to set-3 ;
Table 1). In set-1, the charge of the central As/B atom is ]0.5/
[0.5 e and the remaining charge is equally spread over all
other atoms. In set-2, the total ]/[1 charge sits on the
central atom, while all others are neutral. In set-3, the charge
is equally diluted on all atoms, including the central one. In
the neutral analogues and all atoms have a zeroAsz40 Bz40charge. The torsion potentials for the AswC bond ofV

i
Asz4`and the BwC bond of were set to zero. The water, ace-Bz4~tonitrile and chloroform solvents were represented explicitly

with the TIP3P 16, OPLS and OPLS 17 models, respectively.
Other models of chloroform were also tested. In the ““ standard
calculations ÏÏ the non-bonded interactions were calculated
with a residue-based cuto† of 11 in water, 13 in acetoni-A� A�
trile and 15 in chloroform. Other test calculations were per-A�
formed using larger cuto† distances. The solutes were
immersed at the center of cubic boxes of pure solvents or at
the interface between two adjacent boxes of pure chloroform
and water (Fig. 2 and Table 2), represented with periodic
boundary conditions in the three directions.

The MD simulations were performed at 300 K, at P\ 1
atm. All CwH, OwH, HÉ É ÉH, CwCl and ClÉ É ÉCl ““bonds ÏÏ

Fig. 1 DeÐnition of atom labels (left) and atom types (right) used in
both and ions.Asz4` Bz4~

Fig. 2 Representation of an ion pair at a waterÈAsz4`Bz4~chloroform interface.
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Table 2 Simulation conditions in water, chloroform, acetonitrile and at the waterÈchloroform interface

Number of
solvent Time/ Cut o†/

Solute Solvent Box size/A� 3 molecules ps A�

Asz4`, Bz4~ Acetonitrile 35] 36 ] 36 505 200 13
Asz4 , Bz4 a Chloroform 37 ] 38 ] 38 390 200 15
Asz4`, Bz4~ Polar chloro. 37] 38 ] 38 390 200 15
Asz4 , Bz4 a Water 29 ] 30 ] 30 873 200 11
Asz4Bz4 pairb Acetonitrile 48] 37 ] 36 709 600 13

Chloroform 50 ] 39 ] 38 543 600 15
Water 42 ] 30 ] 31 1279 600 11

Asz4`Asz4` pair Chloroform 43] 38 ] 37 450 200 15
Water 38 ] 38 ] 38 1860 200 11

Bz4~Bz4~ pair Chloroform 44 ] 38 ] 38 476 200 15
Water 38 ] 37 ] 37 1723 200 11

Asz4 , Bz4 b Interface 260 chloro 12
waterÈchloro. 962 water322] (34] 28) 1000

Asz4Bz4 pairb Interface 264 chloro 12
waterÈchloro. 1333 water382] (34] 28) 1000

S`, S0, S~ Acetonitrile 36] 36 ] 35 501 200 13
Chloroform 38 ] 38 ] 37 389 200 15
Water 30 ] 30 ] 29 871 200 11

a The same conditions have been used for and neutral species. b The same conditions have been used forAsz4`, Bz4~, Asz4~, Bz4` Asz40 , Bz40and neutral species.Asz4`, Bz4~ Asz40 , Bz40

were constrained with SHAKE, using a timestep of 1 fs. After
1000 steps of energy minimization, 5 ps of MD were Ðrst per-
formed with the solute kept frozen. This was followed by 200
to 1000 ps of free MD (see Table 2).

Free energy calculations

The di†erence in free energies of solvation between states A
and B was calculated using the statistical perturbation FEP
theory and the windowing technique,14 with
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The potential energy was calculated using a linear com-U
obination of charges and parameters of the initial state (k \ 1)

and Ðnal state (k \ 0) : The numberq
o
\ k É q1] (1 [ k) É q0 .

of windows is given in Table 6 and in Section 7. In each
window, 2 ps of equilibration were followed by 3 ps of data
collection and the change of free energy *G was averaged
from the forward and backward cumulated values.

Analysis of results

Average structures, radial distribution functions (RDFs),
soluteÈsolvent and solventÈsolvent interaction ener-(Esx) (Ess)gies and their electrostatic/van der Waals components were
calculated from the trajectories saved every 0.5 ps. For the
simulations at the interface, the position of the interface was
recalculated at each step, and deÐned as the intersection
between the density curves of the water and chloroform
liquids.

Results
The results are presented as follows. In Section 1, we describe
the charge distribution used to model the andAsz4` Bz4~ions. This is followed by the solvation characteristics of these
ions, compared to tetrahedral analogues in water, chloroform
and acetonitrile (Section 2), and by results concerning the
question of ion pairing in solution (Section 3). In Section 4,
the solvation of spherical S` and S~ ions is described in the
three solvents. Section 5 deals with the interfacial properties of

and at the waterÈchloroform interface. The ques-Asz4` Bz4~tion of relative free energies of solvation of andAsz4` Bz4~,
obtained from charging their neutral analogues andAsz40is described in Section 6. These results are contrastedBz40 ,
with those corresponding to the electrostatic charging of a
neutral sphere S0 to S` and to S~. We Ðnally consider the
question of di†erences in free energies of transfer from water
to the organic solvents (Section 7).

1 Charge distribution in the and ionsAs/
4
‘ B/

4
—

In principle, in the context of the TATB hypothesis, the
precise charge distribution should be of little importance, pro-
vided that the ions have ““a similar and inert periphery ÏÏ.
There is no unique atomic charge distribution for a given
molecular solute, as the atomic charges have no physical
meaning and depend on the method of derivation. There is
also no Ðrm criteria to provide a balanced description of Ðrst
row (B, C, H)/third row (As) atoms. Our choice was to Ðt ESP
potentials, following a methodology widely used for polar
solutes,18 using a 3-21G basis Ðtted consistently for the As, B,
C and H atoms. Table 1 shows that the central atom bears
most of the total charge (As`0.76 ; B~0.48), while the remaining
charge is spread on the aromatic groups. In both ions, the
aromatic CwH bonds display a clear Cd~Hd` polarity, where
the protons are positively charged. Thus, the charges in Asz4`and are not simply reversed. It can be noticed that theBz4~HOMO is of negative energy ([0.17 a.u.), that is, the anion is
correctly described by a bound state. In addition, with these
ESP charges, the and ions have a similarAsz4` Bz4~Cd~Hd` periphery. All simulations on and wereAsz4` Bz4~performed with this set of charges. In addition, three other
models (set-1 to set-3) were tested for the free energy calcu-
lations.

2 The and ions and their (hypothetical)As/
4
‘ B/

4
—

tetrahedral analogues and in pure(B/
4
‘, As/

4
—, As/

4
0 B/

4
0)

water, chloroform and acetonitrile solutions

In solution, the and ions are not rigid, butAsz4` Bz4~undergo coupled rotations of the their phenyl rings (““gearing
e†ect ÏÏ) that lead to the average time equivalence of all ortho
and meta protons, in agreement with NMR data. The two
ions display very di†erent interaction energies with water,Esxwith acetonitrile, as well as with chloroform (Table 3). The
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Table 3 The and ions and their analogues simulated in pure water, chloroform and acetonitrile liquids. Average soluteÈsolventAsz4` Bz4~ Esxand solventÈsolvent interaction energies (kcal mol~1) calculated between 50È200 psEss
Solute Asz4` Bz4~ Asz40 Bz40 Asz4~ Bz4` Asz4` e Bz4~ f

Water
Esx totala [85 [121 [33 [32 [79 [115 [84 [118
Esx eleca [53 [93 0 0 [49 [83 [53 [88
Ess totalb [6934 [6886 [7023 [6939 [6899 [6906 [6936 [6910
Ess elecb [8131 [8074 [8250 [8133 [8097 [8097 [8130 [8106

Chloroform
Esx totala [65 [87 [46 [45 [76 [65 ]62 [97
Esx eleca [15 [38 0 0 [28 [18 [16 [38
Ess totalc [1979 [1977 [1997 [1979 [1985 [1972 [1981 [1985
Ess eleca [49 [45 [53 [51 [47 [47 [48 [47

Acetonitrile
Esx totala [94 [101 [47 [45 È È È È
Esx eleca [46 [58 0 0 È È È È
Ess totald [2557 [2555 [2595 [2578 È È È È
Ess elecc [950 [947 [976 [970 È È È È

ahd Fluctuations are about (a) 80, (b) 30, (c) 20, (d) 6È7 kcal mol~1. e Calculations performed on with an AswC distance of 1.66 insteadAsz4` A� ,
of 1.91 f Calculations performed on with a BwC distace of 1.91 instead of 1.66A� . Bz4~ A� , A� .

anion interacts more than the cation with the three solvents
7, and 22 kcal mol~1, respectively), mostly due to(*Esx \ 36,

the di†erences in the electrostatic components (*Esx elec\ 40,
12 and 23 kcal mol~1, respectively). We notice that the latter
do not follow the order of solvent polarities
(water[ acetonitrile[ chloroform). Some speciÐc solvation
features are analyzed below, with a particular focus on Ðrst-
shell solvent molecules, which clearly determine the observed
trends.

We Ðrst consider the aqueous solution. Table 3 shows that
the better hydration of is not due to the somewhatBz4~smaller size of the anion. Indeed, a lengthening of the BwC
bond from 1.66 to 1.91 decreases the interaction ofA� Bz4~with water by 3 kcal mol~1, while a shortening the AswC
bond of to 1.66 decreases this interaction by 1 kcalAsz4` A�
mol~1 only. As a result, the ““ stretchedÏÏ anion stillBz4~interacts much more with water than the ““ shortenedÏÏ Asz4`cation kcal mol~1), again due to electrostatics.(*Esx \ 34

The radial distribution functions (RDFs) and snapshots in
water (Fig. 3) provide a structural basis for the better hydra-
tion of The Ðrst-shell water molecules of displayBz4~. Asz4`similar average and distances, as theirHwÉ É ÉAs OwÉ É ÉAs

Fig. 3 The (top) and (bottom) ions in water. TypicalBz4~ Asz4`snapshots and RDFs around the central atom (B or As) of (dottedOwline) and (full line).Hw

OwH dipoles point to the centre of the carbon rings, forming
OwHÉ É Ép interactions. Thus, these water molecules do not
display an optimal orientation with respect to Asd`. Such an
orientation would disrupt the OwHÉ É Ép ““bonds ÏÏ. The Ðrst
hydration shell of is quite di†erent, as some water mol-Bz4~ecules can achieve both OwHÉ É Ép interactions with the
phenyl rings and charge/dipole interactions with Bd~. As a
result, their water protons are closer to Bd~ than theHw Owatoms (Fig. 3). Some water molecules achieve bridging
pÉ É ÉHOHÉ É Ép interactions over two phenyl rings, while others
achieve one OHÉ É Ép interaction only (Fig. 3). Within 4.0 A�
from the central atom, there are 3.9 and 0.2 aroundHw Owwhereas there are no water atoms around AnBz4~, Asz4`.
energy component analysis, taking into account only those
water molecules that are within 7 from the central atomA�
(Table 4) conÐrms their larger interactions with com-Bz4~,
pared to (by about 41 ^ 7 kcal mol~1). Both ionsAsz4`display a peak in the RDFs at about 5 which corre-Ow A� ,
sponds to the hydration of the ““core ÏÏ, and another broad
peak at 7.5È8.0 corresponding to the hydration of periph-A� ,
erical protons.CwH

paraThis analysis makes clear that the sign of the ionic charge
and the precise charge distribution in the ions determine their
hydration properties. This conclusion is conÐrmed by the cal-
culations on the hypothetical and ions, where allAsz4~ Bz4`atomic ESP charges have been reversed (Table 3). Now, Bz4`becomes better hydrated than kcal mol~1),Asz4~ (*Esx \ 35
again due to the electrostatic component. The hydration
schemes around are also quite di†erent fromBz4`and Asz4~the ones around the corresponding (real) andAsz4` Bz4~ions.

Although chloroform is less polar than water, it also dis-
plays speciÐc interactions with the ions. The Ðrst-shell CHCl3molecules interact more strongly than the remaining ones by
26 ^ 4 kcal mol~1 (Table 4) because of their di†erent orienta-
tions. Around they point their CwH ““protonÏÏ towardBz4~,
the Bd~ atom in a arrangement leading to secondaryC3v-type
interactions between the Cl atoms of and CwH aro-CHCl3matic protons (Fig. 4). As a result, the Ðrst peak isBÉ É ÉCchlorfound at a shorter distance than the peak. AroundBÉ É ÉClchlorthe orientation of molecules is inverted : the ClAsz4`, CHCl3atoms are closer to As than the H atoms, and the CwH
dipole points outwards, as expected from the Asd`ÈCHCl3chargeÈdipole interactions. This does not lead, however, to
attractive interactions with the aromatic rings and, as a result,

interacts less than with chloroform.19Asz4` Bz4~
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Table 4 The and ions in pure water, chloroform, polar chloroform and acetonitrile liquids. Shell analysis of soluteÈsolventAsz4` Bz4~interaction energies (kcal mol~1) performed between 50È200 ps. Group 1 : First-shell solvent molecules [i.e., which have any atom within 7 (inA�
water and acetonitrile) or 8 (in chloroform) from the central As or B atom]. Group 2 : All other solvent molecules within the cuto† distanceaA�

Asz4` Bz4~

Polar Polar
Water Chloro. chloro. Aceton. Water Chloro. chloro. Aceton.

Esx1 elec [22 [5 [7 [15 [70 [26 [27 [32
Esx1 total [39 [34 [35 [40 [84 [60 [51 [53
Esx2 elec [31 [11 [15 [30 [25 [13 [27 [26
Esx2 total [46 [29 [34 [54 [39 [28 [51 [48
Esx elec [53 [16 [22 [46 [95 [39 [54 [58
Esx total [85 [63 [69 [94 [123 [88 [102 [101

a Fluctuations are about 3È7 kcal mol~1.

In acetonitrile, the di†erence between the ionÈsolvent inter-
action energies is smaller than in chloroform (*Esx\ 7 ^ 7
kcal mol~1). The acetonitrile molecules do not display any
marked orientation preferences around the cation compared
to the anion. The RDFs and typical snapshots (Fig. 5) show
that, around a given ion, the two opposite orientations of the

Fig. 4 The (top) and (bottom) ions in chloroform.Bz4~ Asz4`Typical snapshots and RDFs around the central atom (B or As) of
(dotted line) and (full line).Clchlor Cchlor

Fig. 5 The (top) and (bottom) ions in acetonitrile.Bz4~ Asz4`Typical snapshots and RDFs around the central atom (B or As) and
(dotted line) of (full line).Nacet Meacet

MeCN dipoles with respect to the central atom are simulta-
neously present.

Generally speaking, when ionÈsolvent electrostatic attrac-
tions increase, the solventÈsolvent interactions become lessEssattractive, as the orientation of the Ðrst-shell solvent molecules
with respect to the solute prevents optimal solventÈsolvent
interactions (Table 3). For instance, the larger interactions of
water with compared to kcalBz4~, Asz4` (*Esx\ 36 ^ 6
mol~1) are partly compensated by the change in waterÈwater
interactions kcal mol~1). Thus, relative sol-(*Ess\ [48 ^ 80
vation energies cannot be obtained solely from the inter-Esxaction energies. In addition, the statistical Ñuctuations on Essare quite large. Free energy calculations are required to more
quantitatively account for the di†erences in thermodynamic
aspects of the solvation (see Sections 6 and 7).

3 The ion pair and its analogue in pureAs/
4
‘B/

4
— As/

4
0B/

4
0

water, chloroform and acetonitrile solutions

As in real transfer experiments the cations and anions are
simultaneously present in solution, it is important to test the
status of the ion pair as a function of the solvent.Asz4`Bz4~The TATB hypothesis implicitly assumes that the solvation
properties of the salt can be described by those of the individ-
ual ions, which have therefore no direct contact. In this
section, we report on MD simulations performed for 600 ps,
starting from an intimate ion pair in water, chloroform and
acetonitrile solutions, which show that the ion pair remains
intimate in the three solvents (Fig. 6) : the AsÉ É ÉB distance
oscillates between 6.5 and 9.0 along the simulations. BothA�
ions rotate and display interionic electrostatic attractions,
exchanging dynamically between pÈp stacking (dipoleÈdipole)
and/or CwHÉ É Ép (quadrupoleÈquadrupole) interactions
between their phenyl rings. In water, additional stabilization
comes from ““hydrophobic forces ÏÏ, as pointed out by simula-
tions of the pair of the uncharged analogues (Fig. 6).Asz40Bz40This pair remains intimate in water, at nearly the same AsÉ É ÉB
distance as in the charged pair (6.5 but dissociates rapidlyA� ),
in chloroform and acetonitrile solutions. We thus conclude
that the solvation of a given or ion may dependAsz4` Bz4~on its counter ion.

As it has been suggested that p-delocalized cations might
display mutual attractions in solution20,21 or in the solid
state,22,23 we also investigated the andAsz4`Asz4`like ion pairs. They were found to dissociate in theBz4~Bz4~three solvents (Fig. 7).

4 Solvation of the spherical S‘, S— and S0 species in water,
chloroform and in acetonitrile solutions

The importance of the positive/negative charge of the solute is
further demonstrated by MD simulations performed on a
large sphere in its neutral (S0) and charged states (S` and S~).
These solutes are represented by van der Waals parameters
R* \ 5.5 (close to the average radius of gyration of theA�
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Fig. 6 The ion pair and its analogue FromAsz4`Bz4~ Asz40Bz40 .
top to bottom: simulations in water, in chloroform and in acetonitrile.
AsÉ É ÉB distance as a function of time (ps). Bottom: snapshots of the
ion pair in water at a AsÉ É ÉB separation of 7.4 (at 460 ps) and of 9A�

(at 370 ps).A�

Fig. 7 The and ion pairs in water (top) andBz4~Bz4~ Asz4`Asz4`in chloroform (bottom). BÉ É ÉB and AsÉ É ÉAs distances as a function of
time.

Fig. 8 Spherical S`, S0 and S~ species in water : (dotted line) andOw(full line) RDFs around the centre of S.Hw

and ions), and e \ 0.1 kcal mol~1 (close to the eAsz4` Bz4~value of interacting solvent atoms). They meet the above men-
tioned criteria (i) to (vi) for the TATB hypothesis, but display
marked di†erences in solvation properties, especially in water.

In water, the S` cation is found to be better hydrated than
the S~ anion (Table 5) because of two cooperative features :
S` interacts more than S~ with water kcal(*Esx \ 13 ^ 4
mol~1), and the waterÈwater interactions are more attractive
around S` than around S~ kcal mol~1, again(*Ess\ 13 ^ 30
mostly due to electrostatics). This large e†ect is related to the
di†erent orientations of water dipoles around the spheres. The
RDFs show that solvation around S` or S0 is of the
““hydrophobic type ÏÏ, where the OwH bonds are more or less
tangential to the solute (Fig. 8) : the and RDFsSÉ É ÉOw SÉ É ÉHware similar below 7 As the charge is twice theA� . Ow Hwcharge, this structure clearly favours interactions with a posi-
tively charged solute, as observed in clathrate-type structures
of water around quaternary ammonium ions.24h28 This con-
trasts with the hydration of S~, where some of the makeHws
closer contacts with S~ than do the atoms. AdditionalOwanalysis of the Ðrst solvation shells of S0, S` and S~ conÐrms
the di†erent orientations of water dipoles, as sketched in Fig.
9. The average SOd angle is about 110¡ in S`, 90¡ in S0 and
60¡ in S~. As a result, the Ðrst-shell water molecules display
hydrogen bonding attractions around S` and repulsions
around S~. We also notice that hydration of S0 is similar to
that of S`, but di†ers from that of S~. This analysis makes
clear why S` is better hydrated than S~, in contrast to Asz4`,
which interacts less with water than Bz4~.

In chloroform, the trends are reversed compared to water :
S` interacts less than S~ with the solvent kcal(*Esx\ 10
mol~1), due to the electrostatic component (Table 5).

In acetonitrile solution, there is no marked di†erence
between the interaction energies of S` vs. S~ and theEsxsolvent kcal mol~1) nor between the solventÈ(*Esx\ 4 ^ 5
solvent energies, which are nearly identical (Table 5). TheEssRDFs do not reveal any clear structure of acetonitrile around
S0, S` or S~. Thus, again, the role of positive/negative ionic
charge markedly depends on the nature of the solvent. Dis-
crimination between the model spherical S` and S~ species,
which meet the criteria for the reference electrolyte hypothesis,
is largest in water.

5 The and ions and their analogues at theAs/
4
‘ B/

4
—

water–chloroform interface

The simulations of the isolated ions, as well as of the Asz4`-
ion pairs, initially set at a waterÈchloroform interface,Bz4~

Table 5 Spherical S0, S` and S~ species in water, chloroform and acetonitrile solutions. Average soluteÈsolvent and solventÈsolute(Esx) (Ess)interaction energies (kcal mol~1) calculated between 50È200 ps

Water Chloroform Acetonitrile

S0 S` S~ S0 S` S~ S0 S` S~

Esx eleca 0 [51 [39 0 [9 [20 0 [37 [33
Esx totala [6 [55 [42 [8 [17 [27 [6 [40 [36
Ess elecb [8098 [8061 [8037 [44 [43 [40 [948 [932 [933
Ess totalb [6911 [6882 [6869 [1248 [1240 [1240 [2478 [2464 [2465

a,b Fluctuations are around (a) 5 and (b) 30 kcal mol~1.

386 New J. Chem., 1999, 23, 381È391



Fig. 9 Spherical S`, S0 and S~ in water. Angle SOd with the Ðrst-
shell molecules as a function of time. The selected water molecules
have their atom within 6 (for S` and S~) or 8 (for S0) fromOw A� A�
the centre of the sphere.

also reveal that the two ions interact di†erently with the two
solvents. This is illustrated by the distances between the As
and B atoms and the interface during the simulations and the
snapshots of the Ðnal positions (Fig. 10).

Both ions, whose central atom is initially right at the inter-
face, rapidly move to the chloroform phase (Fig. 10). Despite
their charge, they do not migrate into water because of the
higher cavitation energy (energy cost for creating a cavity13)
of water, compared to chloroform, in relation with the di†er-
ences of their surface tensions (72 and 27 mN m~1,
respectively).29 oscillates a few Angstro� ms apart fromBz4~the interface, while moves deeper into chloroform (upAsz4`to 6 As a result, the anion is more attracted by water thanA� ).
the cation (by about 50 ^ 6 kcal mol~1 during the last 500
ps), while the di†erence in interaction energies with chloro-
form is less (8 ^ 6 kcal mol~1).

The importance of electrostatic forces on the interfacial
behaviour is demonstrated by simulations on the neutral ana-
logues and which both migrate into chloroform (atAsz40 Bz40 ,

Fig. 10 Snapshots of the and ions (top), of theirAsz4` Bz4~ Asz40and neutral analogues (middle) and the pairBz40 Asz4`Bz4~(bottom) at the waterÈchloroform interface after 1 ns. Right : distances
between the interface and the B (dotted line) or As (full line) atoms as
a function of time (ns). Bottom centre : AsÉ É ÉB distance as a function
of time (ns).

about 8 after 400 ps), without retaining any contact with theA�
water phase (Fig. 10).

When the pair is simulated at the interface,Asz4`Bz4~starting with an ionic separation of about 11 the two ionsA� ,
collapse to form an intimate ion pair, although less tight than
in pure water (the BÉ É ÉAs distance ranges from 6.5 to 8 AsA� ).
a result, both ions remain close to the interface, but sitsAsz4`somewhat deeper than in chloroform (Fig. 10). Thus, theBz4~anion is more surface active than the cation. Concerning the
S` and S~ ions, the interfacial behaviour is expected to be
opposite that of the tetrahedral ions, as the S` cation interacts
better with water than S~.

6 Di†erences in free energies of solvation of tetrahedral
and of spherical S‘/S— species in water,As/

4
‘/B/

4
—

chloroform and acetonitrile solutions

In this section, we address the question of relative free energies
of solvation by FEP computations where the cation is
mutated stepwise into the anion (or vice versa), via an
““alchemical route ÏÏ.30,31 In the case of the tetrahedral ions, we
decomposed the to mutation via the non-Asz4` Bz4~physical intermediate neutral states :

Asz4`] Asz40 (step 1 : *Gs`0\ [*Gs0`)

Asz40] Bz40 (step 2 : *Gs00)

Bz40] Bz4~ (step 3 : *Gs0~)

In a given solvent s, *Gs`~\ *Gs`0] *Gs00 ]*Gs0~.
According to the TATB hypothesis, should be zero in*Gs`~
any solvent. Table 6 shows that this is not the case, whatever
the model of ions and the simulation conditions are. We Ðrst
notice (Table 6) that the contribution is negative, as*Gs00expected from the Born or cavitation models,12,13,32 but quite
small and negligible (from [0.1 to [0.5 kcal mol~1), com-
pared to the two other terms. Thus, the di†erence in solvation
free energies mostly results from the and contri-*Gs0~ *Gs0`butions, which are negative and di†erent from each other. In
the following, we consider the values obtained with the largest
cuto† distances. However, the observed trends are indepen-
dent of the cuto† (Table 6).

Among the tetrahedral ions, is better solvated thanBz4~as *G0~ is more negative than *G0` in water ([41Asz4`and [31 kcal mol~1, respectively), in chloroform ([22 and
[8 kcal mol~1, respectively) and acetonitrile ([27 and [23
kcal mol~1, respectively).

In the case of isovolumic spherical ions, the contribu-*Gs00tion is zero. These ions behave opposite to the tetrahedral
ones, and display nonzero values of *G`~ that are spectacu-
larly solvent dependent. This value is largest and positive in
water (15.9 kcal mol~1), negative in chloroform ([4.8 kcal
mol~1), and nearly zero in acetonitrile. Indeed, in water,
charging S0 to S` is far more favourable (more than(*Gwat0`)
twice) than charging S0 to S~ As pointed out in(*Gwat0~).33
Section 4, this stems from the fact that the water structure
around S0 is ““preorganizedÏÏ for complexing a S` species, as it
creates a negative potential ([9.5^ 2 kcal mol~1) at the
centre of the sphere. In addition, charging S0 to S` can be
performed without markedly disrupting the water structure,
while charging S0 to S~ involves the rupture of Ðrst-shell
hydrogen-bond networks, and inversion of water dipoles. We
notice that the potential created by the water molecules
around the neutral and species is also negativeBz40 Asz40([9.5^ 0.5 kcal mol~1), and thus should favour charging to

compared to Thus, the fact that is betterAsz4` Bz4~. Bz4~hydrated than is due to speciÐc interactions of waterAsz4`with the anion as described above, rather than to a
““preorganizationÏÏ of water around or The aboveBz40 Asz40 .
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Table 6 Summary of consistent calculations of *Gs (kcal mol~1) and di†erences in free energies of solvation of and S`/S~*Gs`~ Asz4`/Bz4~in a given solvent s. The di†erences between forward and backward calculated *Gs are about 0.2 kcal mol~1. Mutations were achieved in 21
windows in water and acetonitrile, and in 51 windows in chloroform. Unless otherwise speciÐed, all values for are obtained with theAsz4`/Bz4~ESP charges

Solvent Cuto†/A� [*Gs0` **Gta*Gs00 [*Gs0~ *Gs`~

Tetrahedral species Asz4` ] Asz40 ] Bz40 ] Bz4~ Asz4` ] Bz4~

Water 11 31.5 [0.4 [41.1 [10.0 È
11/15 29.7 [0.4 [37.8 [8.5 È
11b 37.1 [0.4 [20.4 16.3d È
11c 44.4 [0.4 [30.3 13.7e È
11d 33.2 [0.4 [17.0 15.8f È

Chloroform 15e 7.6 [0.1 [22.1 [14.6 4.6
15f 7.2 [0.1 [20.3 [13.2 3.2
15b 9.1 [0.1 [17.4 [8.4d 24.7
15d 9.1 [0.1 [17.3 [8.3f 24.1

Acetonitrile 13 23.0 [0.4 [27.0 [4.4 [5.6

Spherical species S` ] S0 ] S~ S` ] S~

Water 11 30.7 [13.5 17.2 È
11/15 28.1 [12.2 15.9 È

Chloroform 15 7.2 [12.0 [4.8 22.0
Acetonitrile 13 19.5 [18.8 0.7 16.5

is the di†erence in free energies of transfer of the cation and the anion, computed consistently (see text). bhd The chargesa **Gt\*Gt`[*Gt~used for and are (b) set-1, (c) set-2 or (d) set-3 deÐned in Table 2. e OPLS model of chloroform. f All atom model of chloroform,Asz4` Bz4~from ref. 53.

analysis makes clear why ““water cages ÏÏ (clathrates) are gener-
ally found around large cations,24h28 but never, to our know-
ledge, around large anions. This can also be considered as an
indirect proof of the importance of sign reversal in ions.

In chloroform, the S` and S~ spherical ions are not equally
solvated, but the trend is inversed, compared to water : the
anion is better solvated than the cation by about 5 kcal mol~1

kcal mol~1 and kcal(*Gchlor0~ \ [12.0 *Gchlor0` \ [7.2
mol~1). In acetonitrile, both S0 to S~ and S0 to S` mutations
lead to identical energy changes (*Gacet0`\ *Gacet0~ \ [19

kcal mol~1), indicating that the solvation of these two^ 0.5
ions is similar. This is fully consistent with the lack of signiÐ-
cant di†erences in interaction energies reported above.EsxThus, a charge reversal from S` to S~ has minor energetic
e†ects in acetonitrile. Comparison of tetrahedral vs. spher-
ical species shows that the di†erence in solvation energies of a
large cation vs. an isostructural anion depends markedly
on the solvent. E†ects are largest in water and smallest in ace-
tonitrile. They thus do not simply follow the solvent polarity.
These conclusions are strengthened by a number of computa-
tional tests, related to the treatment of long-range electrostatic
interactions and to the sampling problem.34

For the tetrahedral species, the *Gs depend, as stressed
above, on the precise charge distributions. This is Ðrst demon-
strated by charging to and toBz40 Bz4` Asz40 Asz4~(““ inversed analogues ÏÏ with ESP charges). The corresponding
*Gs ([47 and [18 kcal mol~1, respectively in water ; [11
and [17 kcal mol~1 in chloroform) di†er markedly from the
values obtained for the ““ real ions ÏÏ. However, they lead to

kcal mol~1, that is, again to a marked cation/*Gwat`~\ 30
anion discrimination by the solvent. The second series of tests
deals with the ““hand-madeÏÏ electrostatic models where the
atomic charges of two ions are identical, but reversed (set-1 to
set-3, deÐned in Table 2). In water, all three lead to a marked
preference for cation hydration ranges from 13.7 to(*Gwat`~
16.3 kcal mol~1 ; see Table 6). This can be explained by the
negative potential created by water at the centre of the Asz40and species and by the absence of speciÐc solvation pat-Bz40terns with these models. The important result is that in water,

is far from being close to zero with any of these*Gwat`~
models. In chloroform, where only set-1 and set-3 models were
compared, remains di†erent from zero and negative*Gchlor`~

(about [8 kcal mol~1) ; is better solvated thanBz4~ Asz4`,
as with the ESP model.

7 Di†erences in free energies of transfer of individual ions
from water to the organic liquids

Now comes the question to more quantitatively assess the dif-
ferences in free energies of transfer from water to chloro-**Gtform for two ions of opposite charge. As illustrated in Scheme
1 for the pair, AccordingAsz4`/Bz4~ **Gt \ *Gt`[ *Gt~.
to this thermodynamic cycle, **Gt\ *Gwat`~[ *Gchlor`~.
Similarly, for the transfer to acetonitrile, **Gt\ *Gwat`~

(\ 0 according to the ““TATB hypothesis ÏÏ). In[ *Gaceto`~
doing so, we assume that the organic phase is dry, which may
not be the case as some hydrogen-bonded water molecules
may follow the ion into the organic phase (““water dragging
e†ect ÏÏ).35,36

For the tetrahedral ions, the results obtained with di†erent
conditions (Table 6) conÐrm that is larger than*Gwat`~

implying that is less easily transferred than*Gchlor`~, Asz4`from water to chloroform. With the 15 cuto†, theBz4~ A�
calculated is quite large (]6 kcal mol~1). The same**Gtconclusion is obtained with the ESP charges as well as with
the charges of set-1 or set-3. It is conÐrmed using two other
models of chloroform.37 It seems quite paradoxical, if one
considers that the anion interacts better than the cation with
water, and seems therefore more ““hydrophilic ÏÏ.

For the transfer of to acetonitrile, the trend isAsz4`/Bz4~opposite to the one in chloroform: is*Gwat`~[ *Gaceto`~
negative (from [4.1 to [5.6 kcal mol~1, depending on the
simulation conditions), which means that the transfer of

to acetonitrile is preferred.Asz4`Concerning the spherical ions S` and S~, which best Ðt the
““TATB hypothesis ÏÏ we calculate again a marked di†erence in

Scheme 1
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transfer properties : S~ is more easily transferred to acetoni-
trile ranges from 15 to 17 kcal mol~1),(*Gwat`~[*Gaceto`~
as well as to chloroform kcal(*Gwat`~[ *Gchlor`~\ 20.6
mol~1) than S`. We notice that these numbers are quite large,
due mostly to the the better hydration of S`, compared to S~.

Discussion and conclusion

MD and FEP simulations on and ions and ana-Asz4` Bz4~logues show that sign reversal of the ionic charge leads to
marked di†erences in solvation properties in pure water, ace-
tonitrile, chloroform solutions and at the waterÈchloroform
interface. It appears clearly that, although both tetrahedral
ions are similar in size and shape, interacts less thanAsz4`with all solvents. The e†ect of ion size is nearly neg-Bz4~ligeable. In the case of the model large spherical S`/S~ ions of
identical size, which best Ðt the criteria for the TATB hypoth-
esis, marked di†erences are also found in solvation properties
and the discrimination is largest in water, where S` is better
hydrated than S~. E†ects of charge reversal are mostly ascrib-
able to short-range speciÐc interactions, determined by the
sign of the ionic charge, the shape of the ““ large ionÏÏ and the
nature of the solvent.

The e†ect of charge reversal cannot be therefore simply
assessed by solvent continuum models. Our analysis points
out the role of solvent granularity of speciÐc interactions in
the Ðrst solvation shells. In the case of recent spectros-Bz4~,
copy studies of the HDO water molecules surrounding Bz4~and the analogue of in aqueous solution havePz4` Asz4`been reported.38 They revealed distinct di†erences in their
hydration and concluded that the anion interacts more with
water than the cation and that ““ the e†ect of is deter-Bz4~mined by the anionÈwater interactions, while the e†ect of

is determined by waterÈwater interactions around thePz4`cationÏÏ.38 This is consistent with our results. Based on the
environment analysis of in solid state structures,Bz4~Marcus quoted that ““ the energetic e†ect of hydrogen bonding
between the uncharged water solvent molecules and this anion
should not be signiÐcant ÏÏ.10 This is not supported by these
results. We performed a systematic search of water around the

and ions in the Cambridge crystallographic dataBz4~ Asz4`base. It is remarkable that the hydration patterns we calculate
around are identical to those found in several X-rayBz4~structures39,40 in which the HOH molecules display bridging
pÉ É ÉHwOwHÉ É Ép interactions as depicted in Fig. 3. Such
patterns are consistent with the IR spectrococopic results of
ref. 38. They contrast with the lack of speciÐc interactions
between and water in the solid state.Asz4`There are many factors that contribute to the solvation
thermodynamics of ions (see discussions in refs. 10, 41 and 42
for experimental aspects and in refs. 43È47 for computational
aspects). The e†ect of the sign of the charge is not clear.
Luzhkov and Warshel compared the hydration energies of the

and ions, using two microscopic models, wherePz4` Bz4~the solvent is represented either by polarizable Langevin
dipoles or by explicit solvent molecules interacting with the
solutes.48 They concluded that is better hydrated thanBz4~due to the di†erences in charge distribution and toPz4`,
““ steric factors ÏÏ. This is fully consistent with our results. In the
case of small spherical ions (e.g., Cl~/““Cl` ÏÏ), RISM-HNC cal-
culations suggest that cations are less hydrated than the
anions, due to di†erences in their ““e†ective size ÏÏ. Other simu-
lations of these Cl~/““Cl` ÏÏ species at a waterÈdichloroethane
interface suggest that Cl~ can approach closer to the interface
than ““Cl` ÏÏ and is therefore somewhat less surface active.49
The surface activity is generally related to the amphiphilic
character of the solute and it is not clear whether Cl~ would
be more ““hydrophilic ÏÏ than ““Cl` ÏÏ. Our calculations suggest
that is more surface active than which is inBz4~ Asz4`,

agreement with related experiments,50 while S` would more
surface active than S~.

According to the TATB hypothesis, the andAsz4` Bz4~ions, or (better) the (hypothetical) S` and S~ ions, should
display the same energies of transfer from water to any other
solvent. This is not found in our simulations. With none of the
models are the free energies of solvation identical. There is no
simple relationship between solvent polarity and di†erences in
solvation energies. Based on electrochemical measurements
across the waterÈ1,2-dichloroethane interface, it was found
that is more easily transferred than (the corre-Asz4` Bz4~sponding standard Gibbs energies are [9.6 and [8.6 kcal
mol~1, respectively).51 However, these data may not strictly
relate to our calculations, as the organic phase is di†erent, and
likely not dry. The e†ect of counter ion, not addressed in our
FEP studies, also requires further investigations, as the nature
of the and of ion pairs may depend on theX~Asz4` Y`Bz4~nature of the X~ and Y` counter ions as well as on the
solvent, as suggested by our computations on the Asz4`Bz4~pair. It is worth pointing out that the very low solubility of

in water (about 10~8.5 mol l~1) has been determinedAsz4Bz4experimentally by c irradiation,4 which gives no indication of
the status of the ion pair (intimate/dissociated). Our simula-
tions deal with a concentration of about 5 ] 10~2 mol l~1,
that is, to supersaturated conditions. There might thus be
some concentration e†ects on the solvation properties of the
cation vs. the anion. On the other hand, our results point
out the importance of solvent interactions in the Ðrst shells,
which should be less dependent on the concentration, if the
ions are dissociated.

Concerning the computations, a quantitative assessment of
solvation features and thermodynamic properties certainly
requires that the energy representation of the system (ions and
solvents) and an ““adequate ÏÏ treatment of electrostatic and
internal interactions52 (especially with an explicit representa-
tion of non-additivity and polarization e†ects53,54) be tested.
In the case of the spherical S` and S~ model species, there is
no problem of charge distribution in the solute, whose periph-
ery is ““ inert ÏÏ. However, quite large di†erences in solvation
properties are found, especially in water, leading to marked
di†erences in free energies of transfer to chloroform or to ace-
tonitrile. In the case of and ions, the electrostaticBz4~ Asz4`representation is not unique. Even in well-documented exam-
ples of small molecules involving C, H, O, N atoms only there
is no a priori ““best choice of charges ÏÏ. The latter are tested on
experimental quantities, including free energies of solvation,55
which are not available from experiment for the individual

and ions. The charges chosen in this study wereBz4~ Asz4`derived consistently from ESP calculations, but other sets may
be derived and repeatedly tested in various solutions. We
notice that three other sets of charges (and particularly set-2,
which models the periphery of ions as perfectly ““ inert ÏÏ) lead
qualitatively to the same conclusions concerning the impor-
tance of sign reversal on di†erences in free energies of solva-
tion of large symmetrical ions. Other critical parameters for
this study are those of the solvents, which were derived from
pure liquid phase properties, and may not be accurate enough
to describe their mutual competition with the solutes properly.
It remains that the two models of tetrahedral or two spherical
ions interact very di†erently with a given model of solvent.
Three di†erent models of chloroform give the same trends. We
are currently investigating other models of solvents and modi-
Ðed treatments of the long-range electrostatic interactions.
Further improvements involve a mixed MM/QM description
of the potential energy,56,57 which again raise the question of
a balanced description of the two ions. In principle, annihi-
lation of the pair in the di†erent solvents shouldBz4~Asz4`allow one to compare the di†erences in total solvation ener-
gies from one solvent to the other. This introduces new com-
putational problems, due to the large size of the solute, as well
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as physical problems, related to the e†ect of concentration on
the status of the ion pair as a function of the solvent.

Our computational results are disturbing in many respects,
if one refers to classical representations of large hydrophobic
ions in solution. Contrary to assumptions made in the TATB
hypothesis, these ions are calculated to display marked di†er-
ences of solvation properties, which depend on the sign of the
ionic charge, the nature, hydrogen bonding capabilities and
polarity of the solvent. In addition, the precise shape of the ion
matters, as tetrahedral ions may display the opposite behav-
iour compared to spherical ones. As the granularity of the
solvent plays an important role (even around the large spher-
ical ions), the latter cannot be modelled solely by a contin-
uum. Our study should stimulate further theoretical
treatments along the line described above, as well as experi-
ments on the e†ect of the charge of ions and properties in
solution. Fundamentally, they have bearing on our under-
standing of the hydrophilic/hydrophobic character of neutral
and large ionic solutes58,59 and on their behaviour at aqueous
interfaces.60h69 Such computations will play an increasing
role in the critical analysis of the thermodynamics of solvation
and transfer of ions.
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