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Abstract

Modeling adsorption at the metal/water interfaces is a corner-stone towards an

improved understanding in a variety of fields from heterogeneous catalysis to cor-

rosion. We propose and validate a hybrid scheme that combines the adsorption free

energies obtained in gas phase at the DFT level with the variation in solvation from the

bulk phase to the interface evaluated using a molecular mechanics based alchemical

transformation, denoted MMsolv. Using the GAL17 force field for the platinum/water

interaction, we retrieve a qualitatively correct interaction energy of the water solvent at

the interface. This interaction is of near chemisorption character and thus challenging,

both for the alchemical transformation, but also for the fixed point-charge electrostatics.
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Our scheme passes through a state characterized by a well-behaved physisorption

potential for the Pt(111)/H2O interaction to converge the free energy difference. The

workflow is implemented in the freely available SolvHybrid package. We first assess

the adsorption of a water molecule at the Pt/water interface, which turns out to be

a stringent test. The intrinsic error of our QM-MM hybrid scheme is limited to 6

kcal·mol−1 through the introduction of a correction term to attenuate the electrostatic

interaction between near-chemisorbed water molecules and the underlying Pt atoms.

Next, we show that the MMsolv solvation free energy of Pt (-0.46 J·m−2) is in good

agreement with the experimental estimate (-0.32 J·m−2). Furthermore, we show that

the entropy contribution at room temperature is roughly of equal magnitude as the

free energy, but with opposite sign. Finally, we compute the adsorption energy of

benzene and phenol at the Pt(111)/water interface, one of the rare systems for which

experimental data are available. In qualitative agreement with experiment, but in

stark contrast with a standard implicit solvent model, the adsorption of these aromatic

molecules is strongly reduced (i.e., less exothermic by ∼ 30 and 40 kcal·mol−1 for our

QM/MM hybrid scheme and experiment, respectively, but ∼ 0 with the implicit sol-

vent) at the solid/liquid compared to the solid/gas interface. This reduction is mainly

due to the competition between the organic adsorbate and the solvent for adsorption

on the metallic surface. The semi-quantitative agreement with experimental estimates

for the adsorption energy of aromatic molecules thus validates the soundness of our

hybrid QM-MM scheme.

1 Introduction

Assessing the impact of water at the metal/liquid interface is a challenging task but

mandatory to understand and predict numerous interfacial processes from heterogeneous

catalysis to water treatment, metal plating and corrosion. The lack of extensive exper-

imental data is clearly detrimental to validate proposed methods. As it serves as both,

a theoretical and experimental model system for the understanding of metal/water in-
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terfaces, the platinum/water interface is the only exception in this respect. Pt is well

characterized in surface science studies1,2 and highly relevant to heterogeneous catal-

ysis and electrocatalysis.3–7 Furthermore, Pt(111)/water is one of the few solid/liquid

interfaces for which a couple of experimental solvation energies are available.8–10 We

herein will rely on this exceptionally well-characterized interface to validate our general

approach by comparing our computed adsorption energies at the solid/liquid interface to

the available experimental values.

Over the last twenty years, several approaches have been developed to computationally

account for solvation effects at the metal/water interface. In the microsolvation scheme, a

limited number of water molecules are co-adsorbed with the adsorbate of interest.11–15 To

achieve a balanced description of solvation along a reaction profile, these water molecules

have to be carefully chosen and placed. In addition to being cumbersome, microsolvation

only allows to retrieve the short range part of the solvation effects, also called direct

solvation effects. The indirect solvation effects, i.e., the modified electrostatic interactions as

well as the entropy of solvation are completely neglected in this approach.16–20 The implicit

solvation models such as the polarizable contiuum model, PCM,21 are precisely designed

to retrieve the indirect solvation effects and are most successful to recover the average

electrostatic interaction between solutes and the solvent which is described by its dielectric

constant. However the lack of a database of reference solvation energies at the water/metal

interface severely limits the parametrization and validation of implicit solvation models for

the metal/liquid interface. The cluster-continuum model, where the direct (local) solvation

effect is described by microsolvation and the indirect (bulk) solvation is approximated

by the dielectric constant try to combine the best of both worlds.15 Alternatively the full

water phase can be computed. However, phase-space sampling with an accurate energy

description is the main issue with these approaches. In an early study along these lines a

short molecular dynamics (MD) simulation was performed prior to the optimization of

snapshots, yielding a metal/amorphous ice-like interface.22 Similar studies for various
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metal surface/adsorbate combinations have been performed with widely varying number

of water molecules and sampling length.23,24 However, these studies have not assessed

to which extent they actually mimic a metal/liquid water interface. Hybrid quantum-

mechanical/molecular mechanics (QM/MM) approaches have also been suggested but

have so far not been compared to the rare experimental data.25,26 Our two-step hybrid

QM-MM level, that we had called MM-FEP,27 consists in describing the surface–adsorbate

interaction via a DFT optimization and accounting for the solvation effects of the frozen

DFT geometry through free energy perturbation (FEP) exploiting efficient molecular

mechanics. This allows to retrieve all the major solvation effect, including the competition

between water and the adsorbate for adsorption on the surface. A similar approach was

used later by Getman and co-workers to asses adsorption free energies of CO and sugars

on Pt (111) and compare it with implicit solvation and ice-like structures optimisations.28,29

The accuracy of any kind of QM/MM heavily relies on the quality of the forcefield used

to sample the phase-space of the solid/liquid interface. Even though several forcefields

enjoy great popularity,30–33 it is only recently that we have introduced GAL17, the first

qualitatively correct force field for the interaction between a water molecule and a Pt(111)

surface.34 This force field has subsequently been generalized to other metal surfaces.35

Thus, we are now ready to tackle the solvation free energies at the Pt(111) surface with a

reliable force field.

Alchemical transformations such as FEP or thermodynamic integration (TI) rely on

comparably small changes in the Hamiltonian, most suitable for non-covalent interac-

tions. However, the GAL17 force field correctly describes the interaction between water

molecules and the metal surface by a “strong” interaction. Therefore, special attention

needs to be paid during the alchemical transformation in order to avoid dependence of the

results on the starting point (hysteresis), which is the first challenge addressed herein. The

second challenge is how to make the chemisorption-like potential of GAL17 compatible

with point-charge electrostatics. When developing GAL17, electrostatics between the
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surface and the water molecules have not been explicitly taken into account, i.e., they

are part of the interaction potential but not expressed in terms of point charges. This

is comparable with biological force fields, where point-charges are not part of bond or

angle terms. However, when adsorbates are present on the surface, the point charges

are crucial for retrieving solvation energies at the metal/liquid interface. Nevertheless,

double-counting needs to be avoided between GAL17 and the point-charges.

In this work, we perform computations in the spirit of MM-FEP, but adapting it accord-

ing to the two identified challenges when using GAL17 in alchemical transformations. The

thus obtained solvation energies are called “MMSolv” for molecular mechanics solvation

energies. When combined with DFT interaction energies to give adsorption energies at

the metal/liquid interface, we call the level of theory “hybrid”, to indicate the use of

a QM and a MM constituent. We implement the approach in an easy-to-use package,

SolvHybrid. By the comparison with experimental adsorption energies of benzene and

phenol at the Pt(111)/water interface, we demonstrates a semi-quantitative accuracy of

the devised hybrid level of theory. Given suitable force fields, SolvHybrid is applicable to

the determination of solvation energies at any solid/liquid interface. Therefore, we expect

SolvHybrid to become a valuable tool for mechanistic investigations in heterogeneous

(electro-)catalysis and for other processes at the solid/liquid interface.

2 Theory

2.1 Thermodynamic integration: The principle

Thermodynamic Integration (TI) is a very general methodology,36–39 which allows to

compute free energy differences based on the numerical integration of the gradient of

the potential energy V with respect to the path-variable typically called λ. This gradient,
∂V(λ)

∂λ is evaluated at discrete points, also called windows. Provided that the sampling

is sufficient in each window and that the integration error is low (sufficient number of
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windows) the free energy difference between the two states (A and B) converges to :

∆A→BG =
∫ B

A
〈∂V(λ)

∂λ
〉λdλ (1)

where 〈 ∂V(λ)
∂λ 〉λ is the ensemble average of the partial derivative of the potential energy of

the system with respect to λ, at a given value of λ.

In the context of MM solvation energies or (relative) binding strengths of ligands to

receptors, TI is most often applied in conjunction with an alchemical transformation. Dur-

ing alchemical transformations, the two physical states are connected without a physically

meaningful path between them, exploiting the fact that free energies are state functions.

The path is formulated in terms of the abstract variable λ which goes from 0 (initial state

A) to 1 (final state B), interpolating the potential energy of the two systems in-between:37

V(λ) = (1− λ)VA + λVB (2)

where VA and VB are the potential energies of state A and B, respectively. In practice,

this allows, for instance, to compute the solvation energy difference between phenol and

benzene by gradually and simultaneously replacing the OH of phenol by the H of benzene.

These alchemical transformations come, however, with one caveat: the change along the

path should not be too strong. While in principle increasing the number of windows is

supposed to alleviate this issue, in practice large changes are difficult to converge, with

meta-stable regions in phase-space leading to hysteresis and thus unreliable predictions of

the free energy change.

2.2 SolvHybrid: Principles and Workflow

The SolvHybrid package aims at computing the adsorption free energy of a molecule M

on a surface S in a solvent using a hybrid scheme. This quantity, named here ∆aGsolv, can

be decomposed in two terms:
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∆aGsolv = ∆aGvac + ∆a∆sG (3)

where ∆a designates the free energy difference of adsorption of M on S and the super-

script solv and vac refer to the process in solvent (here water) and vacuum or gas-phase,

respectively and ∆s collects all solvent effects.

The first contribution (∆aGvac) is the Gibbs Free Energy of adsorption of the molecule

M on the surface S computed in the gas-phase. To a good approximation it does not

require extensive phase-space sampling40 and can, therefore, be evaluated by standard

DFT optimizations, here performed using VASP.41,42 SolvHybrid computes the hybrid

adsorption energy, combining the DFT energy ∆aGvac with the MMSolv energy correction

term ∆s∆aG. Hence, ∆aGvac and the corresponding optimized geometries, together with

their Hirshfeld charges, of M, the surface S and the adsorbate-surface assembly (M@S)

constitute the basis of SolvHybrid computations.

The MMSolv term (∆a∆sG) is the variation of the free energy of solvation (∆sG), during

the adsorption process, i.e., from bulk solution to the interface. The solvation effects derive

mostly from the reorganization of the solvent around the adsorbate (often referred to as

the cavitation energy), the replacement of water molecules adsorbed on the surface by

the adsorbate and from the change in interactions between the molecule in bulk solution

and at the interface, i.e., the change in polarization. ∆a∆sG formally also includes the

change of adsorbate–surface interaction due to the co-adsorption of solvent molecules, an

effect that is assumed to be small and is, thus, neglected here. Similarly, the polarization

of the adsorbate due to the presence of the solvent is either neglected or recovered via a

DFT computation in an implicit solvent.21 Within the SolvHybrid package, the compu-

tation of ∆a∆sG is performed with molecular mechanics (MM) within the framework of

thermodynamic integration (TI) as implemented in AMBER.43,44 In principle, the MM

requires the evaluation of three different types of interactions: (i) metal/adsorbate, (ii)

water/adsorbate, (iii) water/metal. Since no accurate and general force field exists for the
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interaction between adsorbates and metal surfaces, we set this interaction to zero and keep

the DFT determined geometry frozen during the MM computations. As a compensation,

∆aGvac is, of course, added in the end to obtain ∆aGsolv (see Eq. 3). The most stable

adsorption configuration at the solid/liquid interface can, nevertheless, be determined

if the solvation energy is computed for different (gas-phase) configurations, i.e., the con-

figurational sampling is factored out of the TI and only performed in vacuum or implicit

solvent. The water/metal interaction is conveniently described by the GAL17 force-field.34

Finally, the water/adsorbate interaction is approximated by established Lennard-Jones

parameters45 and atomic charges computed with DFT.46

S

SS

S

M

MM

M

S

M

WB

WB

WB

WB

+

+

+

@

Figure 1: Thermodynamic cycle used to determine ∆a∆sG. M represents the studied
molecule, S the metallic surface, M@S the molecule adsorbed on the surface, and WB a
water box of a sufficient size. ∆sG expresses the solvation free energy of a compound,
while ∆aG is the adsorption free energy associated to M + S −→ M@S. δ∆sG is defined as
the free energy change associated with the transformation depicted by the red arrow.

Following our previous work,27 we thus exploit the thermodynamic cycle of Fig. 1 to

evaluate ∆a∆sG. In principle, ∆a∆sG can be computed in three ways: (i) by direct transfor-
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mation (horizontal black line), (ii), following the rectangle of black arrows, exploiting the

“standard” thermodynamic cycle, i.e., ∆a∆sG = ∆aG + ∆sG(M@S)− ∆sG(S)− ∆sG(M),

with ∆aG being equal to zero in the chosen computation framework (MM with no interac-

tion between the molecule and the surface), and (iii) invoking the triangle with the red,

diagonal arrow, i.e., ∆a∆sG = δ∆sG− ∆sG(M). The direct transformation (i) is difficult

to achieve as it requires the simultaneous presence of two systems in the initial state, i.e.,

a very large water box to mimic separated systems. The terms ∆sG(S) and ∆sG(M@S),

required for process (ii), present an abrupt chemical change (the appearance of a full

metallic surface in the bulk water), that is computationally costly to converge. As we have

shown previously,27 cycle (iii) avoids these issues and introduces a smoother transition,

δ∆sG, between the empty surface S and M@S, both immersed in water.

The two transformations corresponding to δ∆sG and ∆sG(M) are, therefore, driven

by the SolvHybrid package, in order to determine ∆a∆sG. Note, that the surface part

of M@S and S is slightly different. Indeed, the deformation, polarisation and electron

transfer induced by the adsorption of the molecule M is computed at DFT level, taken in

account within ∆aGvac and is responsible for the different geometries and charges of the S

(sub-)system.

In summary, the complete adsorption energy of a compound at the solid/liquid inter-

face is computed by SolvHybrid as:

∆aGsolv = ∆aGvac + ∆a∆sG = ∆aEvac
DFT + δ∆sGMM − ∆sGMM(M) (4)

2.3 Electrostatic interactions between the solvent and the metallic sur-

face

The standard implementation of Coulombic interactions in AMBER for periodic systems

relies on the use of the Particle-Mesh-Ewald (PME) method. While PME is highly efficient,

it is intrinsically more complex than the direct space evaluation of the Coulomb interactions.
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An alternative to PME is to use “shifted” Coulombic interactions (Eshi f t
C ) in direct space,

which make the electrostatic interaction compatible with a cut-off distance rcut. The role

of the shift-function is to render the evaluation of the Coulomb interactions in direct

space compatible with periodic boundary conditions while avoiding discontinuities in the

energy or forces. Here, we rely on the following “shifted” Coulombic interactions which

are typically used in the CHARMM community:47–49

Eshi f t
C (rij, qi, qj) = qiqj ·

1
rij
·
(

1−
r2

ij

r2
cut

)2

(5)

where the squared term in parenthesis corresponds to the shift function, rij is the internu-

clear distance between atoms i and j. qi and qj are the respective atomic charges in suitable

units. Beyond the cutoff distance rcut, the Coulomb interactions are no longer evaluated.

The reason why we herein prefer the simplicity of Eq. 5 compared to PME is the

following: In contrast to standard non-bonded parameters, the GAL17 force field captures

weak chemisorption of water molecules with the metal surface. Therefore, the internuclear

distance between Pt and O is rather short (about 2.5 Å) in the minimum. Furthermore, since

GAL17 is a non-polarizable force field (the polarization energy that is easily recoverable

being only about 1 kcal·mol−1 for a single water molecule50), we had assumed a zero

atomic charge on Pt during its development. However, when adsorbates are present on

the surface, we necessarily also need to take atomic charges into account to describe the

electrostatic interaction between the solvent and the adsorbate. Since we determine these

charges from first principles for the M@S system, they unavoidably lead to partial charges

on the Pt atoms. To make GAL17 compatible with atomic charges on Pt, we tested and

adopted a strategy inspired by standard force fields, where the Coulomb interaction is set

to zero for 1-2, 1-3 and scaled down for 1-4 covalently bonded neighbors.47 In standard

(fixed topology) force fields, these short-ranged Coulomb interactions are excluded (or

scaled down) since the corresponding interaction terms are already implicitly taken into
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account through the chemical bonds. Since quantum-mechanical effects are dominating at

such short internuclear distances, the variation in the Coulomb energy of point charges

would, anyway, not be physically relevant. However, GAL17 is a “reactive” force field in

the sense that the topology is not fixed, but the interaction between Pt and O is smoothly

decaying to zero at long distances. Hence, we cannot simply exclude the corresponding

Pt–O and Pt-H pairs, but smoothly switch off the Coulombic interactions at short distances,

which is nearly trivial in direct space. This is achieved by introducing a Fermi damping

function for the Pt–H2O Coulombic interactions, resulting in:

Eshi f t
C (rPt,j, qPt, qj) = qPtqj ·

1
rPt,j
·
(

1−
r2

Pt,j

r2
cut

)2

·
(

1

1 + exp(−σ(
rPt,j
r0
− 1))

)
(6)

where σ and r0 are the adjustable parameters of the Fermi-damping, corresponding

respectively to the switching slope and the characteristic distance of the short-range

correction. The two damping parameters were adjusted to minimize the highest ∆a∆sG of

water molecule on the Pt (111) surface, determined as presented in section 4.1. The final

parameters were 25 and 3.3 Å, for σ and r0, respectively. The resulting Coulomb interaction

is shown in Fig. 2, where it is compared to the bare and shifted Coulomb operator.

3 Computational Details

3.1 Molecular mechanics simulations

The MUSIC module for AMBER,43 implementing the GAL17 forcefield, was used to

describe water-Pt interactions along with the set of published parameters.34 A second

version of the forcefield, dubbed “sGAL17” for soft GAL17, was also used. It consists in

exactly the same functional form, but all parameters with energy as a unit are divided by

four.
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Figure 2: Distance dependence of the electrostatic interactions, renormalized by the partial
charges qi, qj. The green line corresponds to the bare Coulomb operator (1

r ), while the
orange curve is the shifted electrostatic interaction according to Eq. 5. The blue line results
from the short-range damping of Eq. 6. rcut, σ and r0 were set to 8.0 Å; 25 and 3.3 Å, as
used for all our computations.

Water–water interactions were computed via the TIP3P water model.51 All Lennard-

Jones interactions other than TIP3P are taken from the UFF force field.45 In all computations,

the non-aqueous part of the system (S, M@S and M), was frozen using the belly algorithm

of AMBER. The shake algorithm was exploited to constrain the geometry of the water

molecules, allowing to use a time step to 2 fs.52.53 The pressure was anisotropically scaled,

i.e., only the out-of-plane unit-cell vector was allowed to change by adapting the default

Berendsen barostat of AMBER54 accoordingly.

The thermodynamic integration was carried out using the default settings of AMBER17,

including the softcore potential55,56 when performing the actual alchemical change.

3.2 DFT computations

All geometries for the molecule (S), the molecule adsorbed on the metallic surface (M@S)

and the bare metallic surface (M) were optimized with VASP41,42 using the conjugate-

gradient algorithm. The PBE generalized gradient approximation57 58 was chosen as the

exchange-correlation functional, complemented by the dDsC dispersion correction,59
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a setup that has previously been validated against experimental gas-phase adsorption

energies.60 The plane-wave energy cutoff was set to 400 eV. The electron-ion interactions

were described by the PAW formalism.61,62 A Γ-centered 3× 3× 1 Monkhorst-Pack K-

point63 grid was used to sample the Brillouin zone. All slabs were built as initially ideal

p(4x4) Pt(111) cells with 4 layers. Only the two topmost layers were allowed to relax

during the optimizations. All geometries are available in the supporting information. The

VASPsol module21,64 was used to assess the effect of an implicit solvent for comparison.

The default settings for cavitation energy are used, and the plane-wave energy cutoff was

increased to 600 eV. When a Pt slab was present, a dipole correction was applied in the

out-of-plane direction,65 to avoid solvating a macroscopic dipole.18

3.3 MM setup via SolvHybrid

SolvHybrid allows to setup the MM computations automatically. In practice, it builds 3× 3

supercells (other multipliers are supported) with respect to the DFT unit cells to extend the

lateral size of the surface well beyond the MM cut-off distance and to improve statistics.

Atomic charges for the surface and molecules are extracted from Hirshfeld charges of the

VASP computations,46 re-scaled as CM5 charges66 and multiplied by the recommended

factor of 1.27.67 Single-point gas-phase MM energies (Evac
MM) are computed for each system

(S, M, and M@S). The M@S and M systems are then solvated by a ∼30 Å thick TIP3P

water box,51 via the algorithm of leap from the AmberTools. The resulting orthorhombic

box completely surrounds the system. Water molecules not above the surface are then

removed so that the final water box matches the original in-plane dimensions of the 3× 3

supercells. The water boxes of M@S and M are then minimized for 2000 cycles to remove

clashes. An exact copy of the water box of the M@S system is then extracted to be place on

top of S. This leads to two systems (S and M@S) that only differ by the coordinates of the

atoms that are being transformed during the TI, as requested by AMBER.
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3.4 Settings for thermodynamic integrations

As described in section 2.2, SolvHybrid performs two independent TIs. TI1 connects M@S

to S: (M@S)solv −→ (S)solv required to evaluate δ∆sG. TI2 connects M to bulk liquid water:

(M)solv −→ (∅)solv and is the main constituent for ∆sG(M), the MMsolv solvation energy of

the entity M.

When performing the TIs, the self-energy of the fragments that are alchemically trans-

formed are also annihilated/created. Hence, to comply with the thermodynamic cycle of

Fig. 1, the corresponding energies in vacuum have to be subtracted, so that the effective

MM adsorption energy in vacuum ∆aEvac
MM does not contribute to the final result:

∆a∆sG = δ∆sGMM − ∆sGMM(M)

= (−∆TI1 G− Evac
MM(M@S) + Evac

MM(S))− (−∆TI2 G− Evac
MM(M))

= ∆TI2 G− ∆TI1 G− ∆aEvac
MM (7)

Finally, we can write the hybrid adsorption energy in solution as:

∆aGsolv = ∆aEvac
DFT − ∆aEvac

MM + ∆TI2 G− ∆TI1 G (8)

Following standard practice in AMBER, each TI is separated in several partial trans-

formations, which we call “step” herein. Each step is itself divided into 11 windows,

corresponding to different values of the mixing parameter λ. For each window, individual

minimization, heating and equilibration to 300 K and production at 1 bar are performed.

The minimization is carried out for 100 cycles at constant volume. Heating from 5

to 300 K is achieved over 200 ps, i.e., at a heat rate of 1.475 K·ps−1, with a thermostat

time constant of 1 ps while the pressure is kept constant at 1 bar. Equilibration is carried

out for 100 ps in the NPT ensemble, keeping the the temperature at 300 K by a Langevin
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thermostat with a collision frequency of 2 ps−1.68 200 ps of dynamics under the same

conditions are used as the production phase.

The steps constituting the TIs are: (i) Discharge of the non aqueous part of M@S, i.e.,

scaling the atomic charges of M@S progressively to zero, (ii) For M@S with no atomic

charges, transforming the GAL17 forcefield to sGAL17, (iii) Alchemical change from M@S

to S with no atomic charges on S and M@S and with sGAL17 for the water/Pt interaction,

(iv) For S, transform the sGAL17 to the GAL17 forcefield, (v) Recharge of the non-aqueous

part of S, i.e., scaling atomic charges of S from zero to their physical values. We find that

step (ii) and step (iv) are necessary to ensure reproducible results, avoiding hysteresis with

windows being trapped in meta-stable states for several nanoseconds.

The discharge (i), recharge (v), and alchemical (iii) steps are conducted on 9 evenly

spaced windows with λ ranging from 0.1 to 0.9, plus 2 windows at λ equal to 0.005 and

0.995. The softening of GAL17 (ii) and its reverse (iv) are performed in 11 logarithmic-

spaced (spacing following ln(x)) and decreasing logarithmic-spaced windows (spacing

following 1− ln(x)) ranging from 0.005 to 0.995, which reflects the exponential shape

of 〈 ∂V(λ)
∂λ 〉λ during these transformations (see Fig. S1 and Fig. S2 in the supporting

information).

Using an algorithm from Steinbrecher,38 free energy variations are gathered over the

last 200 ps of each window, numerically integrated for each step and summed to the

corresponding total free energy change.

4 Results and discussion

Having described the developed hybrid method in section 2.2, we now turn to the actual

results obtained when combining DFT in vacuum with MMsolv solvation energies. By

computing the solvation energy of H2O@Pt(111), we first investigate the intrinsic error,

which is committed by the uneven description for adsorbates and the solvent. Then, we
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move to the solvation energy of the Pt(111) surface in order to obtain rough estimates of

the energetic costs to displace water molecules from the surface. Finally, we validate our

method by assessing the adsorption free energy of benzene and phenol at the Pt(111)/water

interface, for which experimental estimates are available.

4.1 Changes in the solvation of water from bulk water to the Pt/water

interface

In order to assess the consistency of our hybrid scheme, the adsorption free energy of

a water molecule on a platinum surface is evaluated as a function of its distance to the

surface. Since this reaction consists in replacing one water molecule at the Pt/water

interface by another molecule in the bulk and vice versa (vide infra), a perfect QM-MM

hybrid level should determine this adsorption free energy as zero.

In practice, the adsorbed water molecule undergoes exactly the same process as de-

scribed above for a general adsorbate. We will use H2ODFT to distinguish it from the TIP3P

water molecules. In this case, ∆aGsolv represents the free energy required to replace a TIP3P

water molecule on the surface by H2ODFT@Pt(111) and, simultaneously make H2ODFT

disappear from the bulk water. H2ODFT is distinct from the TIP3P water molecules in three

ways: (i) its interaction with the surface is treated at the DFT level and consists in ∆aEvac
DFT

and does not contribute to δ∆sG, (ii) it polarizes the platinum surface during its adsorption

while the TIP3P water molecules do not, (iii) it is frozen during the TI and therefore can

neither be exchanged with other water molecules, nor move to optimize the organisation

of the interfacial structure of water.

∆aGsolv(H2O) is used to determine the effectiveness of the Coulomb correction de-

scribed in section 2.3: Fig. 3 compares the results obtained with the standard (shifted)

Coulomb interactions in orange (Eq. 5) with the short-range corrected interactions (in blue)

of Eq. 6. Note, that the results for Particle Mesh Ewald are of equivalent quality to the

orange lines of the standard shifted Coulomb scheme (see Fig. S3).
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Figure 3: Adsorption free energy ∆aGsolv for a frozen water molecule on a 4 layers slab
of Pt(111) using a p(4x4) cell as a function of the distance of the oxygen to the surface.
Its interactions with the slab are described at DFT level. Corrected refers to free energies
computed with the coulombic correction proposed, in opposition to the uncorrected
energies. Free energies are given an estimated ±1.0 kcal·mol−1 accuracy (See SI S3 for
details).

According to Fig 3, ∆aGsolv is positive at short distances and diminishes from 11 or

7 kcal·mol−1 for the “standard” and “short-range corrected” Coulomb interactions, to

about zero at long distance (> 8 Å) while consistently displaying a slight second peak of 2

kcal·mol−1 at ∼ 5 Å. The decay to zero after 8 Å means that from this distance on, there is

no interaction between the molecule and the surface, and, furthermore, that even the water

organization around the frozen molecule is the same as in the bulk. In contrast, at short

distances the three differences mentioned above and discussed in the next paragraphs

might contribute to make ∆aGsolv positive.

The obvious difference (i) is that the interaction of a TIP3P molecule at the surface is

replaced by ∆aEvac
DFT for H2ODFT@Pt(111). However, this change is expected to be well

described by the GAL17 forcefield,34 and should, therefore, not lead to a considerable

contribution.

The subtle difference (ii) is connected to the atomic charges: the charges of H2ODFT and

the metallic atoms are modified by polarization and non-negligible charge transfer at the

DFT level,69 an effect that is only implicitly (at the single molecule level) taken into account
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Figure 4: Atomic charges computed for the slab interacting with “DFT water” molecules.
The charges are CM5 charges scaled by 1.27 according to ref 67.

in GAL17. Fig. 4 illustrates the DFT charge distribution at the DFT adsorption minimum.

On average, the surface atoms are negatively charged, even though a strong positive

charge is found for the Pt atom on which the oxygen is adsorbed. This positive charge

is not very problematic in the MM computations since it is “shielded” by H2ODFT and

only TIP3P water molecules in the second layer will be affected by it. The negative charge,

which accumulates in the vicinity of the hydrogen atoms, can, however, lead to substantial

interactions with the oxygen atoms of co-adsorbed TIP3P water molecules. Even a partial

charge of only -0.05 e− at the adsorption minimum distance of of 2.5 Å yields an artificial

repulsion of about 5 kcal·mol−1 with the water oxygen atom. It is this repulsion that the

Coulomb short-range correction of Eq. 6 is designed to attenuate. Indeed, switching the

correction on reduces ∆aGsolv at short distance from 11 kcal·mol−1 to 7 kcal·mol−1. We,

therefore, assign this 4 kcal·mol−1 difference as the cost of the unequal description of

charge transfer. While the DFT polarization is, of course, physically meaningful, the issue

here is that the TIP3P water molecules do neither lead to such a polarization nor is the

force field (GAL17) adapted to deal with the surface polarization, but built for a neutral
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surface, as discussed in section 2.3.

Finally, point (iii) questions if keeping a water molecule frozen at the interface signifi-

cantly disturbs the interfacial organization. To quantify this effect, we perform TIs with

frozen TIP3P molecules instead of H2ODFT. These tests show that a TIP3P frozen water

molecule results in a ∆aGsolv very close to 0, i.e., that freezing in itself does not introduce a

significant artifact.

Having addressed the three points above, we may ask ourselves where the remaining 7

kcal·mol−1 at short distance come from. In the spirit of our tests with frozen TIP3P water

molecules, we perform further tests to assess the impact of the internal polarization of the

water molecule upon adsorption. We observe that the oxygen atom in H2ODFT@Pt(111) is

less negatively charged compared to the non-adsorbed water molecule (-0.7 vs. -0.8 e−).

Due to this weaker internal polarization, the interaction of H2ODFT with the other water

molecules at the interface is much weaker than it “should” be, resulting in the positive

∆aGsolv.

As a result of this analysis, we conclude that the Coulomb correction is an important

component of solvation energies at metallic surfaces. However, direct solvent effects, i.e.,

the modification of water–adsorbate interaction due to the surface are only approximately

taken into account, as already highlighted during the development of GAL17.34 Thus, if

suspected to be important, the direct water effects should be treated via microsolvation.15

Our hypothesis is, however, that the water–water interaction at the interface is among the

worst cases possible, which means that we expect errors below 7 kcal·mol−1 for general

adsorbates.

4.2 Solvation free energy of the Pt(111) surface

In order to validate the scheme beyond the “intrinsic” worst-case scenario of section 4.1,

we estimate the solvation free energy of the Pt(111) surface. This surface solvation free

energy Γsur f (see Eq. S1 in the SI) corresponds to the free energy change associated with
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the creation of a water interface with a platinum slab in the middle of bulk water. In other

words, the Pt–vacuum surface free energy does not contribute. It is, therefore, negative if

the stabilizing interactions between water and platinum are strong enough to overcome the

cost of creating a “gap” in water that will be filled with platinum. Γsur f can be computed

similarly to the MMsolv term of Eq. 3 via SolvHybrid by adapting the latter to allow

the creation of the full platinum slab instead of only the adsorbed molecule, with all the

details exposed in the supplementary information (section S4). Using the TIP3P water

model Γsur f is found to be -0.46 J·m−2 (-5.2 kcal·mol−1·atom−1). As a comparison, we

also compute the corresponding value for the TIP4P water model and obtain -0.51 J·m−2

(-5.8 kcal·mol−1·atom−1). The corresponding value for the water/gas-phase interface

has been determined to 0.052 J·m−2,70 i.e., about ten times less in absolute value and, of

course, positive, as the creation of this interface costs energy. Compared to the value of

-0.32 J·m−2 reported by Campbell et. al.,71 the accuracy of the result is very encouraging.

The sign of this value is consistent with the wetability of platinum. The magnitude is

almost reduced by a factor of two with respect to the adsorption energy of a single water

molecule on a platinum slab (roughly -9 kcal·mol−1 according to DFT), which is coherent

with the energetic and entropic cost to create the interface. The contribution due to the loss

of water–water interactions due to the creation of the interface is, as stated above, only

responsible for a reduction of about 0.5 kcal·mol−1 with respect to the vacuum adsorption

energy, highlighting the significant difference between the solid/liquid and liquid/gas

interface.

A remarkable feature of explicit solvent molecular dynamics is the possibility to evalu-

ate the solvation free energy as a function of the temperature. This contrasts with contiuum

models such as PCM that are fitted for a given temperatures and cannot predict the tem-

perature dependence.21 In practice, we evaluate Γsur f for a range of temperatures and

determine the enthalpy and entropy according to its derivative (see SI). The enthalpic

component ∆sHsur f of the surface solvation free energy is closely related to the stabilizing
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interaction between Pt and water, while its entropic counterpart −T∆sSsur f is linked to

the interfacial reorganization. Since the molecules are partially immobilized at the in-

terface, a fast reorganizing (hot) solvent is expected to loose more entropy than a cold

solvent upon the formation of the interface. Despite the statistical noise, Γsur f increases

(becomes less negative) when increasing the temperature (see Fig. S4). The curve is fitted

to a linear formula following Γsur f = ∆sHsur f − T∆sSsur f with ∆sHsur f = −0.86 J·m−2

and ∆sSsur f = −1.34 mJ·m−2·K−1 (R2=0.81). The negative entropy confirms the reduced

mobility of water at the interface.

In conclusion, the solvation free energy of Pt(111) obtained with GAL17 and the adopted

strategy to carefully converge the thermodynamic integrations results in good agreement

with experimental estimates. Furthermore, we provide new insights on the decomposition

of the entropy/enthalpy balance at the solid/liquid interface. This makes us confident to

tackle the next step which is the solvation free energy of adsorbates at the Pt(111)/water

interface.

4.3 Adsorption of benzene and phenol at the Pt(111)/water interface

The adsorption free energy of benzene and phenol are studied to quantitatively evaluate

the accuracy level of our QM/MM hybrid scheme compared to the experimental estimates

from Campbell et. al.71 This provides us also the opportunity to compare MMSolv solvation

energies to the one obtained with the widely used PCM, implemented in VASPsol.21

As a start, we compare the solvation energies of molecules in solution to their experi-

mental counterparts, taken from the Minnesota database of solvation free energies.72 The

experimental standard solvation free energies of water, phenol and benzene in water are

reported to be -6.31, -6.62 and -0.87 kcal·mol−1, respectively. The implicit solvent, which

is fitted on this kind of reference data, is in qualitative agreement, yielding -7.5, -5.7 and

-1.0 kcal·mol−1. The MMsolv bulk solvation energies ∆sGMM(M) are -4.8, -4.9 and -2.3

kcal·mol−1. While these solvation free energies are not highly accurate, the error remains
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in the 1-2 kcal·mol−1 range, which is acceptable in our context and comparable to PCM

values. These computations also demonstrate that the computational setup is reasonable,

i.e., (a) a sound combination of atomic charges and Lennard-Jones parameters and (b)

that the direct space computation of the Coulomb interaction does not introduce major

inaccuracies or inconsistencies.

Since MM naturally includes the size of the solvent molecules, we can expect that the

coverage-dependence of adsorption energies differs between PCM and MMSolv. The

aromatic molecules have been suggested to adsorb flat on the so-called bridge position at

the Pt(111)/water interface.71,73 To investigate the coverage dependence and the preferred

adsorption mode, we consider four different coverages (from 1/7 to 1/36 monolayer (ML),

where the ML is defined with respect to the number of surface Pt atoms) for the two most

stable gas-phase adsorption modes, as proposed by Chaudhary et.al. (see Fig. S5 in the

SI).74 Since the relative stability of these two modes is conserved after the evaluation of

solvation free energy, only the most stable mode are discussed below.
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Figure 5: Adsorption free energy ∆aGsolv, calculated with SolvHybrid or using the Polariz-
able Continuum Model (PCM) as an implicit solvent, for a benzene or phenol molecule
at 4 different coverages on a (111) platinum slab. Gas phase result refers to DFT-based
adsorption energy for the same systems. The molecule were all adsorbed on position
Brg30◦ for Benzene and Brg30◦C2 for Phenol (see Fig. S5). The dashed lines correspond to
the experimental values of ref,72 whose precise coverage is unknown, with gas referring to
gas phase adsorption energy and Solv to the free energy of adsorption in water.
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The adsorption free energies of phenol and benzene as a function of the coverage are

reported in Fig 5, where we compare gas-phase DFT to PCM and our QM/MM hybrid level.

For all cases considered, a difference of less than 10 kcal·mol−1 is observed between the

adsorption free energy computed in the gas-phase and the implicit solvent. Qualitatively,

PCM even stabilizes the adsorption of benzene at the Pt(111) interface, presumably due to

the non-zero surface dipole moment obtained with the deformed benzene molecule (see

Fig. 6) In contrast, the hybrid QM/MM adsorption free energy is reduced (in absolute

value) by about 20 kcal·mol−1 with respect to the gas-phase.

Campbell and co-workers have estimated the standard adsorption free energy (cor-

responding to ∼ 0.05 ML) of benzene and phenol at the Pt(111)/water interface to be

-3.4 kcal·mol−1 and -8.4 kcal·mol−1, respectively. This compares to their adsorption heat,

measured both at about -47.8 kcal·mol−1 at the Pt(111) gas-phase interface. Therefore, the

trend between the gas-phase and aqueous-phase interface is qualitatively reproduced by

our MMSolv results. In contrast, PCM predicts either no change (phenol) or a qualitatively

wrong trend (benzene) and can, therefore, not be recommended to capture solvation effects

at the Pt(111)/water interface, as also pointed out by Skylaris and co-workers.75

In Fig. 5 we draw a dashed horizontal line for the experimentally estimated adsorption

free energy. This does not indicate that the experimental value is assumed to be a constant

as a function of the coverage. Indeed, for the gas-phase it is known that this is not the

case.8 At the solid/liquid interface, however, the coverage dependence is not known and,

furthermore, Campbell and co-workers have argued that the experimental values are

most likely compatible with island formation, i.e., locally much higher/lower coverages

than on average. It is, therefore, difficult to judge the quantitative agreement between

the experimental low-coverage, island-forming estimate and the homogeneous coverages

investigated theoretically. As discussed in the section S6 in the SI, we have attempted

to quantify the island-formation propensity according to a very simplified model. How-

ever, since applying the same framework to the gas-phase data leads to the prediction
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of island-formation, which goes against experiment evidence,76 we conclude that the

model is oversimplified. Hence, we conclude that the hybrid results of Fig 5 are just in

qualitative agreement with experiment (especially at high coverage), but that a quantitative

assessment of the coverage dependence is beyond the scope of this investigation.

The use of explicit solvent and extensive phase-space sampling also allows to quantify

the coverage-dependent number of water molecules co-adsorbed with benzene or phenol.

As an example Fig. 6 shows that most Pt top sites not directly covered by the adsorbate

are occupied with water in the presence of 0.0625 ML benzene.

Figure 6: Snapshot of the first solvation layer extracted from the production run of the
computation of ∆aGsolv of the benzene.

An analysis for 15 evenly spaced snapshots (corresponding to 300 ps of MD) of the first

water layer (up to 4.5 Å above the topmost Pt atom) provides quantitative results as a

function of the coverage. For benzene, a water coverage of 0.02, 0.32, 0.55, and 0.81 ML

is observed for a benzene coverage of 0.14, 0.11, 0.06, and 0.03 ML, respectively which

represent a nice linear decrease following approximately θwater = 1 − 6.5 ∗ θBenzene =

(ntop − 6.5 ∗ nBenzene)/ntop (R2 = 0.99). From this we deduce that each adsorbed benzene

molecule displaces 6.5 water molecules at the interface. Similarly, water coverages of 0.01,

0.17, 0.53, and 0.80 ML were found for phenol, leading to a slope of -6.9 (R2 = 0.99). In
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agreement with chemical intuition, this demonstrates that phenol takes somewhat more

space on the surface than benzene. The fact that the difference is only small is likely to be

attributed to the possibility of the hydroxyl group of phenol to be incorporated into the

hydrogen-bond network of the first water layer.

On the one hand, these results illustrate the accuracy of our hybrid QM/MM scheme

to predict experimental adsorption energies at the Pt(111)/water interface with a far better

accuracy than the commonly used PCM. On the other hand, the explicit description and

extensive phase-space sampling provides physical insight, such as the entropy/enthalpy

balance at the interface and the competition between water and other adsorbates. In

summary, our scheme is very promising and seems mostly limited by the accuracy of the

MM energy expression, which can, however, be further improved without the need of

adjustments in the adopted strategy. Hence we foresee a bright future for the SolvHybrid

package for future investigations of solvation effects at the solid/liquid interface.

5 Conclusion

Alchemical transformations are powerful to determine solvation free energies at the molec-

ular mechanics level of theory. As we have demonstrated herein, the near-chemisorption

interaction of water with a prototypical Pt(111) surface necessitates adjustments of the

“standard” thermodynamic cycle in order to reproducibly avoid hysteresis when comput-

ing the solvation free energies at the Pt/water interface. In our approach, this involves an

intermediate state with weak interactions between the water solvent and the metal surface.

Furthermore, the electrostatic interactions between the strongly adsorbed water molecules

and the metal atoms is damped in order to avoid nonphysical contributions due to double

counting. The resulting scheme, implemented in the freely available SolvHybrid software

package that currently relies on the combination of VASP and AMBER, reliably determines

solvation free energies at the Pt/water interface. It is validated by the assessment of the
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solvation free energy of the Pt(111) surface, which is, with -0.46 J·m-2 for the TIP3P water

model, in good agreement with the experimental estimate of -0.32 J·m-2. More importantly,

combined with DFT adsorption energies in gas-phase, adsorption energies from the bulk

solution to the Pt/water interface are obtained at a hybrid DFT-MM level. As an example,

a reduction of ∼ 30 kcal·mol−1 is obtained for the adsorption of benzene and phenol

at the Pt(111)/water interface compared to the gas-phase. This compares well with the

experimental estimates of ∼ 40 kcal·mol−1, while the implicit solvent estimate of ∼ 0 is

qualitatively incorrect. The major contribution at the hybrid level is traced back to the

competition of the adsorbate with water molecules: the adsorption of a single aromatic

molecule expels six to seven water molecules from the strongly bound first water layer.

A further advantage of our approach compared to implicit solvents is that the explicit

phase-space sampling with an atomistic water model naturally includes coverage and

temperature effects, so that they can be conveniently quantified. In summary, our QM-

MM hybrid scheme provides a routinely available semi-quantitative determination of

adsorption energies at the metal/water interface, valuable in various contexts ranging

from corrosion to liquid-phase heterogeneous catalysis.
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S1 Logarithmic spacing for TI windows
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Figure S1: Lambda values used for the TI windows of the GAL17 softening transformation
and its unsoftening (anti-ln spaced and ln spaced, respectively).

These spacings have been determined in order to reflect the variations of the free energy

gradient of each step of the transformation, (see Fig S2).
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Figure S2: Typical evolution of the average value of the free energy gradient in function
of λ, i.e., 〈 ∂V(λ)

∂λ 〉λ = f (λ) during (a) the softening (c) and unsoftening of GAL17, and (b)
alchemical steps of the process. The data are taken from the annihilation of H2ODFT at a
distance of 2.5 Å away from the surface.
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S2 Comparison with Particle Mesh Ewald Electrostatics

The particle mesh Ewald (PME) scheme for the electrostatics is incompatible with the

proposed short range Coulomb correction. However, we have compared the shifted

Coulomb potential with the standard PME scheme of Amber for the adsorption free energy

of water in Fig. S3. We confirm that PME gives quite similar results as the direct space,

shifted Coulomb potential. In particular, the short range peak at 3 Å is conserved at

12 kcal·mol−1 while it was reduced to 8 kcal·mol−1 by the inclusion of the short range

correction. At longer distances, given the 1 kcal·mol−1 uncertainty, the ∆aGsolv can be

considered as similar for all three schemes. Overall, PME seems to perform on par with

the real-space, shifted Coulomb interaction for ∆aGsolv of water in water.

S3 Error Estimates for Adsorption Free Energies

Statistical errors on adsorption energy were estimated by block averagingS1 (pyblock,

James Spencer, http://github.com/jsspencer/pyblock ) on each λ windows combined with

squared error propagation for each transformations and then over the whole computation

of the MMSolv contribution.

S4 Details for Surface Energy Computation

In order to compute the solvation surface free energy, which necessitates a converged

alchemical creation of the solid phase, additional steps have been introduced. Indeed,

the transformation is much stronger than what is usually done for TI. The scheme has,

therefore, been adapted to conduct a smoother transformations and divided into four steps

: (i) Discharge of the whole Pt slab, (ii) Switch from GAL17 to sGAL17 (with no charge

on the slab), (iii) Turning off of all sGAL17 terms except the Lennard-Jones interactions

(with no charge on the slab) (iv) Alchemical change corresponding to the disappearance of
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Figure S3: Adsorption free energy ∆aGsolv for a frozen water molecule on a 4 layers slab
of Pt(111) using a p(4x4) cell as a function of the distance of the oxygen to the surface.
Its interactions with the slab are described at DFT level. Corrected refers to free energies
computed with the coulombic correction proposed, in opposition to the uncorrected
energies which use standard real space summation, and PME refers to particle mesh Ewald
summation. Free energies are given an estimated ±1.0 kcal·mol−1 accuracy (See SI S3 for
details).

the slab (with no charge on the slab, and only LJ interaction between the metal and the

water). Additionally, the heating phase duration were doubled (400 ps). Furthermore, the

slab presents two interfaces with water, but only one interface is actually described by

the GAL17 force field. Due to technical limitations, the other one is treated only by the

LJ interactions included in GAL17. The appearance of the slab, thus implies the creation

of two interfaces, one being poorly described and undesired. In order to get rid of this

contribution, another computation has been performed, not with the complete GAL17

forcefield but only its LJ terms in order to get the solvation surface free energy at an
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interface governed only by these interactions. It has then been subtracted from the first

one to determine only the surface free energy of the GAL17 interface. This is summarized

in the following equation:

Γsur f =
1
A

(
∆(i)G−

∆(i)′G
2

+ ∆(ii)G−
∆(ii)′G

2
+ ∆(iii)G + ∆(iv)G−

∆(iv)′G
2

)
(S1)

where A is the area of the Pt(111) slab , i to iv are the aforementioned steps and ′ is used

to designate the same step performed for the LJ-only treated interface. Please note that

the (ii)′ step consists, indeed, only in a smoothing of the LJ interactions while (iii)′ is

unnecessary as the interface is already treated only by LJ interactions. Also, (iv) and (iv)′

are strictly identical.

The resulting solvation surface free energy for different temperatures are depicted

above in Fig. S4.

S5 Most Stable Adsorption Configuration for Phenol on

Pt(111)
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Figure S4: Solvation free energy of the Pt(111) surface in function of the temperature

Figure S5: Most stable adsorption configuration for phenol on a Pt (111) 4x4 slab, named
Brg30◦C2, according to Chaudhary et.al. nomenclatureS2
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S6 Study of the of Local Coverages

To evaluate the tendency for island-formation, we minimize the following function :

Emean
ads =

coverages

∑
i

Eads,i · pi with θmean =
coverages

∑
i

θi · pi being constant (S2)

where Emean
ads is the average adsorption (free) energy over all adsorbed benzene or phenol

molecules in the system, Eads,i is the adsorption (free) energy of a single molecule at a

given coverage indexed by i, pi is the percentage of the molecules that are adsorbed at that

coverage, θmean is the global coverage value for all molecules that is fixed to study a given

situation, and θi is actual coverage corresponding to the index i.

With the data gathered for the four coverages tested, Fig. S6 shows the proportions

pi for each of these coverages that are expected for global coverages θmean in the range

between 0.03 and 0.1 ML.
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)
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= 0.111
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Figure S6: Evolution of the proportions pi of phenols that are adsorbed at each different
local coverage as a function of the global coverage θT. Filled lines are generated with
adsorption free energies computed with SolvHybrid, while dashed lines are generated
with gas-phase adsorption energies.

As depicted in Fig. S6, despite the limited number of considered local coverages,

trends emerge clearly, pointing out a rapid decay of the proportion of the lowest coverages

(0.028 ML, red) when the global coverage increases, along with a rapid increase of the
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next highest coverage 0.063 ML (green), themselves replaced at higher coverage by 0.145

ML (blue). However, 0.111 ML cells never contribute to the low energy arrangements.

Interestingly, at a global coverage of 0.054, which is considered in Campbell’s workS3),

the dominant local coverage is 0.063 ML (≈ 70% of the phenols), followed by 0.028 ML.

This trend is in moderate support of his hypothesis of local highly concentrated islands

(0.063 ML), surrounded by low-coverage area (0.028 ML). However, in gas phase, at the

same global coverage, a local coverage of 0.028 ML is found to be dominant (≈ 75% of

the phenols), completed by 0.145 ML, which suggest an even more pronounced hetero-

geneity of coverage on the surface, incompatible with the corresponding experimental

observations.S4

Overall, this approach seems therefore promising in principle, but a much larger

number of local coverages (and maybe DFT results that are better converged in terms of

K-points, number of metallic layers etc.) would be necessary to achieve definite results.
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