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Abstract1

We estimate both single ion hydration Gibbs free energies in water droplets, com-2

prising from 50 to 1000 molecules, and water/vacuum surface potentials in pure water3

droplets comprising up to 10 000 molecules. We consider four ions, namely Li+, NH+
4 ,4

F− and Cl− and we model their hydration process and water/water interactions using5

polarizable force fields based on an induced point dipole approach. We show both ion6

hydration Gibbs free energies and water surface potentials to obey linear functions of7

the droplet radius as soon as droplets comprising a few hundred water molecules. More-8

over we also show that the differences in anion/cation hydration Gibbs free energies9

in droplets obey a different regime in large droplets than in small clusters comprising10

no more than six water molecules, in line with earlier results computed from standard11

additive point charge force fields. Hence point charge and more sophisticated induced12

point dipole molecular modeling approaches both suggest that methods considering13

only the thermodynamical properties of small ion/water clusters to estimate the ab-14

solute proton hydration Gibbs free energy in solution are questionable. In particular15

taking into account the data of large ion/water droplets may yield a proton hydration16

Gibbs free energy in solution value to be shifted by several kBT units compared to17

small clusters-based approaches.18
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Introduction19

Ion hydration plays a pivotal role in many research fields from physics (like new high density20

batteries1), to chemistry (to understand pollution phenomena2 and climate change,3 for21

instance), and biology.4,5 Despite decades of research, estimating ion hydration Gibbs free22

energies is far from being a routine activity. This arises from the difficulties with today23

experimental techniques to investigate the hydration process of a single ion in aqueous phase24

and from the necessity to consider theoretical models able to describe both short-range25

ion/water interactions, water structural perturbation arising from the ion presence and long-26

range ion/water interactions at an equal level of accuracy. This explains why until now the27

most accepted thermodynamical properties of the hydrated proton were computed from28

experimental and theoretical quantum data regarding only small ion/water clusters in gas29

phase (and whose size n is no larger than 6 water molecules) and by assuming the Cluster30

Pair Assumption, CPA, i.e. the binding Gibbs free energies to add further water molecules31

to large enough anionic or cationic hydrated clusters become equal.6–832

Among long-range ion/water effects, we may quote the effect of water surface on ion33

hydration. The molecular organization at water boundaries can yield an unbalanced charge34

distribution and thus a difference in the electrostatic potential ∆Φ between the water system35

core and its chemical environment (usually vacuum). ∆Φ within a homogeneous phase is36

constant. It thus has no effect on ion dynamics within the bulk phase, however, it may37

favor/disfavor ion hydration by more or less largely shifting the ion hydration Gibbs free38

energy by a constant value q∆Φ (q being the ion charge). First of all we may note a large39

dispersion in the reported values of the water surface potential leading to a q∆Φ contribution40

to the hydration Gibbs free energy of an elementary charge e ranging from -20 up to + 14041

kBT at ambient conditions.9–13 Moreover only a few studies investigating the behavior of42

water surface potential in water droplets have been reported, using standard additive water43

point charge models14,15 or a more sophisticated one, the AMOEBA approach, which includes44

dynamic polarization effects.16 Among these latter studies, we may quote in particular that45
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reported by Vlcek and co-authors who computed the absolute hydration enthalpies for a46

large set of monovalent and monoatomic ions dissolved in water droplets whose molecular47

sizes n were 64, 125, 296 and 1000 and by means of additive point charge force fields.1548

Interestingly the latter authors concluded from their simulations that it is far from being49

obvious to consider small clusters-based methods to estimate the absolute proton hydration50

Gibbs free energy in solution as reliable and that significant differences may be expected from51

values computed when considering the thermodynamical properties of large sized ion/water52

droplets.53

In the present study, we investigated the reliability of small clusters-based methods to54

estimate the proton hydration Gibbs free energy in solution by computing the absolute55

hydration Gibbs free energies of the monovalent ions Li+, NH+
4 , F

− and Cl− in aqueous56

phase as well as in isolated and finite size droplets whose molecular size as large as 1 000 by57

means of molecular dynamics simulations based on polarizable force fields. We also estimated58

the surface potential in pure water droplets whose molecular size is as large as 10 000. The59

present manuscript is organized as follows. First we present the polarizable force fields, the60

numerical protocols used to compute the water surface potential and the absolute single ion61

hydration Gibbs free energies. Then we discuss the convergence of the water surface potential62

from droplets to bulk phase and the accuracy of our force fields to compute accurate absolute63

ion hydration Gibbs free energies from both finite and bulk phase ion/water systems. Lastly64

we discuss the relation between the difference in anion/cation hydration Gibbs free energies65

in droplets and the droplet surface potential and the consequence of that relation on the66

reliability of small clusters-based methods to estimate the absolute proton hydration Gibbs67

free energy in solution.68
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1 Methods and computational details69

1.1 The force field70

We use the rigid water model TCPE/201317 and the ion/water force fields detailed in our71

former studies dealing about the hydration of NH+
4

18 and of halide anions.19 Regarding the72

ion Li+ we consider the ab-initio based force field detailed in Supplementary Material (see73

Section 1). The total potential energy ∆U corresponding to our force fields measures the74

total intermolecular interaction energy with respect to, wrt, individual unbound gas-phase75

chemical species. ∆U is a sum of five energy components76

∆U = U rep + U qq′ + Udisp + Upol + Umbp. (1)

For a system of N atoms, the repulsive U rep, Coulombic U qq′ and dispersion Udisp terms77

are defined as:78

U rep + U qq′ + Udisp =
N
∑

i=1

N∗

∑

j,j>i

[

Aij exp (−Bijrij) +
qiqj

4πε0rij
−
(σij
rij

)6]

, (2)

here, rij is the distance between atoms i and j, {qi} are the static charges located on the79

atomic centers, and (Aij ,Bij , σij) are adjustable parameters. Only cation/water interactions80

are modeled using dispersion.18 The superscript ∗ indicates the sum to include only atom81

pairs separated by more than two chemical bonds.82

Polarization effects are modeled using induced dipole moments pi that obey83

pi = αi ·



Eq
i +

N∗

µ
∑

j=1

Tij · pj



 . (3)

All the Nµ non hydrogen atoms are polarizable centers, i.e. a single point polarizability is84

located on each non-hydrogen atomic center. Their isotropic polarizability is αi. Eq
i is the85

static electric field generated on the polarizable center i by the surrounding charges qj and86
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Tij is dipolar tensor (they both include short-range Thole’s-like damping functions17,20,21).87

The polarization energy is88

Upol =
1

2

Nµ
∑

i=1

p2
i

αi
−

Nµ
∑

i=1

pi · E
q
i −

1

2

Nµ
∑

i=1

N∗

µ
∑

j=1

piTijpj. (4)

The terms Umbp is a short-range anisotropic many-body energy term introduced to im-89

prove the description of water/water hydrogen bond (HB) networks and of halide X−/water90

strong hydrogen bonds (SHB):91

Umbp =
∑

f(r)g(Θ). (5)

The sum runs over all HB/SHB pairs, r and re are the HB/SHB length and its equilib-92

rium value, respectively. Θ is a set of specific intermolecular angles ψl like the SHB angle93

6 X− · · ·H−O,17,19 for instance. The functions f and g are defined as94

f(r)g(Θ{ψl}) = De exp

(

−
(r − re)

2

γr

)

×
∏

l

exp

(

−
(ψl − ψle)

2

γlψ

)

. (6)

Here re and {ψle} are the equilibrium values of the geometrical parameters r and {ψl} as95

defined in molecular dimers optimized in gas phase using quantum ab initio methods. γr and96

γlψ are adjustable parameters. The intensity of Umbp for a given HB/SHB is modulated by the97

chemical environment of the water molecule (or the halide) accepting the water hydrogen.98

This is achieved by taking De as a linear function of the local density nb of the water oxygen99

(HB) or of the O−H bonds (SHB) in the vicinity of hydrogen acceptor species.17,19 No100

dispersion term is used to model HBs/SHBs. Lastly we also consider an additional three-101

body term to model the hydration of Cl− that we recently propose to further improve the102

description of water/water interactions at the vicinity of an anion22
103

U3b =
∑

A3b exp
(

− B3b × rOiOj

)

f(rClOi
)f(rClOj

). (7)

Here the sum runs on all the water oxygen pairs (i, j) located at vicinity of anion and the104
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function f is defined as above for Umbp. A3b and B3b are adjustable parameters that do not105

depend on the anion nature.106

All the above force-field adjustable parameters allowing to model ion/water interactions107

are assigned to reproduce geometrical and energetic properties of small clusters as computed108

from high end quantum computations extrapolated to the complete basis set limit (see109

Refs18,19,22 as well as Supplementary Material, Section 1). Note in particular our force fields110

for halides yield no overpolarization effect on the anion center as compared to the quantum111

CPMD approach.21 Regarding cations, we only consider small clusters where all the water112

oxygens interact directly with the cationic center.113

1.2 Molecular dynamics114

Our MD protocols correspond to those used in our former studies.18,23–25 Bulk phase systems115

(comprising all 1 000 water molecules) are simulated in the NPT ensemble using periodic116

boundary conditions and the Smooth Particle Mesh Ewald, SPME, scheme devoted to po-117

larizable force fields based on an induced dipole moment approach.26 To investigate the118

surface potential at the liquid water/vacuum interface, we simulate water slabs comprising119

2 000 molecules using periodic boundary conditions and the latter SPME scheme, but in120

the NVT ensemble. Droplet systems (comprising 50, 100, 150, 200, 400, 600, 800 and 1 000121

water molecules) are simulated in the NVT ensemble. To prevent evaporation phenomena,122

droplets are embedded in a large enough cavity and the interactions between the cavity wall123

and water molecules have no effect of the dynamics on the main droplet region that includes124

the water/vacuum interface.24 The water and NH+
4 intramolecular degrees of freedom are125

constrained during the simulations. All simulations are performed at the 10 ns scale. Their126

last 9 ns segments are sampled each 1 ps to generate the statistical ensemble from which the127

simulation averages are computed. More details regarding our MD protocols are provided128

as Supplementary Material (see Section 4).129
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1.3 Surface potential130

The electrostatic potentials Φ at water-vacuum surfaces are computed by solving the Pois-131

son’s equation and by considering summations on atomic charge and dipole contributions132

(the so-called ”P-convention” scheme)133

∇2Φ = −
1

ǫ0

N
∑

i=1

(qi + pi · ∇i) δ(r− ri), (8)

here, (ri, qi,pi) are the atomic position, static charge and induced dipole moment of atom i.134

δ is the volume delta function. As all the sized-n droplets discussed here are quasi-spherical135

(see our former studies18 and below) we integrate the above equation in the droplet case as136

Φnd (r) = −
1

ǫ0

∫ r

0

Cn
q (r) + Cn

p (r)

r2
dr. (9)

The distance r is measured from the droplet center of mass (COM). Cn
q (r) is the temporal137

mean sum of the static charges included in a sphere of radius r and Cn
p (r) is the temporal138

mean density at distance r of the projection of the induced dipoles in the direction orthogonal139

to the surface. In the liquid water-vacuum interface case, the above integral is rewritten as140

Φbulk(z) = −
1

Sǫ0

∫ z

0

(

Cq(z) + Cp(z)
)

dz (10)

here z is the distance from the simulated slab center in the direction orthogonal to the liquid141

water-vacuum interface. The functions Cq and Cp are computed by considering a rectangular142

domain orthogonal to the interface (whose surface S is constant along NVT simulations).143

Both the above integrals are computed discretely by setting dr and dz to 0.1 Å.144

To compute accurate droplet surface potentials Φnd(r), we performed 50 independent MD145

simulations (each of 10 ns and corresponding to a different set of initial atomic velocities) of146

pure water droplets comprising 200, 400, 600 and 800 molecules. The liquid water-vacuum147

surface potential Φbulk(z) is computed from 10 independent MD simulations (each also of148
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10 ns) of a periodic slab system comprising 2 000 water molecules. The functions C̄q/p are149

the mean Cq/p ones averaged on the independent MD trajectories and the δCq/ps are their150

corresponding root mean square deviation among the latter trajectories. We assume the151

δCq/ps to be a measure of the C̄q/p uncertainties. They are smaller than 1%, regardless of the152

water system considered. We also estimated the surface potential of a large water droplet153

made of 10 000 molecules, however from a single trajectory generated as detailed in Ref.24154

Note that we reported an erroneous ∆Φbulk value for the water model TCPE/2013 in our155

earlier study.19 The error arises from an erroneous factor 2 introduced in the computations156

of the function Cq(z). We check our corrected computational protocol by reproducing the157

∆Φbulk value for the water model TIP3P (about 0.5 V,27 see Supplementary Material, Figure158

14).159

We also computed the TCPE/2013 dipolar contribution ∆ΦD
bulk to the water surface160

potential by means of the so-called ”M-convention” scheme, i.e. by considering the total161

molecular dipole vector as hosted at the water oxygen to solve the Poisson’s equation. We162

checked the sum of the dipolar contribution ∆ΦD
bulk and of the Bethe’s potential contribution163

∆ΦQ
bulk arising from the water molecular quadrupole tensor to well reproduce the total water164

surface potential ∆Φbulk (see Supplementary Material, Figure 14).165

1.4 Droplet and bulk Gibbs free energies166

To compute the single ion hydration Gibbs free energy, we consider the thermodynamic167

cycle TC shown in Figure 1. Based on the ion charge sign, we consider two different virtual,168

neutral and non polarizable atoms V whose first hydration shell structure in water is close169

that of a cation (i.e. V interacts directly with water oxygens) or of an anion (V interacts170

directly with water hydrogens). We denote these two kinds of virtual atoms as Vc and Va171

when needed. The water/V interaction potentials were built to favor their presence within172

the droplet core along droplet NVT trajectories. The corresponding force-field parameters173

are provided in Supplementary Material (see Section 7, Table 3) and the propensity of both174
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virtual atoms for the core of any size water droplets is shown by the centripetal character175

of their potential of mean force, PMF, as interacting with water droplets computed using a176

standard Umbrella Sampling scheme (see Supplementary Material, Section 7 and Figures 6177

and 7).178

According to the thermodynamic cycle TC, the hydration Gibbs free energy of an ion X179

at infinite dilution is180

µ∞
hyd(X) = µ∞

hyd(V)−∆Gn +
(

µhyd(X, n)− µhyd(V, n)
)

. (11)

Here ∆Gn is the Gibbs free energy cost corresponding to the alchemical reactionXhyd → Vhyd181

in a sized-n water droplet, µ∞
hyd(A) and µhyd(A, n) are the absolute bulk hydration Gibbs182

free energies of the entity A in bulk water and of A embedded in sized-n water droplet,183

respectively.184

The quantity µhyd(A, n) is the sum of three components: the Gibbs free energy cost185

µcav
hyd(A, n) to create a cavity within liquid water and corresponding to the sized-n cluster,186

the electrostatic cost µelec
hyd(A, n) to embed the cluster in the latter cavity and the repul-187

sion/hydrogen bond contribution µsurface
hyd (A, n) corresponding to water/water local interac-188

tions at the cluster/cavity interface. We show that ion and V droplet systems are all quasi189

spherical and the difference in their volume between ion and V systems is negligible for the190

droplet systems that we consider (see Supplementary Material, Figure 5). The difference in191

the µcav
hyd(A, n) and µ

surface
hyd (A, n) contributions between ion and V droplets is thus assumed192

to vanish as n→ ∞ and Equation 11 may be rewritten for large enough droplets as193

µ∞
hyd(X) = µ∞

hyd(V)−∆Gn +
(

µelec
hyd(X, n)− µelec

hyd(V, n)
)

. (12)

Considering the charge distribution corresponding to an entity A embedded in a spherical194
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cavity (of radius an) within a continuum medium, the component µelec
hyd(A, n) should obey28

195

µelec
hyd(A, n) =

1

8πǫ0

∞
∑

l=0

(l + 1)(1− ǫ)

(l + 1)ǫ+ l

( Ml

a2l+1
n

)

, (13)

here Ml is the electric moment of order l of the charge distribution. That relation is still196

valid when considering a distribution of induced dipole moments as they can be modeled197

by a specific set of charges. However the above relation implicitly corresponds to an abrupt198

transition in the dielectric constant between the solute cavity and the solvent. For an ion199

solvated in aqueous phase, the water local dielectric permittivity ǫ(r) behavior is shown to200

be strongly oscillatory until a distance of 12 Å from the ion.29 From the work of Beveridge201

and Schnuelle,28 that yields the µelec
hyd(A, n) expansion for an ion to also include an a−2

n term.202

We showed the molecular density within pure water droplets to be converged to the bulk203

value within less than 2 %.18 The radius an of a sized-n droplet may be thus assumed to be204

proportional to n−1/3 and from all the above, the gas-phase cluster ∆Gn may be written as205

a power law function of the droplet size n206

∆Gn = ∆G∞ +
γ1
n1/3

+
γ2
n2/3

+O(
1

n
), (14)

and according to Equation 11 the quantity ∆G∞ is207

∆G∞ = lim
n→∞

∆Gn = µ∞
hyd(V)− µ∞

hyd(X). (15)

1.5 Computing Gibbs free energies208

The bulk hydration Gibbs free energies µ∞
hyd(A) are estimated from MD simulations in bulk209

phase using periodic boundary conditions and the Thermodynamic Integration (TI) scheme210

by progressively decoupling solute/solvent interactions. For ionic species, we compute their211

µ∞
hyd(X) in two steps, first by decoupling the electrostatic and polarization ion X/water212

interactions and then by decoupling the remaining interactions between the uncharged and213
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non-polarizable entity X0 and water (i.e. interactions corresponding to the energy terms214

U rep, Udisp and Uslh).215

We systematically consider a 20 windows TI scheme. Each window corresponds to a 10216

ns MD simulation where the solute A/water solvent hamiltonian is scaled by a constant λ217

regularly spaced between 1 and 0. Each 50 MD steps, we compute the derivative of the system218

total potential energy ∆U wrt the scaling parameter λ using a finite difference method. From219

the mean derivative values and their corresponding root mean square deviations, we compute220

both the integrals providing µ∞
hyd(A) and their uncertainties assuming that the derivatives221

computed along each MD windows are temporally uncorrelated. Because of the large size222

of the derivative data sets, the latter uncertainties are negligible, at most about ± 0.05 kcal223

mol−1. Regarding the virtual atoms V, their quantities µ∞
hyd(V) computed as above are -12.5224

(Vc) and -9.0 (Va) ± 0.05 kcal mol−1. Note here that these values agree with those that225

may be estimated form the virtual atom/water droplet PMFs provided as Supplementary226

Material (see Figures 6 and 7).227

To remove periodic artifacts arising from accounting for ion images in our simulation228

protocol, we subtract the self-contribution δµbulk
self from our bulk hydration Gibbs free energies229

µ∞
hyd(X). As the solute static charges are scaled by the parameter λ in our implementation230

of the TI scheme, δµbulk
self obeys231

δµbulk
self =

ξq2

8πǫ0ǫL̄
. (16)

ǫ is the liquid water dielectric constant predicted by the water model TCPE/2013 at 300232

K (78.317) and L̄ is the average simulation cell dimension along the NPT bulk trajectories,233

about 31 Å, and ξ = 2.837297. That yields δµbulk
self = 0.2 kcal mol−1. A priori we should also234

account for other periodic effects arising from the inappropriate orientational polarization of235

the solvent during the simulation, for instance. These corrections, corresponding to higher236

order terms of L̄−1, are here fully negligible because of the size of our simulation boxes.30237

Regarding clusters, we compute their quantity ∆Gn from NVT droplet simulations and238

by means of the same TI scheme detailed above for bulk systems. We tested two approaches:239
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they correspond (1) to alchemically transform the charged ion X in its corresponding virtual240

atom V in one step, and (2) to uncouple first the electrostatic and polarization ion/water241

interactions and then to alchemically transform the uncharged and non-polarizable entity242

X0 in its corresponding virtual atom V. Both approaches provide equal results regarding243

the hydration Gibbs free energy in droplet, within less than 0.1 kcal mol−1.244

1.6 Further corrections to simulation-based estimate of ion hydra-245

tion Gibbs free energy246

To estimate reliable single ion bulk hydration Gibbs free energy from our simulation data,247

two physical contributions have also to be considered. The first, δGref , arises from the248

identical ion concentration in gas phase and in liquid water in our bulk phase simulation249

protocol, while experimentally the ion concentration in gas phase correspond to that of 1250

mole of an ideal gas and to 1 M in liquid water. We thus estimate δGref as the amount of251

energy to compress 1 mole of an ideal gas to reach a concentration of 1 mol l−1. At ambient252

conditions, δGref = RT ln 22.4 = +1.89 kcal mol−1.253

The second, δGg→l
vib , arises from the use of constrains in our MD simulations, i.e. in-254

tramolecular degrees of freedom of the non-monoatomic species NH+
4 and H2O are frozen255

along our MD trajectories. However, quantum computations show large shifts in the in-256

tramolecular harmonic vibrational frequencies of NH+
4 between its gas-phase isolated state257

and hydrated clusters. For the four hydrated NH+
4 cluster, these shifts are on average of258

-230 cm−1 for the cation harmonic stretching frequencies and of +60 cm−1 for the bending259

ones.31260

Liquid water intramolecular vibrational frequencies may be also altered when water261

molecules interact at short range from an ion. For instance the mean stretching frequency262

νOD in liquid HDO is experimentally reported to be shifted by about -70 and +60 ±10 cm−1
263

compared to bulk as HDO molecules lie in the first hydration shell of Li+ and F−,32 respec-264

tively, in agreement for Li+ with a quantum-based theoretical estimate.33 For both the anion265
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Cl− and the cation K+, the latter experimental shift is small about +20 ± 10 cm−1 (cf. the266

data discussed in Ref.32). Regarding Cl−, we may quote also an ab initio molecular dynamics267

study34 showing the infrared stretching vibration spectrum of water molecules lying at its268

vicinity to be more dissymmetric than in the bulk (with a slightly larger weight of weak νOH269

frequencies). In all that suggests a very weak effect of the Cl−/K+ presence on the liquid270

water intramolecular vibrational properties. As the hydration properties of NH+
4 are close to271

K+, we assume as negligible the enthalpic δHg→l
vib and Gibbs free energy δGg→l

vib costs arising272

from the perturbation of the liquid water intramolecular vibrational spectrum due to the273

Cl−/NH+
4 presence.274

We estimate the magnitude of δGg→l
vib (and of its enthalpic δHg→l

vib counterparts) arising275

from the solute or solvent intramolecular frequency shifts from standard polyatomic ideal276

gas formula (see Supplementary Material, Section 5). The enthalpy cost δHg→l
vib is estimated277

to be -0.8 and -1.6 kcal mol−1 for Li+ and NH+
4 , respectively. The magnitude of the Gibbs278

free energy cost δGg→l
vib is slightly weaker, about -0.5 and -1.0 kcal mol−1 for the latter two279

ions, respectively. The order of magnitude of these contributions supports the reliability of280

simulating ion hydration by constraining intramolecular degrees of freedom.281

Hence adding the latter two corrections to µ∞
hyd(X) yields the absolute single ion bulk282

hydration Gibbs free energy value µ̃∞
hyd(X)283

µ̃∞
hyd(X) = µ∞

hyd(X) + δGg→l
vib + δGref . (17)

2 Results and discussion284

2.1 Convergence of the water droplet surface potential to the bulk285

limit286

The plots of the n-sized droplet surface potential profiles Φnd (r) are provided as Supplemen-287

tary Material (see Figures 10 to 13). Agreeing with earlier results,11 their main features are288
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similar to the bulk-vacuum profile Φbulk(z) shown in Figure 2(a): Φnd(r) are constant outside289

of the droplets and within their cores, with a rapid transition at the droplet surfaces. We290

denote hereafter ∆Φnd/∆Φbulk the difference in the Φnd(r)/Φbulk(z) values between vacuum291

and the aqueous core. As shown in Figure 2(b), ∆Φnd obeys a decreasing linear function of292

n−1/3
293

∆Φnd = ∆Φbulk −
φ

n1/3
. (18)

It converges towards the bulk limit ∆Φ∞
d = -0.227 V that matches our computed ∆Φbulk294

value within less than 0.1 % (the slope −φ is here -0.331 V). Hence all the droplet values ∆Φnd295

are larger in magnitude than the bulk one, by 20 % for the 200 sized droplet, for instance.296

The linear dependence on n−1/3 of our droplet ∆Φnd data agrees with earlier results297

reported by Kastenholz and Hünnenberger14 and by Vlcek and co-authors15 from simulations298

performed using the point charge water models SPC and SPC/E, respectively. However we299

may quote that Pollard and Beck16 showed the ∆Φnd values estimated from ion hydration300

enthalpy data in small droplets (n < 200) and the AMOEBA force field to exhibit also a301

decreasing but non n−1/3 linear behavior.302

The bulk surface potential value ∆Φbulk predicted by the water model TCPE/2013 is303

less than half the value reported for most of the available water models11 based on point304

charges (point dipoles) approaches, but twice as large as the point-charge water model305

TIP5P.35 However the TCPE/2013 dipolar ∆ΦD
bulk contribution is clearly larger than that306

corresponding to available water models including TIP5P and closer to the quantum DFT307

estimates,35 +0.38 and +0.48 V, respectively. From the discussions reported by Remsing308

et al (in particular regarding their data summarized in the Table 2 in Ref.35) the latter309

result suggests TCPE/2013 to predict a molecular organization at the water surface close310

to that predicted by quantum DFT-based simulations. On the other hand and as all point311

charge-based models, TCPE/2013 yields an overall large but negative Bethe’s potential con-312

tribution ∆ΦQ
bulk = −0.61 V, whereas quantum DFT simulations predict a very large and313

positive contribution, about +4 V.35,36314
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2.2 Mean stepwise water binding free energy in large ion/water315

droplets316

We define the mean stepwise water binding free energy δµ̃m→n as the free energy cost to317

further add a water molecule to ion X/water droplets whose size is included between m and318

n :319

δµ̃m→n =
µhyd(X, n)− µhyd(X, m)

n−m
. (19)

As shown by the plots of Figure 3, that quantity is about equal for our four ions no sooner320

than m = 400. The specific nature of a monovalent ion has thus still a noticeable effect on321

ion/water interactions in aqueous droplets until a distance from the ion of about Rδµ = 14 Å,322

a distance that matches theRǫ one for which the oscillatory behavior of the water permittivity323

induced by ion presence vanishes.29 As the two distances Rδµ and Rǫ have been estimated324

using two different kinds of force field (in particular, a classical and a polarizable one), their325

agreement shows the influence of a specific ion on water to extend far beyond the usual cut326

off distance used by protocols based on the Quasi Chemical Theory (about 6 Å37) to define327

the ”inner-shell” term that is shown to produce alone accurate estimates of the full bulk328

ion hydration Gibbs free energy. However we may quote an experimental study that shows329

monovalent ions (namely I− and Na+) dissolved in n ≈ 250 water droplets to not affect the330

water hydrogen bond network behind the ion second hydration shell.38331

2.3 Single ion hydration Gibbs free energies : from droplets to332

bulk333

As our force-field total potential energy ∆U is a sum of five components, we may decompose334

∆Gn into five contributions335

∆Gn = ∆Grep
n +∆Gdisp

n +∆Gmbp
n +∆Gqq′

n +∆Gpol
n . (20)
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The first three contributions correspond to interaction energy terms that are short ranged. As336

shown by our TI computations, they converge more rapidly to their bulk limit value than the337

last two contributions. The free energy components corresponding to the alchemical reaction338

[NH0
4(Li

0)/(H2O)n] → [Vc, (H2O)n] or to the sum of components ∆Grep
n +∆Gdisp

n +∆Gmbp
n for339

the reaction [Cl−, (H2O)n] → [Va, (H2O)n] are already converged within 0.25 kcal mol−1 on340

average as soon as n = 400 and within 0.1 kcal mol−1 at n = 1000, regardless of the ion. We341

denote both the latter quantities as ∆Gsr
n and their converged ∆Gsr

∞ values are summarized342

in Table 1.343

We thus extrapolated only the sum of the non-zero electrostatic and polarization contri-344

butions ∆Gelec
n = ∆Gqq′

n + ∆Gpol
n using the power law function shown in Equation (14) for345

our four ions. The ∆Gelec
n quantities are plotted as functions of n−1/3 in Figure 4 and the346

extrapolated ∆Gelec
∞ values are summarized in Table 1. The uncertainty affecting the ∆Gelec

∞347

values arising from the fitting process is ≤ 0.3 kcal mol−1. Accounting also for the uncer-348

tainties regarding the energy derivative averages computed along the TI MD simulations and349

the ∆Gsr
∞ values yields a total error for the values ∆G∞ = ∆Gsr

∞+∆Gelec
∞ of about ǫerr ≈ 0.6350

kcal mol−1. This supports the reliability our droplet-based protocol to compute single ion351

hydration thermodynamic properties.352

In Table 1 we summarize the bulk limit values ∆G∞ extrapolated from droplet data, the353

single ion bulk hydration Gibbs free energy µ∞
hyd(X) values computed from bulk simulations,354

the differences µ∞
hyd(X) − µ∞

hyd(V) in the bulk hydration Gibbs free energy between ions355

and their corresponding virtual atoms. As expected from Equation (12), the difference356

in the quantities ∆G∞ and
[

µ∞
hyd(V) − µ∞

hyd(X)
]

(5.2±0.5 kcal mol−1 on average and in357

absolute values) for all the ions equals the surface potential contribution q∆Φbulk within our358

computational protocol uncertainty.359

We also estimated single ion bulk hydration Gibbs free energies from droplet data using360

different extrapolation schemes than above. For instance, we extrapolated the total Gibbs361
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free energy ∆Gn = ∆Gelec
n +∆Gsr

n using the power law function362

∆Gn = ∆G◦
∞ +

γ◦1
n1/3

+
γ◦2
n2/3

+
γ◦3
n
. (21)

The last term of the right hand equation is introduced to account for short range non elec-363

trostatic ion/water interactions. It is a priori well suited to account for ion/water dispersion364

as modeled in our force-field for cations Li+ and NH+
4 . The adjusted parameters ∆G◦

∞ and365

γ◦1,2,3 are provided as Supplementary Material (see Table 4). The new single ion bulk hy-366

dration Gibbs free energy estimates ∆G∞,◦
n differ from those computed based on the Table367

1 data by about ± 1 kcal mol−1, a difference in line with the uncertainty ǫerr of computed368

Gibbs free energy data from our TI simulations.369

As discussed in Section 2.3, the nature of a monovalent ion has an effect on water in370

aqueous droplets up to a distance of about 14 Å from the ion center. Such a distance371

corresponds to the radius of a n = 400-sized water droplet, a droplet size for which all372

the non electrostatic contributions to the single ion hydration Gibbs free energy in droplets373

are converged to their bulk limit, like ∆Gsr
n and µhyd(V, n). Hence for n ≥ 400, we may374

approximate a water droplet to a continuous medium. Assuming the dielectric constant of375

water droplets corresponding to n ≥ 400 as already large enough (> 10, see Ref.39) and from376

the Born equation, the electrostatic free energy contribution µelec
hyd(X, n) and thus the free377

energy ∆Gn should then obey a linear n−1/3 regime378

∆Gn = ∆G̃∞ +
γ̃

n1/3
(22)

The corresponding adjusted parameters are listed in Table 2. Note first the linear regression379

coefficients to be all > 0.99 and even > 0.999 for Li+, F− and Cl− supporting the assumption380

regarding the linear n−1/3 regime to which the ∆Gn values (and thus the single ion hydration381

Gibbs free energies in droplets µnhyd) should obey in large droplets. Moreover and as their382

∆G∞,◦
n counterparts, the ∆G̃∞ values agree with those that may be computed from the data383

18    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
09

77
7



listed in Table 1 also within ± 1 kcal mol−1 on average.384

2.4 Single ion and proton bulk hydration Gibbs free energy385

In Table 3 we summarize and compare to data available in literature the absolute single ion386

hydration Gibbs free energies µ̃∞
hyd computed from the droplet data of Table 1. Our anion387

µ̃∞
hyd values agree reasonably well with the data of Tissandier et al 7 and differ slightly more388

from the data of Kelly et al .8 Regarding cations our µ̃∞
hyd values are clearly underestimated389

by about 10 kcal mol−1 compared to both the latter sets of data. That difference in the390

µ̃∞
hyd result quality between anions and cations yields also a clear difference in the absolute391

proton hydration Gibbs free energy µ∞
hyd(H

+) when estimated for both kind of ions. If we392

consider the Tissandier et al 7 set of conventional ion free energies µ∞,con
hyd that differ at most393

by 0.1 kcal mol−1 from the set of Fawcett et al 40 and that are tied to the ion and proton394

µ∞
hyd values according to395

µ∞,con
hyd (Xze) = µ̃∞

hyd(X
ze)− zµ∞

hyd(H
+). (23)

we get an anion-based estimate µ∞
hyd(H

+) of 269.2 ± 0.1 kcal mol−1 that is overestimated by396

a few kcal mol−1 compared to the Tissandier’s7 and Kelly’s8 values, 263.9 and 265.9 kcal397

mol−1, respectively, whereas our cation-based estimate is 255.3 ± 0.1 kcal mol−1, a value398

that deviates more largely from the Tissandier’s and Kelly’s estimates, also by about 10 kcal399

mol−1.400

We may note first that both our cation and anion-based proton values overall agree with401

the results reported by earlier authors that range from 249.5 to 264 kcal mol−1.11,15,41–43 We402

may also note that the Tissandier’s and Kelly’s µ∞
hyd(H

+) values are derived by averaging403

data corresponding to hundreds of cation/anion pairs and that their µ∞
hyd(H

+) uncertainty404

is no less than 2 kcal mol−1.7,8 It is thus not obvious to draw definitive conclusions from the405

data of our small ion set to assess the reliability of our computational approach. However,406
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we identified a cation/water force field artifact arising from an inaccurate description of the407

water pair interactions among molecules belonging to the cation first and second hydration408

shells : the interaction energy of such water pairs is underestimated by about 1 kcal mol−1 by409

our force-field (see Supplementary Material, Section 2). As there are about 10 first/second410

hydration shell water pairs in bulk phase at the vicinity of both Li+ and NH+
4 , improving the411

description of these kind of water pair interactions should yield a priori a better agreement412

in the proton hydration Gibbs free energies computed from our cation and anion simulated413

data. Note the force fields we use for cations are built to reproduce precisely the interaction414

energies of cations interacting only with water molecules in their first hydration sphere and415

no larger cluster.416

We made an attempt to remediate that cation/water force field artifact using a correction417

scheme similar to the one we recently proposed for anions as using our polarizable force418

fields. Here we reinforce the water/water interactions for molecules belonging respectively419

to the first and the second hydration sphere of Li+ using a three body energy function420

whose analytical form is close to the hydrogen bonded energy term U lh of the water model421

TCPE/2013 (see Supplementary Material, Section 3). Using such a function we computed422

again the absolute single ion hydration Gibbs free energy µ̃∞
hyd(Li

+) from bulk simulations.423

It is then shifted to 123.4 kcal mol−1, in better agreement with the Tissandier’s and Kelly’s424

data. Even if the validity of such a correction scheme has to be assessed on a wider set of425

monovalent cations, the latter result supports the above assumption regarding the origin of426

the above disagreement between our computed and well accepted estimates regarding cation427

µ̃∞
hyd(X) data. We may thus consider that the cation force field artifact has no incidence on428

cation/water long range interactions and thus on the conclusions drawn above regarding the429

quantities δµ̃m→n for instance.430

A priori the above cation force field artifact is not tied to the inability of our force431

fields to accurately model cation/water interactions but it arises mainly from a water model432

TCPE/2013 artifact that has no effect on modeling the properties of pure water systems.433
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Hence the accurate modeling of ion hydration thermodynamic properties doesn’t depend434

only on the quality of the description of ion/water short and medium range interactions44435

but also on the quality of the description of the water/water interactions at the vicinity of436

ionic centers.437

2.5 The net water interface potential438

A series of of single ion hydration Gibbs free energy values have been reported42,45–47 that439

measure the ion bulk hydration Gibbs free energy contribution disentangled from surface440

effects at both the aqueous-gaz phase interface and at the boundary of the local cavity441

hosting the ion within water. These no surface contributions µ∞,ns
hyd are tied to absolute ion442

hydration Gibbs free energies according to443

µ̃∞
hyd(X) = µ∞,ns

hyd (X) + qXΦnp, (24)

here qX is the charge of the ion X. Φnp is the net interface potential, the sum of a local444

potential Φlp and of the water surface potential ∆Φbulk defined in Section 1.3. Let us consider445

an aqueous medium (bulk phase or a large enough finite size droplet) as a continuum medium446

that ignores the electrostatic charge dispersion within a water molecule. The local potential447

Φlp may be then interpreted as the electrostatic potential shift when crossing the boundary448

of the small cavity hosting an ion within the aqueous medium, not accounted for by the latter449

water continuum representation but arising from the water molecular charge dispersion. A450

priori Φlp depends on the ion nature.451

As Pollard and Beck,16 we estimated a mean net potential Φ̃np from the no surface data452

of Marcus45,46 and from the differences in our own absolute single ion bulk hydration Gibbs453

free energies µ̃∞
hyd for cation/anion (C,A) pairs454

Φ̃np =
(µ̃∞

hyd(C)− µ̃∞
hyd(A))− (µ∞,ns

hyd (C)− µ∞,ns
hyd (A))

2e
. (25)
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We get Φ̃np values included within -0.30 (Li+/Cl−) and -0.41 (NH+
4 ,F

−) V. If we consider455

the corrected value µ̃∞
hyd for Li+, 123.4 kcal mol−1, from our attempt to remediate the456

cation/water force field artifact, we get then Φ̃np = −0.43 (Li+/Cl−) and -0.50 (Li+,F−)457

V. All these values agree with earlier estimates ranging from -0.40 to -0.50 V (see discus-458

sions and the references cited in16,37) but clearly differs from the recent quantum estimates459

predicting a positive value for water net potential, ranging from 0.05 to 0.25 V.35,36460

2.6 The Cluster Pair Approximation for large ion/water droplets461

and the proton bulk hydration Gibbs free energy462

The Cluster Pair Approximation, CPA, is the assumption according to which adding a new463

water molecule to a large enough ion/water cluster leads to a change in the ion hydration464

Gibbs free energy that does not depend on the ion nature. Let us consider again an ion465

immersed in an aqueous medium large enough so that it can be modeled as a continuum466

medium. The Gibbs free energy increment to add new water molecules to that system is467

proportional to the square of the ion charge q in line with CPA. That suggests the difference468

∆ACµ
n
hyd in the hydration Gibbs free energies between a cation and an anion to be constant469

as soon as these ions are solvated in large enough water droplets.470

However modeling water as a continuum medium implicitly neglects the energy cost471

for a microscopic charge to cross the water surface and the cavity boundary in which the472

ion is hosted and arising from non zero potentials ∆Φbulk and Φlp. Considering no surface473

hydration Gibbs free energies as defined in the above section and the latter two potentials,474

the difference in the bulk hydration Gibbs free energy between a monovalent anion A and475

cation C is476

∆ACµ
∞
hyd = ∆ACµ

∞,ns
hyd − e(Φ∞

lp (A)− Φ∞
lp (C))− 2e ·∆Φbulk, (26)

here Φ∞
lp (X) is the local potential shift from the bulk water core to the center of the cavity477
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hosting ion X. In the droplet case that relation can be rewritten as478

∆ACµ
n
hyd = ∆ACµ

n,ns
hyd − e(Φnlp(A)− Φnlp(C))− 2e ·∆Φnd , (27)

here Φnlp(X) in the local potential for droplets. For large enough ion/water droplets, the479

CPA assumption yields ∆ACµ
∞,ns
hyd = ∆ACµ

n,ns
hyd and combining the above two relations yields480

∆ACµ
∞
hyd = ∆ACµ

n
hyd + e

∑

X=A,C

zX(Φ
∞
lp (X)− Φnlp(X))− 2e(∆Φbulk −∆Φnd ). (28)

Here the charge of the monovalent ion X is q = zXe. That relation may be considered481

as a generalization of the formula to compute the CPA-based estimate of the water surface482

potential proposed by Vlcek and co-authors.15 For large enough droplets, we expect Φ∞
lp (X) ≈483

Φnlp(X) regardless of ion X yielding the fundamental relation484

∆ACµ
∞
hyd = ∆ACµ

n
hyd − 2e(∆Φbulk −∆Φnd ). (29)

From the plots of the electrostatic potentials at the vicinity of our virtual atoms Va and Vc485

in droplets (see Supplementary Material, Section 9 and Figures 8 and 9), relation (29) may486

be considered as exact as soon as n = 400. Moreover according to Equation (18) the water487

model TCPE/2013 yields488

2e(∆Φbulk −∆Φnd ) =
2eφ

n1/3
, (30)

with 2eφ = 15.3 kcal mol−1, a large value suggesting the difference |∆ACµ
∞
hyd −∆ACµ

n
hyd| to489

be smaller than 0.1 kcal mol−1 no sooner than n = 3.7 106. That corresponds to a droplet490

whose radius is ≈ 300 Å. This is also supported by the data reported by Kastenholtz and491

Hünenberger by means of the point charge water model SPC.14 The latter authors showed a492

quasi linear n−1/3 behavior for the droplet surface potential corresponding to a 2eφ value of493

about 20 kcal mol−1. We may also quote Vlcek and co-authors15 who showed monovalent ion494

hydration enthalpies to decrease slowly with the droplet size and to be roughly proportional495
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to n−1/3.496

To check the validity of Equation (29) we may first consider the parameters γ̃ allowing497

to estimate the absolute ion hydration Gibbs free energies in n > 400 droplets according to498

µ∞
hyd(X) = µnhyd(X)−

γ̃X
n1/3

. (31)

From the values summarized in Table 2 we note the anion parameters γ̃ to be larger than the499

cation ones from 7 to 10 kcal mol−1. However the uncertainty affecting these parameters is500

large, about ± 2.9 kcal mol−1 (see Supplementary Material, Section 8). The mean difference501

in anion/cation γ̃ values is 8.4 ± 5.8 kcal mol−1, a value a priori in line with our 2eφ502

estimate, 15.3 kcal mol−1, within the error bar. Moreover we also plot in Figure 5 the503

quantity ∆∆n,∞
AC = ∆ACµ

∞
hyd − ∆ACµ

n
hyd for all the anion/cation pairs that may be drawn504

from our ion set and by considering the 4th order power law relation (21). All the quantities505

∆∆n,∞
AC are decreasing functions of n−1/3 and they are upper bounded by 2eφ · n−1/3. That506

also supports the fundamental relation (30).507

We plot in Figure 6 our ∆ACµ
n
hyd values for droplets whose size n ranges from 50 to508

1000 together with those corresponding to small ion/water clusters (n ≤ 6) considered by509

Tissandier’s and co-authors and Kelly’s and co-authors in their original papers7,8 for all the510

pairs that may be built from our ions. For large droplets, we also reported on that Figure511

∆ACµ
n
hyd values for Li+ pairs shifted by δGC = 5.8 kcal mol−1, the correction value arising512

from our attempt to remediate the cation force field artifact discussed in Section 2.4. The513

plots clearly show the quantity ∆ACµ
n
hyd to obey two different regimes for all pairs : that514

quantity increases in absolute value up to n ≈ 15 and then it linearly decreases from n ≈ 40515

to +∞. That linear behavior is very close for all the ion pairs. Lastly a transition region516

exists for 15 ≤ n ≤ 40, where the quantity ∆ACµ
n
hyd should present a maximum at about517

n = 25 for all our ion pairs.518

The proton absolute hydration Gibbs free energy µ∞
hyd(H

+) can be computed from the519
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differences in both anion/cation absolute ∆ACµ
∞
hyd and conventional ∆ACµ

con,∞
hyd hydration520

Gibbs free energies according to521

µ∞
hyd(H

+) =
1

2

(

∆ACµ
con,∞
hyd −∆ACµ

∞
hyd

)

. (32)

According to relations (29) and (30) that may be rewritten for large enough droplets as522

µ∞
hyd(H

+) =
1

2

(

∆ACµ
con,∞
hyd −∆ACµ

n
hyd

)

+
eφ

n1/3
. (33)

Both Tissandier and co-authors and Kelly and co-authors estimated the proton hydration523

Gibbs free energy from small ion/water clusters data assuming524

µ∞
hyd(H

+) ≈
1

2

(

∆ACµ
con,∞
hyd −

1

cn
(µnhyd(A) + µnhyd(C))

)

, (34)

here cn is a constant for ion/water clusters of a given size n. As both the water models525

TCPE/2013 and SPC/E predict the term eφ/n1/3 to be far from negligible up to very large526

droplets, it is clearly questionable to consider the latter relation as an accurate enough527

approximation of relation (33). In line with the earlier conclusion of Vlcek and co-authors,15528

this means that the proton bulk hydration Gibbs free energy estimated from large clusters, in529

particular whose size n ≥ 400, can differ significantly from well accepted estimates computed530

from small cluster data.531

However we may note that our ion/water polarizable force fields reproduce accurately532

high level ab initio quantum data regarding the binding energies of small ion/water clusters533

whose size is n ≤ 4. As ab initio quantum approaches have been shown to be able to534

reproduce accurately experimental results regarding the water stepwise binding energies in535

small ion clusters (see among other Ref.,31 for instance), we may thus reasonably consider536

that our polarizable force fields will provide a proton hydration Gibbs free energy value537

based on small cluster data close to the Tissandier’s and Kelly’s estimates,7,8 i.e. ranging538
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from 264 to 266 kcal mol−1. On the other hand the proton bulk hydration Gibbs free energy539

estimated from our n ≥ 400 droplet data for the pairs Li+/F− and Li+/Cl− (and accounting540

for the cation correction δGC) is about 265 ± 2 kcal mol−1 on average. Even if more efforts541

are needed to understand how the latter estimate is affected by possible force field artifacts,542

that estimate suggests the order of magnitude of a possible difference in proton hydration543

Gibbs free energies as estimated from small clusters and large droplets data to be no larger544

than 2-3 kcal mol−1, i.e. a few kBT unit.545

3 Conclusion546

We computed the absolute single ion bulk hydration Gibbs free energies regarding Li+,547

NH+
4 , F

− and Cl− from bulk simulations of an infinitely replicated water box in which ions548

are embedded and by extrapolating to their bulk limit data corresponding to finite size549

ion/water droplets whose water molecular size vary from n = 50 to 1000. We also computed550

the surface potential in pure water droplets whose size ranges from n = 200 to 10 000. All551

our simulations were performed using our own polarizable force fields, in particular for water552

we consider the water model TCPE/2013.17 Our main results are553

1. the TCPE/2013 surface potentials of pure water droplets obey a linear function of the554

droplet ”radius” Rd = n1/3 as soon as n ≥ 200;555

2. the ion hydration Gibbs free energy increment arising from additional water molecules556

added to a given ion/water droplet does not depend anymore from the ion nature no557

sooner than n = 400 droplets;558

3. for ion/water droplets corresponding to n ≥ 400 and in line with the Born equation,559

the absolute ion hydration Gibbs free energies µ∞
hyd and the differences in anion/cation560

hydration Gibbs free energies ∆ACµ
n
hyd are both linear functions of the inverse of the561

droplet radius n1/3;562
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4. the differences ∆ACµ
n
hyd obey two different regimes in small cluster (n ≤ 15) and large563

droplet (n ≥ 40) domains.564

Regarding absolute single ion hydration Gibbs free energies and water surface potentials565

in droplets, our results computed by means of point charge - point induced dipole polarizable566

force fields agree with earlier ones derived from standard additive point charge force fields,567

like those of Kastenholz and Hünenberger14 regarding water surface potentials and those of568

Vlcek and co-authors15 regarding ion hydration enthalpies. In particular the latter authors569

showed these differences to also obey two different regimes in small cluster and large droplet570

domains.15571

We identified an artifact regarding our cation/water force fields, arising a priori from an572

inaccurate description of local interactions between water molecules belonging to monovalent573

cation first and second hydration spheres respectively, and yielding underestimated cation574

hydration Gibbs free energies in solution. This artifact can be remediated by adding a575

short range three-body energy term to improve the modeling of interactions among cation576

and its first/second hydration sphere water molecules. That energy term affects ion/water577

interactions up to a distance of about 6 Å from the ionic center. Because of the size of all578

our droplets (for instance the radius of the n = 50 droplet is already > 6 Å), we may thus579

assume the reliability of all the above conclusions.580

Our results, in particular regarding the two regimes to which the differences in an-581

ion/cation hydration Gibbs free energy ∆ACµ
n
hyd obey in droplets, clearly suggest that582

methods based on the Cluster Pair Assumption and by considering the thermodynamical583

properties of small ion/water clusters (whose size n ≤ 6), like those proposed by Klotz,6584

Tissandier’s and co-authors7 and Kelly and co-authors8 to estimate the absolute proton hy-585

dration Gibbs free energy in solution µ∞
hyd(H

+) are questionable. Our present simulations586

show that taking into account larger ion/water droplets may yield a µ∞
hyd(H

+) value shifted587

by several kBT units compared to CPA/small clusters-based estimates.588
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Supplementary Material589

A free trial version of our code POLARIS(MD) together with the input files allowing to per-590

form the Gibbs free energy computations detailed in the present manuscript for the system591

NH+
4 /100 water droplet is available via a link provided as Supplementary Material. They will592

be soon available on the POLARIS(MD) official website (http://biodev.cea.fr/polaris/download.html).593

Moreover, Supplementary Material materials provide also the details of our polarizable594

Li+/water force field, of the water slab system used to investigate the properties of the liquid595

water/air interface, the formula allowing one to estimate the entropic cost arising from the596

perturbation of solute/solvent intramolecular vibrational properties upon ion hydration, the597

plots of the droplet molecular densities, the raw data and the plots corresponding to the pure598

water droplet surface potentials, and the surface potential of liquid water computed from599

our TCPE/2013 model using the ”M-convention” scheme and from the pairwise water model600

TIP3P using the ”P-convention” scheme. This material also provides files summarizing the601

charge and dipole quantities computed along the independent MD droplet trajectories and602

allowing one to compute the droplet water-vacuum surface potential.603
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Table 1: Single ion hydration Gibbs free energy components in kcal mol−1 of the
ions X = Li+,NH+

4 , F
− and Cl−. V is the virtual atom corresponding to anions or

cations (see the scheme detailed in Figure 1). δGg→l
vib is a correction accounting

for intramolecular vibrational frequency shifts upon hydration (see Section 1.6).
∆G∞ is the droplet free energy cost ∆Gn defined in Figure 1 extrapolated for
n → ∞. The ∆G∞ components ∆Gsr

∞ and ∆Gelec
∞ are detailed in Section 2.3.

The µ∞
hyd(X) and µ∞

hyd(V) are the single ion bulk hydration Gibbs free energy
for the ions and the virtual atoms (for the cation and the anion virtual atoms,
the µ∞

hyd(V) values are -12.5 and -9.0 kcal mol−1, respectively). qΦbulk is the free
energy cost for a point charge q to cross the liquid water/vapor interface, i.e.

the water surface potential contribution to the hydration free energy of an ion
of charge q. The quantity ∆∆µ is defined as ∆G∞ −

[

µ∞
hyd(V)− µ∞

hyd(X)
]

. Note the

uncertainty affecting the quantities ∆Gsr
∞, µ∞

hyd(X) and µ∞
hyd(V) is 0.1 kcal mol−1,

and the uncertainties affecting the quantities ∆Gelec
∞ and ∆∆µ are 0.6 and 0.8 kcal

mol−1, respectively (see text for details).

Ion δGg→l
vib µ∞

hyd(X) ∆Gsr
∞ ∆Gelec

∞ ∆G∞ µ∞
hyd(X)− µ∞

hyd(V) ∆∆µ qΦbulk

Li+ -0.5 -113.1 +9.1 -114.6 -105.5 -100.6 -4.9 -5.3
NH+

4 -1.0 -69.2 +11.2 -73.0 -61.8 -56.7 -5.1 -5.3
F− +0.4 -103.5 +21.8 -110.6 -88.8 -103.7 +5.9 +5.3
Cl− 0.0 -77.2 +27.0 -90.4 -63.2 -68.2 +5.0 +5.3

614
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Table 2: Parameters of the function µnhyd(X) = µ̃∞
hyd(X) + γ̃X · n−1/3 adjusted from

droplet data corresponding to n ≥ 400, all in kcal mol−1. The parameter values are
provided ± their uncertainty arising from our TI computations. Reg.: regression
coefficient of the linear fitting process to adjust the parameters. The µ̃∞

hyd(X)s

account for the correction term δGg→l
vib , see Table 1.

Ion -µ̃∞
hyd γ̃ Reg.

Li+ 118.6 ± 0.5 70.5 ± 2.9 0.999
NH+

4 74.1 ± 0.3 73.1 ± 2.9 0.990
F− 96.4 ± 0.3 80.9 ± 2.9 0.999
Cl− 69.8 ± 0.3 79.0 ± 2.9 0.999

615
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Table 3: Absolute single ion hydration Gibbs free energies in solution and at
ambient conditions, in kcal mol−1. The data from our work correspond to the
droplet one. ǫerr : mean uncertainty affecting the free energies. (*) : the value
is a priori the same as reported by Tissandier et al .7

F− Cl− Li+ NH+
4 ǫerr

This work 97.1 70.7 117.3 74.4 0.6
Tissandier7 102.4 72.7 126.5 84.1 1.9

Kelly8 104.4 74.5 128.4 85.2 ≈ 2
Hünnenberger-Reif48 103.5 73.7 125.4 1.2

AMOEBA49 84.6 0.1
DFT-MD44 113.4 119.8 0.7

Force-Matching-MD50 101.4-106.2 68.6-71.8 -
Cluster Theory51 104.1 74.3 124.9 (*)
CC-QCT theory52 116.1 -

616
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Figure 1: Thermodynamic cycle TC showing the link between bulk and finite size system
single ion hydration Gibbs free energies.
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Figure 2: Water surface potential. (a): at the bulk water-vacuum interface, as a function
of the distance z to the interface, together with its two components computed from the
atomic static charges and the induced dipole moments. (b): surface potential at water
droplet surfaces wrt to n−1/3 and convergence to the bulk limit (shown at n−1/3 = 0). The
uncertainty affecting the surface potential values is smaller than 1 % of the computed values.
In dashed line, the linear regression fit, the linear regression coefficient is larger than 0.999.
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Figure 3: Evolution of the quantity δµ̃m→n as a function of the droplet size n. The uncertainty
regarding the plotted values is ≤ 10−3 kcal mol−1, regardless of n.
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Figure 4: Droplet ∆Gelec
n values (diamonds) and the corresponding power law fitted functions

(dashed lines). The ∆Gelec
n s are the electrostatic components of the free energy costs ∆Gn

corresponding to the reaction Vg + [X/(H2O)n]g → Xg + [V/(H2O)n]g, see Figure 1 and the
definitions provided in Section 2.3. The uncertainty regarding the plotted values is 0.1 kcal
mol−1 (see text for details).

35    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/1

.51
09

77
7



Figure 5: ∆∆n,∞
AC quantities for all our anion/cation pairs as computed from 4th order power

law functions (21). In yellow, the linear function 2eφ · n−1/3.
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Figure 6: ∆ACµ
n
hyd quantities for all our anion/cation pairs from the raw data (empty dia-

monds) and the corrected ones to account for the cation force field artifact (full diamonds)
as computed from our ion/water droplet simulations (i.e. data corresponding to n−1/3 ≤ 0.3,
the uncertainty affecting these data is 0.1 kcal mol−1); and from the experimental data con-
sidered by Kelly and co-workers8 (for n−1/3 ≥ 0.5). In dashed lines linear regression functions
of the data corresponding to the small and large cluster domains. Same color labeling as in
Figure 5.
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