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Abstract: We evaluate the ability of selected classical molecular models to describe the 

thermodynamic and structural aspects of gas-phase hydration of alkali halide ions and the 

formation of small water clusters. To understand the effect of many-body interactions 

(polarization) and charge penetration effects on the accuracy of a force field, we perform Monte 

Carlo simulations with three rigid water models using different functional forms to account for 

these effects: (i) point charge non-polarizable SPC/E, (ii) Drude point charge polarizable SWM4-

DP, and (iii) Drude Gaussian charge polarizable BK3. Model predictions are compared with 

experimental Gibbs free energies and enthalpies of ion hydration, and with microscopic 

structural properties obtained from quantum DFT calculations. We find that all three models 

provide comparable predictions for pure water clusters and cation hydration, but differ 

significantly in their description of anion hydration. None of the investigated classical force 

fields can consistently and quantitatively reproduce the experimental gas phase hydration 

thermodynamics. The outcome of this study highlights the relation between the functional form 

that describes the effective intermolecular interactions and the accuracy of the resulting ion 

hydration properties. 

Keywords: hydration properties, cluster-ion, molecular model, quantum chemistry, electro-spray 

mass spectrometry 
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1. Introduction  

An accurate representation of ion hydration at low water densities is critical for the study of 

diverse atmospheric processes, such as cluster and droplet formation in ionosphere,1 seawater 

sprays,2 flames,3,4 or electric discharges,5 as well as for understanding the behavior of aqueous 

electrolytes in supercritical geochemical and industrial systems.6,7 Beyond specific applications, 

small vapor-phase cluster ions offer a unique window into the fundamental problem of single-ion 

solvation thermodynamics because, unlike ions in bulk liquid solutions, individual cluster 

properties can be studied experimentally using mass spectrometric methods based on equilibrium 

measurements8-14 and collision-induced dissociation.15-17 The experimental results have been used 

as anchoring points for the extrapolation of hydration properties to bulk conditions,18,19 as well as 

for the development and validation of classical molecular force fields.20-25 The small size of 

cluster ions, typically comprising less than 10 water molecules, also provides a more direct 

insight into the specific details of ion-water interactions than bulk aqueous systems, thus, 

becoming a valuable source of information for force field optimization. 

Computational studies of small gas-phase clusters have traditionally relied heavily on first 

principles quantum chemical approaches. Given the limited system sizes, accurate high-level 

quantum methods can be used to calculate the energies of selected cluster configurations24 and 

lower-level DFT calculations can be used to collect samples from the first principles molecular 

dynamics (MD) or Monte Carlo (MC) simulations at finite temperatures.26,27 At present, such 

simulations routinely cover MD trajectories spanning tens of picoseconds or generate thousands 

of MC cycles, which is sufficient for basic estimation of the cluster thermodynamics.27 However, 

since accurate determination of thermodynamic properties (e.g., Gibbs free energy and entropy 

of hydration) requires much more extensive sampling of the system phase-space in the order of 
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tens of nanoseconds, which is not currently achievable by straightforward DFT-MD simulations, 

such calculations must be accomplished by either classical simulations or quantum/classical 

hybrid schemes.  

Classical simulations of cluster ions have been used both to develop molecular models and to 

study ion hydration in vapor phases.20-25 Perhaps the most common way cluster ions are used in 

force field development is as a reference for adjustment of interaction parameters to reproduce 

ab initio polymerization energies of selected locally optimized configurations. This approach, 

typically employed for polarizable models,28-35 has also been used by Joung and Cheatham to 

develop their alkali-halide force fields compatible with non-polarizable models of water.23 

Although methodologically simple, the optimization based on minimum energy configurations 

may suffer from a bias resulting from overweighting more compact structures while 

underweighting a wide range of higher-energy structures that can contribute significantly to the 

cluster hydration entropy. This bias, however, can be avoided by using a larger number of 

canonically distributed cluster configurations obtained from MD or MC simulations at finite 

temperatures (usually at 298.15 K), while the model parameters can be then adjusted to 

reproduce experimental thermodynamic properties, trajectories from DFT-MD simulations, or 

both. This approach was used by Smith and Dang, who optimized their ion force-field 

parameters compatible with the polarizable water model (RPOL) to match incremental hydration 

enthalpies of Na+ and Cl- ions.36 Likewise, Lamoreux and Roux adjusted the ion-water 

parameters based on their SWM4-DP model to reproduce the empirical enthalpies of ion 

monohydrates and found that the resulting model was able to predict reasonably well selected ab 

initio energies of larger clusters.24 Moreover, Shevkunov used experimental cluster-ion 

thermodynamic properties to design a non-polarizable force field specifically for the description 
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of Cl—water clusters, 37 while Lukyanov et al. performed an extensive systematic evaluation of 

the capability of a set of simple polarizable and non-polarizable models to predict cluster-ion 

binding hydration Gibbs free energies, enthalpies and entropies,20 whose analysis has been 

recently extended by Zidi using a fluctuating charge polarizable model.38 Finally, Grossfield et 

al. calculated the Cl- cluster binding enthalpies for the flexible polarizable AMOEBA force field 

and found a close agreement with the high pressure mass spectrometry counterpart.33  

While there have been numerous studies of small and medium size ion-water clusters 

addressing different challenges of the molecular based interpretation of ion hydration 

phenomena,38-41 there is also an underlying interest in developing an accurate representation of 

ion-water clusters motivated by their key role in the determination of single-ion hydration 

properties.18,42,43 However, as we argued in our recent study with non-polarizable models,19 and 

supported by simulations with the more sophisticated polarizable AMOEBA model,44 the current 

extrapolations from clusters to bulk hydration rely on unjustified assumptions. A direct path to 

more accurate determination of single-ion thermodynamics is to span the experimentally 

inaccessible cluster-to-bulk transition using highly accurate molecular models. In the present 

study we investigate the ability of three currently available classical rigid models (and 

corresponding force field parameterizations) to describe the properties of small ion-water 

clusters as determined by macroscopic thermodynamic experiments and microscopic quantum 

mechanical simulations. These models are characterized by contrasting approaches used to 

account for polarization effects that range from pair-wise effective polarizable contributions 

using fixed-charge electrostatics, to multi-body induced polarization via molecular Drude point 

charges (one per H2O),24 and finally to polarization described by atomic Drude oscillators with 

Gaussian charges (three per H2O).28 The analysis of model behavior across large data sets can 
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reveal trends that would not be apparent from isolated data points and identify essential 

interactions needed for reliable description of ion hydration. The outcome of this comparison 

should provide guidance for the future development of highly accurate potential models to 

facilitate large-scale simulations of aqueous ions in both vapor and liquid phases over a wide 

range of thermodynamic conditions and environments. Even though we employ a simple flexible 

model of water in our hybrid classical-quantum DFT Monte Carlo scheme, we defer a more 

comprehensive analysis of the role of flexibility and other features to future studies. 

The remainder of the article is organized as follows: In Section 2 we define the essential 

concepts and models needed for the study of cluster ions, and describe our computational 

methodology; in Section 3 we present structural and thermodynamic results pertaining to cluster-

ions and discuss the performance of different force fields; in Section 4 we summarize our 

findings and highlight their implications in the development of more accurate aqueous electrolyte 

interaction models. 

 

2. Theoretical background 

2.1.Basic relations 

The thermodynamics of gas-phase ion hydration and formation of cluster ions at finite 

temperatures and pressures is typically expressed in terms of elementary stepwise (or 

incremental) reactions and their associated enthalpies and Gibbs free energies. 

The standard state (i.e., T° = 298.15 K and P° = 1 bar) enthalpy,  ΔHn−1,n
 A[ ] , and Gibbs free 

energy,  ΔGn−1,n
 A[ ] , of a stepwise hydration reaction, 

 A H2O( )n−1 +H2O→ A H2O( )n  , (1) 
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in which a cluster-ion comprising an ion A and n-1 water molecules binds an additional water 

molecule, can be expressed as follows, 

 
 
ΔHn−1,n

 A[ ] = H  A H2O( )n⎡⎣ ⎤⎦ − H
 A H2O( )n−1⎡⎣ ⎤⎦ − H

 H2O[ ]  (2a) 

 
 
ΔGn−1,n

 A[ ] = G A H2O( )n⎡⎣ ⎤⎦ −G
 A H2O( )n−1⎡⎣ ⎤⎦ −G

 H2O[ ]  (2b) 

The thermodynamic quantities listed on the right-hand side of Eqs. (2) correspond to individual 

reactants and products (i.e., cluster-ions comprising n and n-1 water molecules, and a single 

water molecule, respectively) in the ideal gas state at standard conditions. The enthalpies of 

reactants and products appearing in Eq. (2a) can be decomposed into the following components, 

 H  = K  +U + PV    (3)  

where  K   and U are the average kinetic and potential energies, V is the molar volume of the 

species at the standard pressure  P . Since the interparticle potential energy of an isolated water 

molecule is zero it results that, to determine  ΔHn−1,n
 A[ ] , it suffices to calculate the difference 

between the enthalpies of cluster-ions comprising n and n-1 water molecules followed by the 

subtraction of the ideal gas enthalpy contribution of classical rigid water molecules (3RT for 

translational and rotational degrees of freedom and 1RT for the PV term of ideal gas) at the 

standard temperature T  , i.e.,  

 
 
ΔHn−1,n

 A[ ] = H  A H2O( )n⎡⎣ ⎤⎦ − H
 A H2O( )n−1⎡⎣ ⎤⎦ − 4RT

  . (4) 

The difference of Gibbs free energy between clusters comprising n and n-1 water molecules, 

i.e., the first two terms in the right-hand-side of Eq. (2b), can be extracted from the grand 

canonical probability pi(n) of finding a cluster-ion with n water molecules in a system 

characterized by the chemical potential of water, µi(T,V), defined as 
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pi n( ) = Q n( )exp βµin[ ]
exp −βΩi[ ]    (5) 

where Ωi is the classical bulk grand potential (Ωi = -PiV) and Q(n) is the canonical partition 

function of a system with one ion and n water molecules within volume V, at temperature T, 

where β =1/kBT, and kB is the Boltzmann constant.  The probability pi(n) can be calculated using 

grand canonical Monte Carlo (GCMC) simulations from a normalized histogram, 

 
pi n( ) = Hi n( )

Hi
TOT     (6) 

where Hi n( )  denotes the histogram count for clusters with n water molecules and  Hi
TOT  is the 

total number of cluster-size measurements. Since the ideal gas P°V contributions from the two 

cluster-ions cancel out, the difference of Gibbs free energies in Eq. (2b) can be equated to the 

corresponding difference of Helmholtz free energies ΔF n,n −1( )  which, according to Eqs. (5) 

and (6), can be expressed as, 

 
β F A H2O( )n⎡⎣ ⎤⎦ − F A H2O( )n−1⎡⎣ ⎤⎦{ } = − ln Q n( )

Q n −1( )
⎡

⎣
⎢

⎤

⎦
⎥ = − ln Hi n( )

Hi n −1( )
⎡

⎣
⎢

⎤

⎦
⎥ + βµi   . (7) 

Equation (7) suggests that, from a simulation standpoint, a series of GCMC simulations of 

clusters at different values of µi(T,V) can be seamlessly combined using the histogram 

reweighting technique.19,45 Subsequently, the stepwise Gibbs free energy difference defined in 

Eq. (2b) can be finally calculated as follows, 

 
ΔGn−1,n

 A[ ] = F A H2O( )n⎡⎣ ⎤⎦ − F A H2O( )n−1⎡⎣ ⎤⎦ − µ,ig H2O[ ]   (8) 
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where  µ
,ig H2O[ ]  is the chemical potential of isolated (ideal gas) water molecules at the standard 

conditions (P°, T°). 

In the case of small pure-water clusters, whose instability results in poor GCMC sampling, 

the free energy difference between clusters comprised of n and n-1 water molecules, ΔF n,n −1( )

, can be determined more efficiently using Bennett’s acceptance ratio (BAR) method,46 which 

permits a more flexible and focused sampling of the configurational space. To apply this 

approach to the hydration reaction of Eq. (1) the reaction path must be split into two steps: (i) 

add a non-interacting water molecule to a cluster with n-1 water molecules, followed by (ii) 

switch on the interactions of the new molecule with the rest of the system, i.e.,  

β F A H2O( )n⎡⎣ ⎤⎦ − F A H2O( )n−1⎡⎣ ⎤⎦{ } = − ln Q0 n( )
Q n −1( )
⎡

⎣
⎢

⎤

⎦
⎥ − ln

Q n( )
Q0 n( )
⎡

⎣
⎢

⎤

⎦
⎥ ,  (9) 

where Q0(n) denotes the canonical partition function of a cluster-ion with one non-interacting 

and n-1 interacting water molecules. The first term on the right-hand side of Eq. (9) corresponds 

to the Helmholtz free energy of a non-interacting water molecule moving within the volume of a 

cluster comprising n water molecules, i.e., 

Q0 n( )
Q n −1( ) =

V
nqiso

  (10)  

where qiso stands for the product of the translational, rotational, vibrational, and electronic 

partition functions of an isolated water molecule.47 The second term on the right-hand side of Eq. 

(9) corresponds to the free energy change caused by the switch on of the interactions of the extra 

particle whose contribution can be determined using Widom’s test particle method48 during a 

canonical MC or MD simulations of a cluster with n-1 water molecules, i.e.,  

 Q n( )
Q0 n( ) = exp −β u − u0( )⎡⎣ ⎤⎦ 0

 . (11) 
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Here u and u0 are the energies of the same configuration in the systems with n and n-1 fully 

interacting water molecules and  … 0  denotes averaging over equilibrium configurations of the 

system with one non-interacting molecule. However, to reduce any bias that can be introduced 

by the test particle method when extensive sampling is not available, we use the BAR method, 

which combines samples taken from the two systems characterized by Q(n) and Q0(n), i.e.,  

Q n( )
Q0 n( ) =

wexp −βu[ ] 0

wexp −βu0[ ] . (12) 

where w is a properly chosen weighting function.46 Since the non-interacting particle can easily 

sample configurations present in the fully-interacting system, there is enough overlap between 

configurations of Q(n) and Q0(n), and the outcome of Eq. (12) should not be significantly biased. 

The variance (i.e., as a measure of the statistical error) of the calculated free energy averages can 

be reduced by a judicious adjustment of the relative number of samples taken from the two 

systems. As a test of correctness of our BAR and GCMC implementations, we have confirmed 

that both methods yield the same cluster-ion ΔF n,n −1( )  values.   

 

2.2. Definition of a cluster 

The analysis of cluster-ion properties and their comparison with the corresponding 

experimental data requires a definition of what constitutes a cluster that is compatible with the 

experimental setup. Since most ion-water and water-water clusters at finite temperatures are 

transient structures, any criterion used for their definitions must select structures stable enough to 

undergo the experimental measurement.  

Perhaps the most sophisticated cluster definitions are based on kinetic considerations of 

cluster stability derived from the rate of evaporation, which have been used to study a water 
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dimer.49 Unfortunately, this approach is not practical for the present study that involves millions 

of possible configurations of up to 7 particles. Other definitions involve geometrical criteria 

based on particle-pair connectivity,50 as well as distance-based criteria specifically designed to 

deal with cluster-ions.51 While simple in specific cases, geometrical criteria are difficult to 

generalize for more complex systems containing mixtures of molecular particles, such as in the 

present study that requires consistent treatment of cluster ions and pure water clusters. Instead 

here we opt for two energy-based stability criteria, A and B, similar to those proposed by Hill52,53 

and used for simple and fast identification of clusters.54,55 Neither of our criteria will result in the 

selection of indefinitely stable clusters, with the exception of a dimer of structureless atomic 

particles. According to criterion A, a stable dimer is formed when the pair interaction energy is 

lower than the mutual kinetic energy, i.e.,   

 uij ri ,rj( ) ≤ − pi − p j( )2 4µ  . (13) 

Here i and j represent two particles or groups of particles whose mutual interaction energy is uij, 

ri and pi are the vector position and linear momentum of i, respectively, while μ is the reduced 

mass of the binary system. Therefore, relation (13) selects a subset of particles within the 

multidimensional configurational and momentum space. Unlike the original work by Hill, which 

dealt with pairwise additive interactions and resulted in a definition based on pairwise 

connectivity, our study considers many-body interactions and the cluster definition must be 

modified accordingly.  

Here we consider a configuration of N particles that would form a cluster when the 

interaction energy of any subset of the N particles with the remainder of the system satisfies the 

condition given by Eq. (13). When the cluster analysis is performed during MC simulations, all 
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particles are assigned random momentum vectors, pi, from the Gaussian distribution consistent 

with the external temperature, and then the condition (13) is evaluated. 

We have also used an alternative simplified criterion (B) based only on configurational 

energies. It is equivalent to A with the assumption that all particles and their groups have the 

average translational kinetic energy of 3/2 kBT. Accordingly, Eq. (13) reduces to: 

uij ri ,rj( ) ≤ − 3 2 kBT    (14) 

Since this simplified criterion selects a subset of the configurational space but considers the full 

momentum space, the kinetic energies of the reactants and products are the same, and 

consequently Eq. (4) becomes, 

 
ΔHn−1,n

 A[ ] =U A H2O( )n⎡⎣ ⎤⎦ −U A H2O( )n−1⎡⎣ ⎤⎦ − RT


. 

For cluster ions at 298.15 K, this criterion corresponds roughly to the average ion-water 

interaction energy at a distance of 10 Å from the central ion, which is the diameter of the cluster-

containing cavity used by Lukyanov et al.51 Results based on our energetic criterion B will 

therefore correspond closely to those that would be obtained according to this geometric 

definition. 

 

2.3.Classical models of aqueous electrolytes 

2.3.1. Non-polarizable model based on the SPC/E water 

The simplest force field considered in this study is represented by a rigid non-polarizable 

interaction-site model of water and ions, in which the functional form of the site-site potential 

combines Lennard-Jones (LJ) and point charge interactions, i.e.,  
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UIW rIW( ) = 4ε IO
σ IO

rI − rjO

⎛

⎝
⎜

⎞

⎠
⎟

12

− σ IO

rI − rjO

⎛

⎝
⎜

⎞

⎠
⎟

6⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥j=1

N

∑

+ qIqs
rI − rjss=1

S

∑
j=1

N

∑
 . (15) 

Here UIW rIW( )  is the energy of interaction between ion I and surrounding N water molecules; 

ε IO  and σ IO  are the Lennard-Jones energy and size parameters of the ion-water oxygen, IO, 

interaction; qI  and qs  are charges on ion I and site s of a water molecule, respectively; 

expression rI − rjs  denotes the distance between ion I and site s on water molecule j. The model 

was developed by Joung and Cheatham23 for use with the SPC/E water56 with the ion-water force 

field parameters optimized against multiple experimental properties including ion radii, 

hydration free energies at infinite dilution, crystal geometry and lattice energy, as well as ab 

initio-derived energies of selected cluster configurations. The resulting parameters are 

summarized in Table S1 (Supplementary Information). This force field has been used earlier to 

study the adequacy of the cluster-pair based approximation, for which only relative cation-anion 

thermodynamics was required.19 In contrast, here we use them to calculate the absolute values of 

the corresponding quantities.  

 

2.3.2. Polarizable model based on the SWM4-DP water 

The SWM4-DP model shares the Lennard-Jones and point charge functional form with 

the SPC/E-based model, Eq. (15), but adds polarizable interaction on the oxygen site through the 

Drude charge-on-spring scheme.57 The interactions between an ion and N water molecules are 

defined by the following expression:   
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UIW rIW( ) = 4ε IO
σ IO

rI − rjO

⎛

⎝
⎜

⎞

⎠
⎟

12

− σ IO

rI − rjO

⎛

⎝
⎜

⎞

⎠
⎟

6⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥j=1

N

∑

+
qI −δq( )qs
rI − rjs

+ δqqs
rD − rjs

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥s=1

S

∑
j=1

N

∑

+ 1
2
kD rI − rD

2

 .  (16) 

Here δq  is the charge of the Drude particle D, rD is its vector position, and kD  is the force 

constant of the harmonic potential between the ion I and the particle D, where the remaining 

symbols have the same meaning as in Eq. (15). The model was optimized using scaled ab initio-

based polarizabilities, binding energies of ion-water dimers at 298.15 K, and bulk hydration free 

energies of neutral ion pairs.24 The resulting parameters are summarized in Table S1.  

 

2.3.3. Polarizable model based on the BK3 water 

The BK3 model uses Gaussian charges to represent the Coulombic interactions and the 

Buckingham (exponential-6) potential to describe the non-Coulombic interactions, while the 

polarizability of the water molecule is implemented through three Drude particle-on-spring sites 

located at the oxygen and two hydrogen atoms so that the ion-water interaction energy can be 

written as follows,28,58  

UIW rIW( ) = AIO exp −BIO rI − rjO( )− CIO

rI − rjO
6

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥j=1

N

∑

+
qI −δq( )qs
rI − rjs

erf rI − rjs γ Ij( ) + δqqs
rD − rjs

erf rD − rjs γ Ij( )⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥s=1

S

∑
j=1

N

∑

+ 1
2
kD rI − rD

2

  (17) 
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Here AIO , BIO , and CIO  are the parameters of the Buckingham potential between the ion I and 

the water oxygen O; γ Is = γ Iγ s , with γ I  and γ s  being the width of the Gaussian charges on 

ion I and water site s, respectively, and the remaining symbols have the same meaning as in Eq. 

(16). The entire set of BK3 parameters is summarized in Table S1. The model was optimized to 

reproduce experimental hydration free energies of neutral alkali halide salts in infinitely diluted 

bulk solutions and to maintain the hydration free energy differences within the same-charge 

series of alkali metal and halide ions. 

2.4. Classical Monte Carlo simulations 

The microstructural properties and enthalpies of ion hydration involving clusters with n = 1 

to 6 water molecules were calculated from the isochoric-isothermal Monte Carlo (NVT-MC).  

The hydration Helmholtz free energies were calculated from a series of GCMC59 simulations in 

which the water chemical potential, µι(T,V), was fixed at different values (corresponding to the 

changing water vapor pressure in the experiment) and the statistics of cluster sizes was analyzed 

using the histogram reweighting technique45 as described elsewhere.19 Additionally, the 

Helmholtz free energies were also calculated from trial water molecule insertions and deletions 

performed during the NVT-MC runs.  

All simulations were performed in a 28 x 28 x 28 Å box at 298.15 K, where the particle 

interactions were truncated at a cutoff distance of 12 Å, which is sufficient to minimize errors 

from incorrectly excluding clusters based on our definitions A and B (see Section 2.2). The 

length of NVT-MC simulations exceeded 1×108 individual translational and rotational MC steps, 

and the combined length of the GCMC simulations for each ion was at least 1×109 individual 

translational, rotational, and insertion/deletion MC steps, where the translations and rotations 
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were accomplished with multi-particle moves.60 Both the MC simulations and histogram 

reweighting were performed using in-house codes. 

Before proceeding we need to provide the following details on the calculation of ΔF n,n −1( )

: In equations (5) to (7) we assumed that the cluster occupies the full phase space available to an 

ion and n water molecules in the volume V. However, to account for the definition of a cluster as 

occupying only a subset of the full phase space (see Section 2.2), we have to modify the 

equations for the probability of a cluster formation to satisfy our definitions A and B. The 

partition function and the histogram can be separated into cluster and non-cluster parts as 

follows: 

 

Q n( ) =Q c n( ) +Qc n( ) =Qc n( ) 1+ Qc n( )
Qc n( )

⎛
⎝⎜

⎞
⎠⎟

Hi n( ) = Hc,i n( ) +Hc ,i n( ) = Hc,i n( ) 1+ Hc ,i n( )
Hc,i n( )

⎛

⎝⎜
⎞

⎠⎟
,
 (18) 

where the subscript c  denotes the part of the canonical partition function pertaining to clusters 

and c  denotes its complement. Equation (7) can then be re-written as follows: 

 

β Fc A H2O( )n⎡⎣ ⎤⎦ − Fc A H2O( )n−1⎡⎣ ⎤⎦{ } = − ln
Hc,i n( )

Hc,i n −1( )
⎡

⎣
⎢

⎤

⎦
⎥ + βµi

= β F A H2O( )n⎡⎣ ⎤⎦ − F A H2O( )n−1⎡⎣ ⎤⎦{ }+ ln 1+X n( )
1+X n −1( )
⎡

⎣
⎢

⎤

⎦
⎥

 (19) 

where  X n( ) = Hc n( ) Hc n( )  is the ratio of non-clusters to clusters in a simulation box with n 

water molecules, which can be obtained both from NVT-MC or GCMC simulations. 

  

2.5. Ab initio simulations 
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The microstructural properties of small ion-water clusters can be efficiently studied by 

simulations in which the particle interactions are determined using quantum chemical methods. 

Although the present simulations do not explicitly take into account purely quantum effects, such 

as the zero-point energy or proton tunneling, it has been shown that the structural features, such 

including the peak positions of radial distribution functions analyzed in the present study, are 

rather insensitive to them.61 

The cluster-ions were studied using NVT-MC simulations with potential energies determined 

from the quantum density functional theory (DFT). In particular, a hybrid generalized-gradient 

approximation (GGA) density functional ω-B97X-D with long-range dispersion corrections62 

was used since it was found to accurately reproduce the results of higher-level ab initio methods 

for water clusters.63 Dunning's correlation-consistent basis sets of double-zeta quality augmented 

with diffuse functions were used for that purpose.64 All calculations were performed using 

Gaussian 09 program package65 implemented as a back-end for a nested Monte Carlo simulation 

program.66 Computationally inexpensive flexible empirical potentials67,68 in the inner part were 

subsequently corrected by accurate but computationally expensive DFT potential energies in the 

outer part. The magnitude and number of inner Monte Carlo steps were tuned to keep reasonably 

high the corresponding acceptance probabilities. The initial parts of simulations were discarded 

and the simulations were run until several thousands of independent samples of cluster 

configurations were accumulated. 

 

3. Results and Discussion 

3.1. Pure water clusters 
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Before analyzing cluster-ion properties, it is helpful to assess the ability of molecular models 

to describe water-water interactions in pure water clusters. For that purpose we illustrate in 

Figure 1 the evolution of the calculated incremental hydration free energies and enthalpies of 

water at 298.15 K, which are also listed in Table S2 in the Supporting Information document. 

We note that the experimentally based estimates of properties of water clusters derived from 

thermodynamic considerations and virial coefficients18,69-72 cannot be directly compared with the 

clusters based on the present definitions, which, unlike the experimental estimates, assume zero 

cluster-cluster interactions in water vapor (e.g., see related discussion by Hill52). Nevertheless, as 

a reference, we display the experimental estimates along with our results, and also include values 

from quantum chemical calculations taken from the available literature.73  

As a first step, we analyzed the effect of the cluster definition (see Section 2.2) on the 

calculated thermodynamic properties. The resulting properties according to both cluster 

definitions (listed in Tables S2a and S2b) differ from each other by less than 1 kJ/mol, a 

difference significantly smaller than the absolute values of  ΔGn−1,n
  and  ΔHn−1,n

 . Consequently, 

following qualitative discussion can be considered valid for either cluster definition. 

In Figure 1 we plot the resulting incremental hydration Gibbs free energies and enthalpies of 

water clusters from the three water models against ab initio calculations, where we can highlight 

several features. The  ΔGn−1,n
  and  ΔHn−1,n

 values predicted by the non-polarizable SPC/E model 

are consistently more negative than those predicted by the polarizable models. However, note 

that this direct comparison does not take into account the self-polarization correction of ~5.23 

kJ/mol built into the model, which represents the intramolecular energy needed to increase the 

water dipole moment from its vacuum value (1.85 D) to that of the SPC/E model (2.35 D).56 

Since the SWM4-DP and BK3 models include this contribution in the total thermodynamic 
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properties, it should also be added to the SPC/E results in order to make consistent comparisons. 

After the correction, the SPC/E results are in close agreement with the polarizable models; in 

fact, the agreement between the corrected SPC/E and BK3 predictions of  ΔGn−1,n
  is better than 

that between the two polarizable models. It is somewhat surprising that a model as simple as the 

SPC/E can describe gas phase water interactions so close to much more complex force fields. 

This observation may indicate that short-range hydrogen bond interactions (as opposed to longer-

range dipolar interactions) are the dominant contributor to cluster thermodynamics with similar 

strength in the gas and liquid phases. The agreement between ab initio calculations and SPC/E 

simulated  ΔGn−1,n


 along with a more negative deviation for  ΔHn−1,n
  suggests more localized 

hydrogen bonds resulting in structures characterized by low energy and low entropy (see Table 

S2). However, despite the favorable predictions of the SPC/E model, we cannot generalize these 

observations to other empirical force fields, whose cluster property predictions can differ 

qualitatively.74 

Another notable trend present in Figure 1 is the significant difference between the quantum 

chemical and classical model predictions showing up for the  ΔGn−1,n
 , despite the close agreement 

of  ΔHn−1,n
 . We believe that the reason for the discrepancy lies in the ‘Boltzmann averaging over 

low energy structures’, as described in the original literature,73 that leads to underestimation of 

higher energy configurations, which contribute more significantly to the system’s entropy.  

A distinctive feature of all classical simulation results in Figure 1 is the presence of a 

minimum in the size dependence of the cluster properties corresponding to tetramer clusters. 

Further analysis of the results and comparison with quantum chemical studies in the literature73 

suggests that mechanism underlying this minimum is the formation of remarkably stable cyclical 

configurations. These configurations can be also identified through the presence of the next-
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nearest neighbor peak at 4 Å in the plot of oxygen-oxygen pair distribution functions for n = 4 as 

illustrated in Figure 2. The minimum appears more pronounced for  ΔHn−1,n
  than for  ΔGn−1,n

  

indicating an underlying trade-off between energetic favorability of the ring structures and their 

unfavorably low entropy.  Incorporation of an additional water molecule (n = 5) to the cluster 

will result in a more loosely bound structure as evidenced by the lower incremental enthalpy and 

the wide second peak in Figure 2. 

  

3.2. Ion-water clusters 

To evaluate the uncertainty associated with the cluster definition, we have calculated the 

cluster-ion thermodynamics based on our two criteria, A and B (see Section 2.2). The resulting 

two sets of  ΔGn−1,n
  and  ΔHn−1,n

  listed in Table S3 differ by less then 0.01 kJ/mol, which is less 

than the statistical uncertainty associated with the simulated quantities. Therefore, for all 

practical purposes, the following discussion can be considered valid for either cluster definition. 

Only a small fraction (0 – 2 %) of the generated configurations was classified as non-clusters, 

which shows the large stability of the systems where all water molecules are contained within the 

deep Coulombic potential well of the central ion and forming its first hydration shell. The 

observed stability also reduces the uncertainty about the proper cluster definition. 

The hydration structure and thermodynamics of cations and anions differ qualitatively as a 

result of water molecule asymmetry, and these differences persist over clusters of all sizes.19 The 

main contribution to ion hydration energies in the small clusters investigated here comes from 

contact interactions in the first hydration shell. For cations, the dominant attractive term is the 

Coulombic interaction with water oxygens, while for anions, it comes from strong hydrogen 
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bonding that involves purely quantum mechanical effects,75 and whose proper description is 

often difficult even with more sophisticated classical force fields. 

The plots of cationic  ΔGn−1,n
  in Figure 3 show that the overall agreement of the two 

polarizable models with the high pressure mass spectrometry (HPMS) experimental data of 

Dzidic and Kebarle13 is nearly quantitative for most ions, whereas the non-polarizable model 

predictions are consistently shifted to more negative values. As in the case of pure water clusters, 

most of the shift can be explained by the SPC/E self-polarization correction. In the case of larger 

cations (i.e., K+ and Rb+), the corrected SPC/E values are in close agreement with the predictions 

of the polarizable models over the full range of cluster sizes. Even in the case of the smallest Li+ 

ion, for which the largest induced water dipoles are detected, the corrected non-polarizable 

predictions do not significantly deviate from the behavior of more complex force fields. The 

large constant deviation of the Cs+ values seems to be caused by the particular choice of the LJ 

parameters rather than a failure of the non-polarizable representation. Indeed, the LJ parameters 

of the Cs+ – H2O interaction deviate strongly from the trend established by smaller cations (see 

Table S1), which may indicate difficulties in their optimization that aimed to reproduce not only 

aqueous solution properties but also those of alkali halide crystals.23  

The trends seen for cationic  ΔGn−1,n
  are reproduced and magnified in the plots of  ΔHn−1,n

  in 

Figure 4. There is very little difference between the predictions of the two polarizable models 

despite their contrasting functional descriptions of the Coulombic and non-Coulombic 

interactions, including the polarization sites. The corrected SPC/E model values are also in close 

agreement with the polarizable models, suggesting that the effective treatment of water molecule 

polarization may be considered reasonably justified even for the cluster cation systems. 

However, even though the model predictions are mutually similar, they all fail to reproduce the 
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trends seen in the experimental results. In particular, the simulated dependence of  ΔHn−1,n
  for n = 

1 to 5 is convex (bends upward), whereas the experimentally determined dependence is concave, 

which leads to large deviations for midsize clusters. For instance,  ΔH2,3
 Na+⎡⎣ ⎤⎦  differs by as 

much as ~10 kJ/mol for the most accurate model included in the comparison. Moreover, the 

simulation results exhibit a sharp change in their trend at n = 5, a behavior not observed in 

experiments. 

It is not immediately clear why the above models deviate from the experimental results. In 

fact, similar discrepancies between the experiment and a simple electrostatic model were noted 

and discussed in the original paper by Dzidic and Kebarle,13 who suggested that some form of 

covalency may be missing from the interaction model. To test this hypothesis, we have plotted in 

Figure 4 a comparison between the model descriptions and our quantum chemical simulation 

results for the hydration enthalpies, from which we can observe an obvious resemblance between 

quantum outcome and the classical models. Moreover, our preliminary simulations with the 

popular AMOEBA force field yielded a similar convex dependence for  ΔHn−1,n
 Li+⎡⎣ ⎤⎦  and 

 ΔHn−1,n
 Na+⎡⎣ ⎤⎦  in close agreement with the quantum chemical results. The latest outcome pushes 

the issue about a plausible explanation behind the observed discrepancies, including the 

assumptions built into the experimental method, which involves extrapolations from high 

temperature measurements to 298.15 K, and the neglected or underrepresented ion-water 

interactions, such as charge transfer effects,77 in the computational models. In support to the last 

contention, an alternative set of data for the enthalpies of Na+ hydration (n = 1-4) at 0 K based on 

the collision-induced dissociation experiments appear more consistent with the classical and 

quantum simulation results than those from the HPMS experiments.16 
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The analysis of the cluster structural properties can facilitate the microscopic interpretation of 

the observed hydration thermodynamics, as illustrated in Figure 5 where we compare the ion-

oxygen pair distribution functions for Li+ and Na+ clusters with n = 1 and 5, as predicted by the 

classical models, and DFT calculations. The main distinctive feature in this comparison is the 

shift to shorter separations of the first peak of the BK3 distribution functions. Interestingly, the 

DFT data are most closely matched by the SPC/E model. 

In terms of the incremental hydration Gibbs free energies of halide anions, Figure 6 displays 

the evolution of  ΔGn−1,n
  where we can observe that the overall agreement of modeling results 

with experimental data is poorer than for alkaline cations. The largest discrepancies are seen for 

the SPC/E-based model of small F- clusters even when the polarization correction is included. 

The SWM4-DP model predictions also deviate significantly for the lowest values of n, where 

they are still noticeable for heavier halide ions, though gradually decreasing.  The BK3 model 

predictions are nearly in quantitative agreement for F- systems, but the model’s performance 

deteriorates with the increasing atomic weight of the halide ion. A likely explanation for the 

satisfactory description of the F- clusters by the BK3 model lies in its use of three polarizable 

sites, two of which are located at the hydrogens. As discussed in the early work by Arshadi and 

co-workers,78 the large negative energy of the first stepwise hydration reaction, F- + H2O -> F-

(H2O) may be caused by the partial charge and proton transfer in the strong hydrogen bond F-

…H+…OH- (see Figure 7). While the current rigid non-reactive models cannot accurately 

reproduce such interactions, the charge-on-spring hydrogen of the BK3 model can emulate their 

effects. This is not possible for the SPC/E and SWM4-DP representations, consequently, they 

fail to reproduce the hydration trends not only for the F- clusters but also for the remaining 

halides. A systematic investigation of the SPC/E-based alkali halide models confirms that the 
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observed discrepancies between model predictions and HPMS do not come from the model’s 

parametrization but from its functional form, and that the unsatisfactory reproduction of anion-

water interactions extends to the bulk solution properties.19 

The behavior of  ΔHn−1,n
  for halide anions illustrated in Figure 8 demonstrates that a 

reasonable prediction of hydration free energies does not guarantee correct enthalpies (or 

entropies for that matter). While the discrepancies in the SPC/E and SWM4-DP model 

predictions are qualitatively the same as in the case of ΔGn−1,n
 , an unexpected behavior is 

exhibited by the BK3 model for ΔH2,3
 X −⎡⎣ ⎤⎦ , where X = Cl, Br or, I. Unlike the experimental or 

other model description including the AMOEBA force field,33 the BK3 model predicts a sharply 

lower enthalpy when adding the third water molecule to the cluster. A closer look at the 

generated low energy structures reveals the formation of a symmetric pyramidal structure as 

depicted in Figure 9. The relative stability of this configuration was observed in quantum 

chemical calculations for all halide ions,79,80 but it is clearly exaggerated by the BK3 model, an 

artifact that illustrates the challenges underlying the development of accurate molecular models 

and the need for their thorough testing. 

Finally, in Figure 10 we compare the ion-oxygen and ion-hydrogen pair distribution 

functions for selected F- clusters predicted by classical and ab initio simulations, where we 

observe, as in the case of Li+ and Na+ ions (Figure 5), that the peaks of the BK3 model 

distribution functions are shifted to shorter separations compared to both the SPC/E and quantum 

results. The shorter H2O - F- distances may be required to compensate for the decreased ion-

hydrogen attraction resulting from the overlapping Gaussian charges.  

 

4. Conclusions 



 25 

We have tested the ability of classical molecular models to describe the microstructural and 

thermodynamic behavior of gas-phase hydration of alkali halides clusters and the formation of 

small water clusters, through the interrogation of the effect of many-body interactions 

(polarization) and charge penetration on determining the incremental hydration Gibbs free 

energy and corresponding enthalpy.  For that purpose we employed three contrasting models 

including (i) point charge non-polarizable SPC/E, (ii) Drude point charge polarizable SWM4-

DP, and (iii) Drude Gaussian charge polarizable BK3. 

We have performed a series of classical and quantum chemical simulations of gas phase ion 

hydration at 298.15 K to assess the performance of force field parameterizations of the above 

models. Even though it is not always possible to distinguish between the failings of a specific 

parametrization from the deficiencies of the interaction model itself, the resulting extensive data 

sets and the analysis of hydration trends allowed us to draw more general conclusions about the 

factors controlling the ion hydration process while simultaneously raising questions about the 

accuracy of the available experimental data. 

In general, the investigated classical models are able to describe alkali cationic clusters more 

accurately than the halide anionic counterparts. Even though there is a significant disagreement 

between the experimental Na+ hydration enthalpies of Dzidic and Kebarle13 and the 

corresponding modeling results based on quantum chemical or classical simulations, it appears 

that even very simple non-polarizable models using point charges and Lennard-Jones 

interactions can capture the essence of the cation-water interactions. Water-anion interactions 

involving the formation of strong hydrogen bonds appear as a more complex hydration process 

that requires incorporation of many-body effects. Our analysis of the SWM4-DP and BK3 

polarizable models suggests that a single polarizable site located at, or near, the oxygen center 
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may not be sufficient to reproduce the hydration thermodynamic trends seen in experimental 

data, which was only achievable through additional polarizable sites located at the hydrogen 

atoms, as in the case of BK3 and AMOEBA force fields. As we might have expected, the overall 

agreement between model predictions and experimental data improves with increasing model 

complexity. However, even adequate description of the hydration thermodynamics does not 

guarantee overall agreement of the cluster ion structural properties, as highlighted by the 

example of the BK3 model description of Cl-(H2O)3 clusters.  

The combination of classical and quantum chemical simulations, together with the alternative 

CID experiments, indicate that there might be underlying inaccuracies in the high-pressure mass 

spectrometry determination of small cation hydration. While the present study cannot 

conclusively answer this question, or pinpoint their sources, it highlights issues that will have to 

be resolved in order to develop and validate predictively accurate models of ion-water 

interactions. 
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Figure captions 

 

Figure 1: Incremental hydration Gibbs free energies (top) and enthalpies (bottom) of pure water 

clusters. Experiment69,70 (black), SPC/E (blue – filled circles), polarization corrected SPC/E (blue 

– open circles), SWM4-DP (green), BK3 (red), and MP2-level ab initio73 (magenta). 

Figure 2: Oxygen-oxygen pair distribution functions for BK3 water clusters, n = 2 to 6. 

Figure 3: Incremental hydration Gibbs free energies of alkali metal ions. HPMS experiment13 

(black), SPC/E (blue – filled circles), polarization corrected SPC/E (blue – open circles), SWM4-

DP (green), and BK3 (red). 

Figure 4: Incremental hydration enthalpies of alkali metal ions. HPMS experiment13 (black – 

filled circles), CID experiment16,17 (black - open circles), SPC/E (blue – filled circles), 

polarization corrected SPC/E (blue – open circles), SWM4-DP (green), BK3 (red). ), and DFT 

(magenta). 

Figure 5: Ion-oxygen pair distribution functions for Li+ (left) Na+ (right) cluster ions with n = 1 

(top) and n = 5 (bottom) predicted by SPC/E (blue), SWM4-DP (green), and BK3 (red) models 

and DFT potential (black). 

Figure 6: Incremental hydration Gibbs free energies of halide ions. HPMS experiment14 (black), 

SPC/E (blue – filled circles), polarization corrected SPC/E (blue – open circles), SWM4-DP 

(green), and BK3 (red). 

Figure 7: Electrostatic potential around an F- - H2O dimer in atomic units (a.u.) at the contour of 

electronic density of 0.05 a.u. 
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Figure 8: Incremental hydration enthalpies of halide ions. HPMS experiment14 (black – filled 

circles), SPC/E (blue – filled circles), polarization corrected SPC/E (blue – open circles), 

SWM4-DP (green), BK3 (red). ), and DFT (magenta). 

Figure 9: Side (left) and top (right) view of the stable pyramidal structure formed by BK3 Cl-

(H2O)3 clusters. 

Figure 10: Ion-oxygen (left) and ion-hydrogen (right) pair distribution functions for F- clusters 

with n = 1 (top) and n = 5 (bottom) predicted by the SPC/E (blue), SWM4-DP (green), and BK3 

(red) models and DFT potential (black). 
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